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Jan Burke* , Thorsten Bothe** , Wolfgang Osten** , Cecil Hess* b a MetroLaser, Inc.; Bremer Institut für Angewandte Strahltechnik - BIAS ABSTRACT We report on the development of a versatile and portable optical profilometer and show its applicability for quick and accurate digitization of 3-D objects. The profilometer is an advanced fringe-projection system that uses a calibrated LCD matrix for fringe-pattern generation, a "hierarchical" sequence of fringe patterns to demodulate the measured phase, and a photogrammetric calibration technique to obtain accurate 3-D data in the measurement volume. The setup in itself is mechanically stable and allows for a measurement volume of about 110.5 m3. We discuss the calibration of the sensor and demonstrate the process of recording phase data for several sub-views, generating 3-D "point clouds" from them, and synthesizing the CAD representation of an entire 3-D object by merging the data sets. Keywords: fringe projection, phase unwrapping, photogrammetry, reverse engineering



1. INTRODUCTION The fringe-projection technique for shape measurement has been a major research topic in the metrology community in the past decades.1 Applications range from rapid prototyping to shape comparison and internet merchandising. The principle of phase measurement, implicitly yielding height data, is straightforward and has been demonstrated more than 20 years ago2-7; also the issue of resolving height ambiguities related to the cyclic nature of the phase has been tackled by some robust approaches. The extraction of true 3-D data from such height maps, however, is an important topic to enable the step of reverse engineering, i.e. importing the shape data into a CAD program to yield a full 3-D digital model. This paper includes the "reverse engineering" procedure, i.e., the calibration of the measurement system, the retrieval of true (x, y, z) point data, and their subsequent conversion to a digital model of the test object by merging the data of different sub-views. We start by briefly reviewing the basic principles of fringe-projection profilometry and absolute phase measurement. Some details about our experimental system and the calibration procedure follow. Ultimately we demonstrate the performance of the system by an example measurement of an airplane model, resulting in an accurate digital representation of the actual object.



2. FRINGE PROJECTION The general principle of triangulation is shown in Figure 1.
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Figure 1. Schematic of triangulation setup. *
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A height difference ∆z between an object and a reference plane is converted to a lateral offset ∆x of the fringe pattern recorded by the camera. The relationship between these quantities is (1) ∆x = M sin θ ∆z , where θ is the angle between illumination and viewing and M is the optical magnification of the imaging system. Once the system is calibrated, it is then possible to determine absolute object coordinates. General analyses of 3-D measuring systems are available in the literature.8 Two important consequences of Eq. (1) should be pointed out here: (i) when M is large, the sensitivity of the system is high but the field of view is small, and vice versa; (ii) when θ is large, the sensitivity is also high, but obviously this leads to increasing problems with shadowing. Hence, this simple equation already points out some practically relevant tradeoffs. Also, in a precision system, the variation of θ across the field of view must be accounted for. It can be made to vanish by telecentric fringe projection and object imaging; but this is not a practical solution for larger fields of view. As can be seen in Figure 1, the fringe pattern in practice always has a certain divergence. This means that the angle under which the bright and dark "sheets" of light hit the object will vary over its lateral extent, with consequences for the fringe pattern as shown in Figure 2: on the left side, the fringes get wider due to their shallower angle with the object; and since the fringe projector delivers the same light intensity per fringe, the image gets darker. On the right, the fringes get finer, and brighter, due to their steeper angle with the object.



Figure 2. Fringe pattern projected on plain white surface. Fringe frequency and brightness increasing from left to right.



This intrinsic property of an obliquely projected pattern highlights a generic issue in fringe projection: the dynamic range of the camera must accommodate the changes in brightness, and the spatial resolution of the camera must be able to resolve the small details in the fine-fringe region with adequate contrast. The demands get even higher when the object has a pronounced contour and reflectivity structure. The fringe offset ∆x is related to the detected phase offset by ∆x , (2) P where P is the nominal fringe period (note again that P changes across the field of view in a system with divergent illumination). Obviously, as P gets smaller, the phase change that a certain ∆x will introduce gets larger, and thus, more easily detectable. But to find the exact contour of the surface, it is not sufficient to just consider the shape of a bright or dark line. The technique requires finding the height as precisely as possible for each and every point of the surface that is resolvable by the pixels of the electronic camera. A very powerful and accurate method, known from interferometry, is the phase-shifting method: a sequence of fringe patterns, each of which is offset by a certain fraction of its period from the previous one, is projected onto the object. If the fringe pattern is not just black and white, but has a cosinusoidal intensity profile, the phase of a fringe can very conveniently, and accurately, be retrieved from ∆ϕ = 2π



