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Abstract In this paper, the research and development of an accurate 3D shape measurement system based on fringe projection is presented. This system utilizes a sliding projection unit to project the desired encoding fringe patterns onto the object and the object shape can be obtained by analyzing the images captured with a camera for each projection. The sliding projection unit uses a high precision grating element fabricated by electron beam lithography to produce the accurate encoding fringe patterns thus to reduce the projection error. And a method based on gray-code and phase-period edge detection is developed to align the grating element with its sliding direction to guarantee the alignment between the projected patterns. The influence of the lens distortion of both the projection unit and the camera is also studied and an improved nonlinear system model is developed based on triangulation. This model gives a more accurate mathematical representation of the shape measurement system and thus improves the system measurement accuracy. The experimental results show that an overall measurement error of 0.04 mm with a variability of ±0.035 mm can be obtained for the developed system. © 2007 Elsevier Inc. All rights reserved. Keywords: 3D measurement; Fringe projection; Gray-code; Phase-shift; Grating element; Lens distortion



1. Introduction The optical techniques for three-dimensional (3D) shape measurement have been extensively studied for various applications, including quality control, archeology, industrial inspection, reverse engineering, etc. [1,2]. Among all the techniques, the fringe projection methods, such as gray-code and phase-shift, are promising since they have the advantages of high precision, high resolution, full field and easy implementation [3–5]. The quality of the projected fringe patterns is important for the fringe projection methods because it has direct influence on the height measurement resolution especially when the phase-shift method is used. Most shape measurement systems previously developed adopt commercial digital projector to produce the fringe patterns [5–9]. However, the quantization effects due to the spatial resolution and bit depth of the digital projector may add a potential instrumental error source to the measure-
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ment system and may decrease the system accuracy that can be achieved [10]. Besides the projection device, an accurate mathematical representation of the shape measurement system is also important to the system measurement accuracy. This paper focuses upon developing an accurate shape measurement system based on the combination of gray-code and phase-shift methods [9]. This system utilizes a projection unit to project the desired gray-code and phase-shift patterns onto the object and the object shape can be obtained by analyzing the images captured with a camera for each projection. In order to avoid the disadvantages of the digital projector, a sliding projection unit carrying a special grating element is developed in our system. The grating element is fabricated with the desired gray-code and phase-shift patterns by electron beam lithography, which ensures the phase-shift accuracy. Comparing with the digital projector, this sliding projection unit has continuous intensity, high contrast and high radiant flux. A grating element fixing calibration method is also developed to accurately assemble the grating element into the system to guarantee the alignment between the projected patterns. Moreover, the mathematical model of the measurement system is deduced in detail
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based on the principle of triangulation. Since the optical axis of the projection unit is perpendicular to the reference plane in our system setup, the height evaluation algorithm can be greatly simplified. The influence of the lens distortion of the camera and the projection unit is also studied and is considered in the system modeling to achieve more accurate system description thus to improve the system measurement accuracy. The rest of this paper is organized as follows: Section 2 introduces the working principles of the measurement system and the nonlinear mathematical system model. Section 3 describes the development of the measurement system. Section 4 presents some experiments to evaluate the system performance. And Section 5 concludes this paper. 2. Model analysis 2.1. Triangulation The optical geometry of the measurement system is shown in Fig. 1. The camera coordinate system (OC –XC , YC , ZC ) and the projector coordinate system (OP –XP , YP , ZP ) are located at the entrance pupils of the lens OC and OP , respectively. The axes ZC , ZP coincide with the optical axes and YC , YP are perpendicular to and into the figure plane. The object coordinate system (O–X, Y, Z) is located at the intersection point of the projector optical axis and the reference plane R, with Y parallel to YP and Z perpendicular to R. With these coordinate systems, the system model can be simplified because the object height is independent of the Y coordinate when vertical fringe patterns are projected. The point H(XH , YH , ZH ) on the object surface is illuminated by the light OP A and is viewed by the camera pixel E(i, j) along OC B. Since AHB and OP HOC are similar, we have: AB HH = OC OP L − HH



(1)



where L is the working distance between the base line and the reference plane. Thus, the height of point H with respect to the reference plane R is given by: ZH =



HH



L(SR ) = O C OP + S R



(2)



where SR is the position shift of the projected light ray on the reference plane, here SR = AB.



Fig. 1. Optical geometry of triangulation.



