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Abstract: Dynamic full-field three-dimensional sensing of specular 

reflective surfaces can be conveniently implemented with fringe reflection 

technique. A monoscopic fringe reflectometric system can be adopted as a 

simple measuring setup. With the assistance of the windowed Fourier ridges 

method as an advanced fringe demodulation technique, only one cross 

grating is needed to reconstruct the three-dimensional surface shape 

changes. A suitable calibration enables determination of the actual 

three-dimensional surface profile. Experimental results of water wave 

variations are shown to demonstrate the feasibility of the proposed approach. 
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1. Introduction 

Three-dimensional (3D) sensing for specular objects is required in many applications in 

research and industry [1–6]. A practical and suitable method to measure specular reflective 

surfaces is phase measuring reflectometry (or deflectometry) with fringe reflection technique 

[7–9]. M. C. Knauer and et al. [8] proposed a stereoscopic phase measuring deflectometry 

method with assistance of stereovision principle based on surface gradient information to 

determine the 3D shape of objects. M. Petz and R. Tutsch [9] proposed a deflectometric system 

with fringe reflection technique, which consists of one camera, one Liquid Crystal Display 

(LCD) screen, and a translation stage. This method requires mechanical translation of the LCD 

screen during both calibration and measurement procedures. T. Bothe and et al. [7] proposed a 

monoscopic fringe reflectometric method without mechanical movement. This method is 

suitable and applicable for measuring almost flat specular surfaces, since the height-slope 

ambiguity is not solved but approximated with regularization that height values can be 

assumed roughly known a priori. 

Monoscopic fringe reflectometric system consists of only one LCD screen and one digital 

camera as its 3D sensor. Due to its fast measurement speed, the system has a potential to carry 

out dynamic shape measurement. Dynamic 3D shape measurement as seen from current 

literature is mainly limited to measurement of diffuse objects. Su and Zhang review the 

development of dynamic 3D shape measurement in recent years [10–15]. Zhang [16,17] 

proposed a real-time 3D shape measurement system with phase shifted digital fringe projection 

technique for diffuse objects, which utilizes a color wheel-removed digital light processing 

projector as the structured light source and accelerates the processing by a graphics processing 

unit. 

The fringe projection technique is more suitable for diffuse targets, while the fringe grating 

reflection technique is more suited for specular surfaces. This work concentrates on dynamic 

shape measurement for specular reflective surfaces with monoscopic fringe reflectometric 

technique. The rest of the article is arranged as follows. Section 2 explains the basic principle 

of monoscopic fringe reflectometry. Section 3 presents the detailed strategies for dynamic 

shape measurement with fringe reflection technique. Section 4 shows some experimental 

results. Section 5 concludes the work. 

2. Principle of monoscopic fringe reflectometry 

The basic setup of monoscopic fringe reflectometry is shown in Fig. 1. The system is mainly 

composed of a LCD screen as a structured light source, a digital camera with imaging lens as 

the optical sensing device, and a computer as the processing unit. 

The system is placed with a proper configuration to make the camera observe 

specimen-reflected fringe patterns from the LCD screen. Directions of the incident light and 

the reflected light should follow the reflection law that the angle of reflection θr equals the 
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angle of incidence θi. Hence, the normal of the surface could be determined, if directions of the 

incident and reflected light are known. 

 

Fig. 1. Basic setup for specular surface measurement with monoscopic fringe reflectometry. 

For convenience, the camera sight ray is usually considered as a probe ray and the system 

sketch can be adjusted to follow the conventional camera calibration model [18,19]. The 

adjusted system model is shown in Fig. 2. 

 

Fig. 2. Principle of surface normal determination. 
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reflecting the incident light from a pattern point S on the LCD screen, which is coded with 

two-dimensional fringe phase values. As a result, the incident light vector L should be 

expressed as 

 .L X S   (1) 

Here, lowercase letters x, l, and etc. are used to denote their related normalized vectors. 

That means 
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According to the reflection law, the surface normal N can be calculated by 
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Therefore, gradient data can be determined from the calculated normal vector by 
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where p(x, y, z) and q(x, y, z) are slope values at point X = : (x, y, z) in x-and y-direction, 

respectively. Note the point X = (x, y, z) can be both denoted as X
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T
 in real 

world coordinate and X
C
 = (X

C
x, X

C
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C
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T
 in camera coordinate. 

 

Fig. 3. Measurement result of a concave mirror. (a) Slope in x-direction p(x, y, z), (b) slope in 

y-direction q(x, y, z), and (c) integrated height distribution z(x, y). 

The height distribution z(x, y) is then calculated out with an integration of gradient data 

[20,21]. Figure 3(c) shows an example of a measured concave mirror surface which is 

integrated with gradient data in Fig. 3(a) and (b). 