ϕ ( x, y ) mod 2π = arctan



I 4 ( x, y ) − I 2 ( x , y ) I 1 ( x, y ) − I 3 ( x, y )



(3)
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when four intensity samples I{1,2,3,4} are recorded with a phase offset of 90º as a temporal sequence of consecutive camera frames. It is important to note that the accuracy of phase determination of Eq. (3) and other simple phase-shifting formulas, depends critically on the accuracy of the phase shift, and on the cosinusoidal intensity profile of the fringes. This needs to be assured by carefully tuning the transmission profile of the grating shown in Figure 1. Figure 3 shows an example for the input and output of Eq. (3). Strictly speaking, the implementation of Eq. (3) in fringe-projection systems constitutes a spatio-temporal approach, since it utilizes the deformations of a spatial-carrier fringe pattern (the projected fringes) to deduce the object shape, and a temporal phase-shifting sequence to remove the sign ambiguity of the fringe pattern and to enhance the precision.



/



Figure 3. Phase-shifting method. Four phase-shifted fringe images (left) allow calculation of phase modulo 2π (right) for each object point.



The spacing of the fringe pattern must be chosen with great care: the finer it is, the more sensitive the phase measurement will become – cf. Eq. (2) – up to the point where too fine fringes lead to decreasing fringe contrast. An essential quantity in this respect is the intensity noise σI of the camera and connected digitizer, since this causes some phase noise σϕ in the phase measurement. By Eq. (2), σϕ propagates into a height-measuring noise σz , which is ultimately the quantity that determines the height accuracy of the measurement. To minimize the influence of σI on σϕ , it is important what phaseshifting formula is used. The very simple approach of Eq. (3) has been shown to utilize the signal in an optimal way.9 In this case, σϕ is given by



σϕ =



σI , 2I 0γ



(4)



where I0 is the average intensity, determined by I0 =



I1 + I 2 + I 3 + I 4 , 4



(5)



and γ is the fringe contrast, calculated as



γ =



(I 4 − I 2 )2 + (I 1 − I 3 )2



.



(6)



I0



The phase error only depends on the product MI = I0γ; and looking at Eq. (4), we see that MI should be as high as possible to minimize σϕ . Let us consider an example to clarify the significance of these considerations: a typical value for electronic noise in a low-cost standard TV camera, when digitized to 8 bit (256 gray levels), is σI = 6.5 gray levels. If we assume a practical value of MI = 40 gray levels, we get from Eq. (4): σϕ ¡ 7º. This means that ¡ 66% of the measurements will have a phase accuracy better than 1/50 fringe. (To increase the reliability of the measurement, it is in practice often advisable to work with 2σϕ or 3σϕ .) How this phase accuracy converts to σz depends on θ and the fringe spacing P. If we have, in Eq. (1), a magnification M of 0.01 (corresponding to a field of view of about 5050 cm2), θ = 45º, and want a height resolution of, say, ∆z =1 mm, we must be able to reliably measure a ∆x of 7 µm, or rather, the phase change ∆ϕ caused by that ∆x. From Eq. (2), we then get a maximum permissible fringe spacing of 360 µm on the camera sensor, which corresponds to some 42 pixels of a typical TV camera. With denser fringe patterns, the accuracy can be enhanced if desired. The limit is given by the resolution capability of the camera. With fringes that are too dense and badly resolved, γ will drop so that σϕ rises and the measurements will become invalid. These considerations provide a guideline to the significance and relationship of the important system parameters. Further details on how to optimize a fringe-projection system have been given in Ref. 10. 314
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3. EXPERIMENTAL SETUP The fringe projection system was a prototype for a portable design; a layout as in Figure 1 was implemented as shown in Figure 4. The extent of the test field is about 1 m2. The distance z0 between the camera and the center of the measurement volume is ¡1.8 m, and the triangulation basis d0 is ¡1 m. The aluminum profile has been chosen for its low weight and high stability, so as to provide a portable and rugged setup that can be moved around without the risk of misaligning the camera-projector geometry.