2.2. Encoding methods In order to obtain the light shift SR on the reference plane, the projected light direction is encoded by the combination of gray-code and phase-shift methods [4,5,9] to enable the tracking of the light rays that illuminate the object. The gray-code method projects n successive stripe patterns designed according to the well-known Gray code, which differs only a single bit for the adjacent numbers. This encoding method defines 2n light projection directions and associates the directions with unique n-bit Gray codes. The gray-code method enables the measurement within a wide non-ambiguity height range, but the resolution is rather low because the light projection directions are coded based on integers. The phase-shift defines the light projection direction by phase values. Since the phase is distributed continuously within its period, the phase-shift method achieves high spatial measurement resolution, but it has ambiguity problem that limits the measurement range. The common four-step phase-shift method [9] is used in our system. For each pixel (i, j) we obtain a vector of intensity values Ik (i, j) (k = 0, 1, 2, 3) corresponding to the four phase-shift patterns, and then the principle phase value φ is given by: φ (i, j) = arctan



I1 (i, j) − I3 (i, j) I0 (i, j) − I2 (i, j)



(3)



Since the four extra phase-shift patterns are obtained by evenly shifting the (n + 1)th bit gray-code pattern by (0, 1/4, 1/2, 3/4) of its spatial period, respectively. This makes the edges of gray-code and the phase-shift period coincident along the fringe direction. In this way, the phase-shift works as the subdivision of the light projection direction encoded by gray-code. So the combined method has the positive features of both gray-code and phase-shift methods, thus, it can measure even discontinuous surfaces with fine details. The way to combine the gray-code and phase-shift is expressed as follows: φ(i, j) = 2πm(i, j) + φ (i, j)



(4)



where φ is the absolute phase, m is the fringe number obtained from Gray code. 2.3. Coordinates calculation The absolute phase obtained from Eq. (4) is linearly distributed along the X direction on the reference plane because the projection axis is perpendicular to the reference plane. Therefore, the light shift SR is proportional to the absolute phase change of the pixel E when in the presence of the object and in the reference plane, which can be expressed as follows: pR [φobj (i, j) − φref (i, j)] (5) SR (i, j) = 2π where pR is the spatial period of the grating pattern projected on the reference plane R, φobj is the object phase, φref is the reference phase obtained by calculating the absolute phase of a flat board placed at the reference plane. Once SR is obtained, the object height ZH can be determined by Eq. (2).
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The determination of XH is described below. Let the absolute phase of the light ray OP O which coincides with the projector optical axis equals φO . Then the X coordinate of point A is given by: XA =



pR Lp (φA − φO ) (φA − φO ) = 2π 2πfP



(6)



where φA is the absolute phase of point A, p is the spatial period of phase-shift fringe patterns, fP denotes the focal length of the projector lens. And since AHH and AOP O are similar, we have: XH − X A ZH = L −XA Thus, XH can be expressed by:   ZH XH = XA 1 − L



(7) Fig. 3. Optical geometry to evaluate YH .



(8)



The viewing width along Y-axis for each camera pixel on the reference plane, denoted by dY , needs to be obtained before we can calculate YH . Since the camera optical axis is not perpendicular to the reference plane, dY is variant along the pixel rows. And because the pixel columns are parallel to the Y-axis, dY remains constant for the pixels in a same pixel column. Fig. 2 shows the system geometry to evaluate dY . PQ is the pixel column indexed by j, which is imaged from JK on the reference plane R. MN, which is imaged by CD, is a pixel row crossing the camera principle point O1 (iC , jC ). F and F are the intersections of PQ, MN and JK, CD, respectively. C D passes through F and is parallel to MN. Since the plane C JD K is parallel to the camera-imaging plane, the following equation holds: PQ OC F MN = = JK AB OC F



(9)



Let the angle between the optical axes of the camera and projector denoted by α and the angle between O1 OC and FF



denoted by β. We have: OC F =



O1 O C cos β



(10)



OC F =



L cos(α + β)



(11)



Substituting Eqs. (10) and (11) into Eq. (9), we have: JK = PQ



L cos β fC cos(α + β)



(12)



where fC = O1 OC is the focal length of the camera lens. Assume the camera resolution is n1 × n2 pixels, and the pixel size is s, then PQ = n1 s. So the viewing width dY is given by: dY =



JK Ls cos β = n1 fC cos(α + β)



(13)



The angle β in Eq. (13) can be determined by: β = arctan



(jC − j)s fC



(14)



Fig. 3 shows the geometry to evaluate YH . The point H is imaged on the pixel E (i, j) and EH intersects R at the point E . F(iC , j) is on the center row iC and has the same column j as E, which means PQ is perpendicular to FOC . Also, we have HH ⊥ R,H G ⊥ JK, thus H has the same Y coordinate as point G. Since HGE and OC F E are similar, the following equation holds: E G E F



=



HG OC F



=



ZH L



(15)



And the Y coordinate of E on the reference plane is given by: YE = E F = dY (iC − i)



Fig. 2. Optical geometry to evaluate dY .