3. Method of dynamic 3D sensing for specular reflective surface 

For measuring dynamic specular scenes, one of the major problems is how to calculate the 

pattern point S on the LCD screen in Eq. (1) in a relatively short enough time to meet the 

dynamic measuring requirement. The multi-frequency phase shifting technique is commonly 

used for phase retrieval in fringe reflectometry. However, for dynamic measurement, it is more 

reasonable to retrieve both horizontal and vertical phase maps from just a single frame 

two-directional fringe pattern as shown with the displayed pattern in Fig. 4(a) and captured 

pattern in Fig. 4(b) with its spectrum in Fig. 4(c). 

 

Fig. 4. Two-directional fringe pattern. (a) Displayed image, (b) typical image captured by 

camera, and (c) amplitude (shown with its natural logarithm) of Fourier spectrum of (b). 

The additive two-directional fringe pattern intensity value f(S
S
x, S

S
y) at pattern point S

S
 = 
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y, 0) can be designed with an expression of 
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where px and py are fringe periods in two perpendicular directions. Fringe phase values in both 

x- and y-directions need to be retrieved in order to determine a certain pattern point S in Eq. (1). 

There are some existing studies on phase retrieval which can be used to calculate the phase 

map from a single fringe pattern [22–24], among which the two-dimensional windowed 
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Fourier ridges (2D WFR) method is suggested to retrieve phase maps (in both horizontal and 

vertical directions) in this application, considering its good performance under both noisy and 

non-sinusoidal waveform conditions [25]. 

4. Experiment 

A series of experiments are carried out to verify the feasibility and performance of the 

proposed dynamic 3D sensing approach. The experimental setup is basically composed of an 

LCD screen (PHILIPS
®
 190S with a resolution of 1,024 × 1,280 pixels) and a high speed 

camera (The Photron
®
 FASTCAM 1024PCI with a resolution of 500 × 500 pixels at a frame 

rate of 60 frames per second). The fringe periods of the two-directional fringe pattern are px = 

py = 20 pixels. Similar to normal monoscopic fringe reflectometry, three calibration steps, 

screen calibration, camera calibration, and geometric calibration, are carried out to calibrate 

the measuring system. But it should be noted that the unwrapped phase used in calibration is 

based on the same seed pixel of the 3D phase unwrapping in measurement stage. 

 

Fig. 5. Typical experimental result at t = 0.05s. (a) Captured fringe pattern, (b) amplitude of 
Fourier spectrum shown with its natural logarithm value, (c) and (d) retrieved wrapped phase 

maps in x- and y-directions with the 2D WFR method (with boundary region removed). 

Here the example scene is water wave spreading from center to surroundings. A typical 

fringe image captured from the high speed camera is shown in Fig. 5(a), and Fig. 5(b) shows its 

related Fourier spectrum. With the assistance of the 2D WFR method, the wrapped phase in 

both x and y directions can be retrieved as shown in Fig. 5(c) and (d). Note due to the 

windowed strategy, the boundary region is unreliable and then not used for further process. 

 

Fig. 6. Reflectometric result at t = 0.05s. (a) Slope in x-direction p(x, y, z), (b) slope in 

y-direction q(x, y, z), and (c) height distribution z(x, y) from integration. 

A 3D (two spatial dimensions and one temporal dimension) phase unwrapping process with 

a common seed pixel for all frame phase maps is carried out. The pixel the with the highest 

ridge value from WFR method is selected as the seed pixel for the whole 3D phase data set. 

The resultant unwrapped phase maps are used for the gradient calculation. According to the 

principle of fringe reflectometry in Section 2, slope data p(x, y, z) and q(x, y, z) in Eq. (4) can be 

calculated out as shown in Fig. 6(a) and (b), once unwrapped phase maps are obtained for 

determination of pattern points S. Least squares integration method [20,21] is used to 
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determine the height variation of water wave as shown in Fig. 6(c). The height variation range 

in this experiment is about 20 microns and the field of view in this experiment is around 

150mm × 150mm. 

 

Fig. 7. Some reconstructed 3D shapes of dynamic water wave at different moments (Media 1). 

(a) t = 0.00 s, (b) t = 0.05 s, (c) t = 0.10 s, (d) t = 0.15 s, (e) t = 0.20 s, (f) t = 0.25 s, (g) t = 0.30 

s, (h) t = 0.35 s, and (i) t = 0.40 s. 

After frame-by-frame reconstruction, the dynamic scene can be digitalized. Here, nine 

frames of typical 3D shape results from 0.00s to 0.40s with an interval of 0.05s are shown in 

Fig. 7, from which the dynamic water wave spreading can been nicely demonstrated. 

Since the monoscopic fringe reflection technique and the 2D WFR method are adopted, this 

approach is more suitable to sense the dynamic shape of a continuous specular surface, which 

is almost flat during its shape variation. 

5. Conclusion 

In this work, a method of dynamic 3D sensing for specular surface with fringe reflection 

technique has been proposed. With a monoscopic fringe reflectometric system and assisted by 

the 2D WFR method, two-directional fringe pattern can be used to locate the pattern points on 

a LCD screen to implement a fast fringe reflectometry. Experimental result shows the validity 

of this novel method to sense the dynamic 3D shape of a continuous specular surface. 
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