Figure 4. Laboratory fringe projection system. On right side of rigid aluminum profile: fringe projector, illuminating test object at an angle θ of ¡ 29º. Center: TV camera. Both parts are firmly attached to the aluminum profile, which has been clamped to the table for safety but can, in principle, be moved around. Left side: power supply and digital controller for fringe projector, computer with interface hardware for projector and camera, and data evaluation software. Background: test volume with test object. The gray plate is a honeycomb-reinforced (91.4 cm)2 planar structure which is used for reference and calibration purposes.



The high-power lamp and the LCD matrix (832624 pixels) for generation of the fringe patterns are built into one housing; it has been developed at BIAS in cooperation with a local electronics manufacturer. For our intended purposes, the projector was upgraded with a high-voltage arc lamp that generates three times more light than the previously used halogen bulb while remaining considerably cooler during operation. The fringe patterns are imaged onto the object by a high-precision 50 mm Rodenstock lens. The mounts for the fringe projector and camera have been constructed as twopart units such that the projector and the camera can be removed and put back in place without changing the system's geometry parameters: the ground plate remains firmly in place on the aluminum beam. (This also offers a way to change the system geometry reversibly: with a set of such mounts, a calibration database for each projector-camera combination can be established, so that the geometry can be adapted to the particular measurement problem.) The projector is equipped with enough RAM to hold up to 32 images that can be uploaded via a high-speed digital interface before the measurement starts, which greatly reduces the measurement time required. Also, since the transmission of the LCD pixels was found to depend in a non-linear manner upon the input voltages, a calibration curve has been determined from an 8th order polynomial data fit to ensure that the projected fringe patterns will have the desired cosinusoidal profile. The camera is a low-cost commercial TV camera (Sentech STC-405); the video signal complies to the European CCIR standard, which, for our purpose, offers more balance between horizontal and vertical resolution than the American EIA standard (CCIR: 740574 pixels h/v resolution, 25 frames/sec; EIA: 768494 pixels h/v resolution, 30 frames/sec); also, the exposure times can be made somewhat longer thanks to the lower frame rate. The Sony sensor chip in the camera has excellent performance in terms of sensitivity and dynamic range. The lens used for imaging is a Pentax 12 mm C-mount lens, which gives a reasonable ratio between viewing angle and aberrations. The analog signal delivered by the camera is being digitized to 8 bit by a Data Translation DT3152 frame grabber. To digitize the camera pixels properly at the read-out frequency of 14.1875 MHz, pixel clock pulses are provided by the camera that control the read-in cycles by the frame grabber.
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The software package used for data evaluation is the FringeProcessor developed at BIAS. On the basis of the so-called shell, it offers great flexibility of image processing by loadable modules, and allows to add user-defined functions as new modules. This software platform is a good basis to explore phase-measuring schemes in practice. When ϕ(x, y) has been determined, it is still defined modulo 2π only and does not yield a valid representation of the object's surface. In order to find the absolute height of all object points, the phase must be unwrapped, i.e., converted to a continuous function, by addition or subtraction of suitable multiples of 2π while tracking the phases in x- and y-direction across the phase map. This strategy, called spatial phase unwrapping, works well on smooth surfaces. The techniques are well documented11-13 and equally applicable to phase maps from interferometric and projected fringes. If steps, edges, and/or isolated areas are present, an extension of the technique is necessary to find the absolute phase φ(x, y) of all image points. It relies on measuring the surface several times with different sensitivities of height-to-phase conversion, and then reconstructing φ(x, y) from the combinations of the individual measurements. This process is referred to as temporal or hierarchical phase unwrapping. The measurements may be done by repeating the phase-measurement procedure of Eq. (3) with suitably varied spacings of the projected fringes. "Suitable" means it must be assured that each value of φ(x, y) is associated with a unique combination of the individual phase maps ϕk(x, y).