So YH can be determined by Eq. (15):     ZH ZH  YH = GF = YE 1 − = dY (iC − i) 1 − L L



(16)



(17)
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2.4. Inﬂuence of the lens distortion



3. System development



The above system model analysis is based on the ideal pinhole camera and projector models and does not consider the lens distortion. However, the ignoring of the lens distortion limits the system measurement accuracy. In our research, the 4th order symmetric radial distortion is considered and the tangential distortion is omitted for the modeling of lens distortion. It’s because the tangential distortion is neglectable comparing with the radial distortion and more elaborated modeling would not help but cause numerical instability [11,12]. The well-known Tsai’s method [12,13] is used to calibrate the camera and projector to obtain the lens distortion coefficients. The influence of the camera lens distortion can be expressed as follows: ⎧  2 4 ⎪ ⎨ i = i + i[kc1 r + kc2 r ] j  = j + j[kc1 r 2 + kc2 r 4 ] (18) ⎪  ⎩ 2 2 r = s (i − iC ) + (j − jC )



3.1. Fringe projection



where, i and j are the ideal (undistorted) camera pixels, kc1 and kc2 are the 2nd and 4th order camera radial distortion coefficients, respectively. The camera lens distortion can be included in the system modeling by substituting i, j in Eqs. (14) and (17) with i and j . The modeling of the projector lens distortion is similar with that of camera because the projector can be conceptually regarded as the camera acting in reverse. Considering the projector lens distortion, we have: 2



2 2 dXA = XA [kp1 (XA + YA2 ) + kp2 (XA + YA2 ) ]



(19)



where kp1 and kp2 are the 2nd and 4th order projector lens distortion coefficients, YA is the Y coordinate of point A, which is given by Eq. (16). The real (distorted) X coordinate of point A,  , is given by: denoted by XA  XA = XA + dXA



(20)



 to consider the Then XA in Eq. (8) should be modified to XA projector lens distortion.



The projection technology is very important for the measurement system based on fringe projection. In our system, we developed a sliding projector to project the desired fringe patterns. A special grating element on which there are gray-code and phase-shift patterns is designed for the fringe projection. This grating element is fabricated on a special glass that is approximately free of thermal expansion by electron beam lithography which is used widely for integrated circuit production. Since the electron beam lithography can reach the resolution of 0.5 m, high precision of the phase-shifts between phase-shift patterns and the accurate alignment of gray-code and phase-shift patterns can be achieved. The grating element is fixed on a high precision sliding mechanism which moves along the fringe direction one pattern a time. When measuring, the light source illuminates the grating and projects the desired patterns onto the object. This projection technology ensures high quality fringe pattern projection. And it achieves a contrast of more than 1:100 at a practically unlimited radiant flux and an outstanding depth of field, and also has a continuous intensity distribution. Fig. 4(a) shows the design of a grating element with 4-bit gray-code and four-step phase-shift patterns. GC0–GC3 are the profiles of the 4-bit gray-code patterns and PS0–PS3 are the profiles of the phase-shift patterns. The four phase-shift patterns are obtained by evenly shifting the 5th bit gray-code pattern within its spatial period, which makes the edge of gray-code and the phase-shift period coincident along the fringe direction. Fig. 4(b) shows the grating element used in our system which composes of 7-bit gray-code and four-step phase-shift patterns. This grating element is based on the same design principles illustrated in Fig. 4(a). As a critical system assembly requirement, the orientation of the fringes on the grating element needs to coincide with Yaxis, along which the sliding mechanism moves, to guarantee the alignment between the projected patterns when the grating element shifts. In our research, an alignment calibration method is developed to accurately assemble the grating element into



Fig. 4. (a) Encoding method of 4-bit gray-code and four-step phase-shift (b) the developed grating element.