4. ABSOLUTE PHASE MEASUREMENT The temporal sequence of fringe patterns commonly (but not necessarily) starts with a phase map containing just one fringe across the field of view; in that case, P ¡ 750 pixels (the typical horizontal pixel count of a TV camera) and the height resolution is initially very poor, or equivalently, σz is unacceptably high. However, this measurement does provide an initial rough estimate of the height distribution, and based on this, one adds measurements with ever-finer fringe patterns, where the "coarser" information of one step is being used to assign the correct fringe order for the "finer" measurement of the next step. This strategy requires several phase measurements with various sensitivities; several solutions have been proposed to minimize the necessary amount of data and to maximize the accuracy. 4.1 Temporal phase unwrapping In the early days of temporal phase unwrapping, a prerequisite was that the phase for any one pixel must not vary by more than π between subsequent phase maps; this is a direct transfer of the spatial sampling requirement into the temporal domain. In profilometry, this restriction is equivalent to bringing in only one new fringe at a time (half a fringe on the right and left borders of the image).14 Since the number of fringes across the image should be fairly large for the finest phase measurement, this technique is impractical for profilometry: to unwrap N fringes, one would need N phase maps. Therefore, improvements have been devised that allow the doubling of the fringe count from step to step, so that the required number of images goes down to log2 N+1. This has been called the exponential algorithm.15 It has further been found that, instead of starting with 1, 2, 4… fringes, one can reverse the exponential sequence, thus proceeding from N fringes to N–1, N–3, N–7 and so on, which greatly enhances the accuracy.16 Some experimental evidence has been given that a factor of 2 for the exponential progression constitutes a good compromise between data recording and processing expense and accuracy and reliability; but of course any other number (including non-integers) is possible. This principle has been fully exploited in the "hierarchical" unwrapping approach. 4.2 Hierarchical approach The basic idea in the hierarchical approach is the same as in the exponential sequence; in fact, the techniques differ in that the hierarchical technique seeks to record the minimum amount of data that ensures successful temporal unwrapping.17,18 Also for this method, the best strategy is to reverse the sequence, i.e. to start with the densest fringe patterns and then to increase P until one fringe or less appears across the field of view. The fringe period is increased in geometrical progression by the factor F=



Pk +1 , 0≤k ≤K , Pk



(7)



so that K denotes the index of the broadest fringe pattern. The temporal unwrapping is carried out as follows: the phase values of each individual phase map ϕk are multiplied by F k , which converts them to phase maps ϕˆ k that all have the same slope. Starting from ϕˆ K = φ K , which is free of 0*2π transitions, step functions Sk are then determined to generate the absolute phase maps ϕˆ k + S k = φ k that should equal φ K but have higher precision due to the smaller Pk . This will work only if the measurement errors from step to step are smaller than 180º, which is again the familiar unwrapping criterion, and constitutes an upper boundary to F.
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The strategy to find the maximum allowable value for F is as follows: a maximum phase noise ε (in degrees of the respective phase maps; 0º< ε < 360º) is determined from the actual measurement conditions. Typically, by acquiring two frames at intermediate illumination intensity and determining the standard deviation between the pixel values, σI is found, and from that, σϕ is calculated by Eq. (4). Depending on the specific requirements, the setting of ε will be between 2σϕ and 3σϕ . As an example, if we have σϕ = 7 º and take 3σϕ as an estimate for ε – which should assure very few corrupt pixels – we obtain ε = 21º. This phase error is drawn to scale in Figure 5 for two subsequent fringe patterns.



phase mod 2 PI / deg



360



ε 270



ε



180



90



0 0



100



200



300



400 pixels



500



600



700



Figure 5. Fringe phases mod 2π, for ϕK (bold dashed line, Pk = 760 pixels) and ϕK–1 (thin solid line, Pk = 100 pixels), with phase errors.



As described above, ϕK is now multiplied by F to make its slope equal to that of the wrapped phase ϕK–1 . This multiplies also the error margin of ϕK to Fε, while the error margin of ϕK–1 remains ε. For correct assignment of SK–1 , the accumulated phase errors must be smaller than 180º; hence we obtain the condition



ε F + ε ≤ 180º ⇔



F≤



180º −1 , ε



(8)



and thus, F ¡ 7.6. This condition is illustrated in Figure 6. 2880
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Figure 6. Left side: Absolute fringe phases FϕK and φK–1 , bold line; unwrapping step function SK–1 , thin dashed line. Note the different scale from Figure 5. Right side: Detail view on the same scale as in Figure 5; the error in ϕK has multiplied and the error in ϕK–1 adds to it on either side.



Starting from the minimum fringe period that gives acceptable modulation (say, 6 pixels on an LCD matrix), we can establish N ≤6FK ,



(9)



where N is the total number of pixels on the LCD matrix (832 in our case), and K the required number of hierarchical steps to increase the fringe period from 6 pixels to greater than N, so that the test volume would be covered by one fringe or less. This requires K+1 fringe patterns. Solving for K, we get K  2.44, which means that we can obtain a high accuracy and correct phase unwrapping in four steps, in this example even if we set ε to 4σϕ . (Alternatively we can start with ε = 2σϕ , obtain F ¡ 11.9, arrive at K  1.99 and use only three steps, with very little detriment to the unwrapping success rate.) This efficiency recommends hierarchical phase unwrapping for quick and accurate shape acquisition. An example of a three-step procedure is shown in Figure 7.
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Figure 7. Phase unwrapping using a sequence of three measurements with decreasing sensitivity. Pk: phase images; φ: absolute phase.



Note how the noise has decreased from P2 to φ , which is the reason why the additional measurements P0 , P1 with higher sensitivity have been added to the rough measurement P2 . There is another technique of phase unwrapping that deserves consideration here; it extends the measurement range of two-wavelength interferometry by virtue of number theory. 4.3 Number-theoretical approaches The principle of "integer interferometry"19 is a refinement of multiple-frequency contouring techniques. It is based on the properties of relative prime numbers. In short, it suggests the use of fringe spacings Pk that are relative prime numbers, i.e., have no common divisors. Some extensions and variations of this method are known today.20-24 The usual way to establish the "vernier" is to choose two fringe spacings P1 and P2 that accommodate the desired depth range ∆zmax such that ∆zmax ∆zmax C =1 , − P1 P2



(10)



where C = M sinθ is the geometric conversion factor. We note that, with fringe projection, no object will give rise to a larger number of fringes than the LCD matrix can generate anyway. The condition commonly derived from Eq. (10) is ∆zmax C =



P1P2 , P1 − P2



(11)



which gives the "synthetic period". When large numbers of fringes are present in the field of view, P1 and P2 must be spaced closely to increase ∆zmax , which increases the susceptibility to unwrapping errors, as pointed out above. The core of the "integer" approach is now the observation that ∆zmax /P1 and ∆zmax /P2 in Eq. (10) are not necessarily integers in the first place, but eventually will become integers again when the number on the right side gets larger. By considering the non-integer ("fractional") fringe orders along that way, the unambiguous range of the measurement can be extended to K



∆zmaxC = P1P2 , and in general, ∆z max C = ∏ Pk .



(12)