C. Xiaobo et al. / Precision Engineering 32 (2008) 215–221



219



Fig. 5. Profile of gray-code and absolute phase: (a) gray-code edges are coincident with phase-periods (b) gray-code edges are not coincident with phase-periods.



the system. The entire calibration procedures are described as follows: (a) Place a flat board perpendicular to the projector optical axis in the measuring area. (b) Project the fringe patterns onto the plane and the camera captures the images. (c) Calculate the gray-code and principle phase maps of the flat board. (d) Evaluate the grating element assembly error by analyzing the deviation of the gray-code edge and the phase-shift period. (e) Adjust the position of the grating element with an adjuster to compensate the assembly error. (f) Repeat the steps (b) to (e) until the gray-code edge and the phase-shift period coincide. The evaluation of the grating element assembly error is an important step in the calibration. And it’s implemented by analyzing the gray-code and principle phase maps obtained in step (c). The profile of the gray-code map is a step function along pixel row, and the profile of the principle phase map is a periodical function. When the edge of gray-code coincides with the phase-period, the absolute phase map obtained by Eq. (4) could be a linear function, as shown in Fig. 5(a). When they do not coincident, some pixel jumps near the gray-code edge would appear, as shown in Fig. 5(b). And the grating element assembly error δ can be evaluated by: δ=



w p w



Fig. 6. Photo of the developed shape measurement system.



(21)



where w is the jump pixels in one period of the absolute phase map, w is the pixels in one phase-period. δ works as a indicator to adjust the position of the grating element. Generally, the accurate grating element assembly can be accomplished after 2–3 repetitions. 3.2. System description The developed shape measurement system is shown in Fig. 6. The sliding projector (left head) is developed based on the grating element and the high precision sliding mechanism. The



Fig. 7. The plaster model used for 360◦ measurement.
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Fig. 8. (a) Registration of the measured point clouds for the plaster model in Fig. 7 (b) The shaded views.



continuous grating shifting and the communication with the computer and the camera are controlled by a PLC (NAIS FP0). The image acquisition is performed by a CCD camera (Basler A102k) equipped with a precision lens. The pixel size of the camera is 6.45 m × 6.45 m. And an image grabbing card (National Instruments, PCI-4128) is used to digitize the images and allow the image visualization. The captured image resolution is 1392 × 1040 pixels with 256 grey levels. The system software is developed based on C++ objectoriented programming. The functional modules include: system controlling, image acquisition and visualization, image processing and coordinate calculation, point cloud visualization and post-processing.



4. Experimental results To evaluate the system performance, some standard artifacts have been measured using our system. These artifacts include plane, sphere and cylinder. Each artifact is measured for ten times and the results are fitted with a plane, a sphere, or a cylinder accordingly. The average diameters of the fitted artifacts (for sphere and cylinder) are compared with their standard values to estimate the system measurement error. And the standard deviation of the point-to-surface distance between the measured data to the fitted artifact surface for each measurement is analyzed to estimate the system measurement uncertainty. We used a flat board with the size 800 mm × 700 mm for the plane measurement. For each measurement, we obtained the standard deviation of the point-to-surface distance between the measured data and the fitted plane. And the maximum standard deviation is 0.028 mm. Three spheres with different diameters (30, 38, 50 mm) were also measured. All the diameters of the fitted spheres differ from the corresponding standard diameters within 0.04 mm. And the maximum standard deviation of the point-to-surface distance between the measured data with the fitted sphere surface is 0.034 mm.



For the cylinder with the diameter of 119.85 mm, the same analysis procedures are performed and we obtained the measurement error within 0.04 mm and the maximum standard deviation of 0.035 mm. From the above experiments, we conclude that the system measurement error reaches 0.04 mm and the measurement uncertainty is ±0.035 mm. In order to evaluate the system performance for 360◦ measurement, a plaster model in the volume 320 mm × 200 mm × 250 mm, shown in Fig. 7, has been measured from multi-views, and these views are registered together in a common coordinate system with the aid of the software Geomagic. The data points after registration and the shaded model are shown in Fig. 8. The average deviation of the registration is 0.1 mm, and the average standard deviation is 0.076 mm, which indicates our system has good performance for 360◦ measurement.



5. Conclusions In this paper, a 3D shape measurement system using fringe projection based on the combination of the phase-shift and graycode methods is presented. The system mathematical model is deduced in detail based on the triangulation principle and the lens distortion of the camera and projection unit is also considered to obtain more accurate system description. A special designed grating element with the desired fringe patterns is produced for high quality structured light fringe projection, and the alignment calibration procedures for the grating element are developed to ensure the accurate grating assembly. The measuring results of some standard artifacts indicate that the measurement error is less than 0.04 mm with a variability of ±0.035 mm for our system. And the multi-view measurement experiment indicates an average standard deviation of 0.076 mm for registration and shows the good performance of 360◦ measurements. This developed shape measurement system is promising for industrial applications, especially in the reverse engineering of free form surface.
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