k =1



To understand the idea and how it differs from two-wavelength interferometry, we consider an example with P1 = 5 pixels and P2 = 7 pixels. Then Eq. (11) tells us that ∆zmax C =17.5 pixels, in which interval we have 3.5 fringes with spacing P1 and 2.5 fringes with spacing P2 . However the absolute phases of both fringe patterns continue to be unambiguous combinations until both phases reach an integer fringe order again, here 7 and 5, respectively. This increases the range of measurement to 35 pixels. The concept is illustrated in Figure 8. N=1
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Figure 8. Integer profilometry for a fringe spacing ratio of 5:7. Left side, solid line: fractional fringe orders for P1 = 5; dashed line: fractional fringe orders for P2 = 7. N=1 marks the limit of two-frequency profilometry. Right side: corresponding fringe patterns with integer steps indicated by vertical black lines; every combination is unique. 318
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The plot shows the fractional fringe orders dmod (rescaled from the 0-2π range) as measured with the two different fringe spacings/sensitivities, when the absolute phase d increases. Each combination of relative phases is unique until N =1, where the fringe patterns are in phase again. However the combinations of absolute phases remain unique until both fringe patterns are in phase at dmod =0 again, so that the measurement range is extended by a factor of 2 in this example. Depending on the ratio of the numbers used, the enhancement can be substantially larger. The right-hand side of Figure 8 shows that, even though P1 is broken down in 5th 's and P2 in 7th 's for unwrapping, the accuracy is of course higher. To obtain the proper fringe order assignment, both measurements need only to lie within the same dmod integer step interval. This means roughly that the uncertainty ε must be smaller than 1/Pk for each single phase measurement. A treatment as in Section 4.2 is not possible here: even a small measurement error can corrupt the unwrapping; but it is possible to correct most of these errors a posteriori.25 The fringe fractions smaller than 1/5 and 1/7, respectively, are not discarded. Instead, they are used to fill the "step" function that remains after unwrapping with high-sensitivity data. During the measurement, the absolute phases of all the projected fringe patterns must be stable, which is not a problem when an LCD matrix is used for projection and the object does not move. In an extreme measurement problem on an object with a pronounced depth structure, every possible combination of projected fringe phases could occur. Since the number of combinations equals the lateral pixel count Nx of the LCD matrix, an absolute height interval of Nx steps will ensure that we can unwrap the fringe pattern in any case. (As pointed out above, this consideration refers to unwrapping only; the actual phase-measuring accuracy will be higher, depending on the choice of the Pk .) For the fringe projector we used, Nx = 832, and therefore we need to find a sequence of Pk with K



∏ Pk k =1



≥ 832 . If we decide to choose K = 2, then P1 and P2 will be close to



832 ¡ 28.84 if we want to keep both of them



as small as possible. One possible choice is then P1 = 29 and P2 = 31, with P1P2 = 899. By the method described in Refs. 19 and 25, we derive the unwrapping equation



φ = (465 ⋅ INT (ϕˆ 1 ) + 435 ⋅ INT (ϕˆ 2 ) ) mod 899 + FRAC (ϕˆ k ) ,



(13)



where



ϕˆ k = Pk ⋅



ϕk , 2π



(14)



which normalizes each ϕk by the sensitivity it represents and maps it onto its unambiguous interval; INT() is the integer part of a number; and FRAC() the fractional part. It is very interesting and useful to realize that FRAC( ϕˆ k ) is theoretically the same for all k, so that we can average them to suppress random errors and to obtain a more reliable φ . This averaging includes only high-sensitivity data, since we avoid coarse fringe patterns with low sensitivity by integer profilometry. However, it must be pointed out that systematic errors, such as the double-frequency fringe error26, will not be uncorrelated in the averaging process but, according to the beat between the various fringe patterns, will alternate between canceling out and adding up. The validity of the absolute phase measurement depends on the correct outcome of the INT() operations, which means that the measurement noise should not cause any ϕˆ k to cross an INT() boundary. As a practical example, when σϕ ¡ 7º, some 95% of the INT() assignments will be correct if a fringe (± 360º) is divided into ¡ 50 parts (P = 50), and 99% will be correct if we take only 25 parts (P = 25). Therefore, we would expect somewhat over 1% noisy pixels for a measurement with P ¡ 30, and around 2% for two measurements, because an error in either of the fringe patterns will lead to incorrect unwrapping. To test these considerations, we measured a reference plane with P1,2 = (29,31); the results are summarized in Figure 9.



Figure 9. From left to right: ϕ1 from P1 = 29, ϕ2 from P2 = 31, φ(x,y) of a reference plane, obtained by Eq. (13), with the interval [0,899) scaled to 256 gray levels.
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Even though the test plane is not a discontinuous object, it is still suitable to validate the unwrapping method, as no spatial unwrapping has been used in the evaluation. The resulting map for φ(x,y) demonstrates that the phase/height measurement is valid throughout the field of view in this case; however, one finds some noise in the absolute phase, and due to the particular way in which the unwrapping is carried out, this noise appears not as small fluctuations but rather as spikes. We determined the fraction of valid pixels to be ¡ 98%, in excellent agreement with the above theoretical discussion of noise vs. fringe spacing. If we allow K = 3, the required Pk will be around 3 832 ¡ 9.41. A very interesting and useful solution is P1 = 9, P2 = 10, and P3 = 11, with P1P2P3 = 990. Note that there is only one true prime number in this group; but all of its members are relative primes (therefore, any group can contain only one even number). For the evaluation of absolute phase, one gets in this instance



φ = (550 ⋅ INT (ϕˆ 1 ) + 891 ⋅ INT (ϕˆ 2 ) + 540 ⋅ INT (ϕˆ 3 ) ) mod 990 + FRAC (ϕˆ k ) .



(15)



Here we obtain three phase measurements with high, and almost equal, sensitivities. In this case we can estimate that ε must be below 1/11 fringe ± 33º, which condition is easily met. Hence, there should be a very low fraction of invalid pixels left, and this is precisely what we see in Figure 10. The figure demonstrates three fine-resolution measurements with relative sensitivities 11, 10, and 9, from which the absolute phase can be reconstructed with great reliability; in fact, no invalid pixels at all were found in the resulting φ(x,y).



Figure 10. From upper left to lower right: ϕ1 from P1 = 9, ϕ2 from P2 = 10, ϕ3 from P3 = 11, φ(x,y) of a reference plane, obtained by Eq. (15), with the interval [0,990) scaled to 256 gray levels. The four distinct defects in φ(x,y) are actual holes.



It would be even more attractive to record all the necessary information in one shot so the instrument could also be used under adverse and unstable conditions. In principle, this is possible by spatial frequency multiplexing25, and we have been exploring this possibility with the spatial carrier periods of (Px ,Py)={(4,7),(5,–4),(7,4)}, where the y-frequencies serve to separate the sidebands, and the relative Px of 4,5, and 7 lead to the unwrapping equation



φ = (105 ⋅ INT (ϕˆ1 ) + 56 ⋅ INT (ϕˆ 2 ) + 120 ⋅ INT (ϕˆ 3 )) mod 140 + FRAC(ϕˆ n ) .



(16)



However, due to the divergent illumination, the object's depth structure modulates the fringe phase also in y direction when νy ≠ 0; this precludes a simple analysis of the fringe patterns. Our studies also revealed that the resolution of a standard TV camera and lens is hardly sufficient to record the multiplexed fringe pattern with good modulation. While the spatiotemporal number-theory approach to unwrapping shows great promise, these studies are only preliminary, and in what follows, we have used the hierarchical method.



5. CALIBRATION After the absolute phase has been determined, the geometries of projector and camera, both internally and with respect to each other, must be determined to achieve a high-accuracy conversion of φ(x, y) to (x, y, z). We carried out the calibration procedure with a photogrammetric technique known as bundle adjustment27 based on the pinhole camera model.28 Unlike 320



Proc. SPIE Vol. 4778



Downloaded from SPIE Digital Library on 26 Aug 2011 to 130.215.169.248. Terms of Use: http://spiedl.org/terms



other techniques that achieve self-calibration by data redundancy29, the method presented here is a static calibration. To quantify exactly the geometric alignment of the components and their internal aberrations, the reference plane shown in Figure 4 was covered with a pattern of markers that can be automatically identified by a photogrammetric calibration program (Aicon DPA-Win™). The procedure is "photogrammetry reversed": usually an object with attached markers is recorded from several positions by a calibrated camera to find its geometry; here an object with known marker spacing and geometry is moved about in the test volume to calibrate the instrument. The reference plane is a honeycomb-reinforced structure, which assures that the spatial arrangement of the markers remains stable when the plate is being moved.



Figure 11. Calibration chart in various positions.



By carrying out absolute phase measurements in x- and y-direction, that is, with vertical and horizontal fringe patterns, the transition from the 3-D locations to the measured phases is made. Phase measurements from the white markers on a black plane yield data as shown in Figure 12; the images correspond to the chart position shown on the left in Figure 11, and irrelevant data have been masked out by medium gray. The twofold phase determination allows to correct for vertical lens distortions. We also point out that the calibration takes about a day, but is a once-and-for-all-procedure for a given geometry and can be accelerated by automation of the process.



Figure 12. Absolute phase measurements on calibration chart. Left: phase in x-direction; right: phase in y- direction.



6. MEASUREMENT AND CAD CONVERSION As a test object to validate the calibration of the system and explore the CAD conversion, we chose a plastic model ("Testors" #7584) of an SR-71 B reconnaissance aircraft. The kit has been designed with cooperation from the U.S. Air Force so we assume it to be reasonably accurate. According to measurements taken with a tape measure, the length of the 1:48-scale model is about 68.5 cm and the wingspan about 35.5 cm; thus, it makes good use of the available measurement volume. 6.1 Recording of sub-areas The model's shape was measured in several positions; these could be chosen arbitrarily. Care was taken to cover the entire hull surface with as few measurements as possible. Figure 13 gives some examples of recorded positions.



Figure 13. Various positions of SR-71 B airplane model for measurement of the surface.
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For each position, phase measurements in x- and y-direction were taken; Figure 14 gives an example for the position shown in Figure 13 on the left.



Figure 14. Absolute phase measurements for the model position depicted in the upper left image of Figure 13. Left, x-phase; right, y-phase.



Via the calibration data, these absolute phase maps, still containing perspective and distortion errors, can now be corrected and converted into x-, y-, and z-coordinates, and thus, to a true 3-D point cloud. The data sets can be viewed either as single-coordinate maps or as a VRML pseudo-3D plot. An example of this is shown in Figure 15.



Figure 15. 3-D coordinates from fringe-projection measurement. From left: x-, y-, and z-coordinates; 3-D representation of data set.



The examples also highlight the necessity to capture the objects from various views: as to be seen in the 3-D display of the result, any one measurement yields unconnected surface patches only. These are, with respect to each other, correctly aligned in 3-D space, but in order to obtain the complete surface, different views must be recorded and the sub-views must be merged later on. 6.2 Generation of 3-D model The "stitching" of subviews was performed using the InnovMetric Polyworks™ CAD software, which is compatible with DXF, IGES, STL, and VRML data formats. The approach in this software suite is to first match the point clouds semiautomatically, which creates a complete virtual 3D object, and only then carry out the conversion to a CAD file. Other examples for reverse engineering have been shown in Ref. 30. Each 3-D point cloud to be merged must be aligned roughly before the software takes over the fine orientation and stitching by iterative algorithms. Figure 16 shows how a new surface patch (dark gray) is fused into the already existing data set. The upper row shows the work to be done by the operator: some rotations and translations of the new data set will be necessary. In many practical cases, this approach will save time in comparison with a fully automated technique that requires attaching markers to the test object's surface. After pre-alignment, the automatic optimization routines start with the precision adjustment of the surface elements; two stages of this process are captured in the lower row.



a



b



d



c



e



Figure 16. Stitching a new patch. Upper row, a-c: manual pre-orientation. Lower row, d-e: software optimized adjustment.
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Once all the point clouds are merged into one, the data points are connected to generate a mathematical description of the surface, represented by a mesh grid. We synthesized the CAD model from 12 different images of the object; the surface acquisition was largely complete after 6 measurements, and the remaining 6 images added some redundancy and finer detail. The complete object can then be exported to VRML file format or stored as a CAD file, in full resolution or after reducing the number of points (thinned grid). Polyworks™ is able to thin the mesh in a way to preserve fine resolution at edges and save data in areas of smaller curvature, as shown by an example of the model’s air intake in Figure 17.



Figure 17. Various mesh resolutions (SR-71 B engine air intake).



The data for length and wingspan obtained from the CAD file (68.26 cm and 35.22 cm, respectively) are in very good agreement with the specifications (32.7406 m/48 = 68.21 cm and 16.9418 m/48 = 35.30 cm, respectively). This indicates that the accuracy of the calibrated prototype system is already better than 1 mm. Assuming that the model could have minor deviations from the exact 1:48 scale, and accounting for pixelation errors, the actual accuracy is probably somewhat higher. A slight ripple was observed on the surfaces that is most likely due to the properties of the phaseshifting scheme (Eq. 3); it should be possible to achieve smoother measurements with the "3+3" formula31 that also requires only four phase-shifted images. Some examples of the complete CAD file are shown in Figure 18.



Figure 18. Various rendered views of final CAD file.



7. CONCLUSION The present study demonstrates a shape measurement system from the design stage to a complete 3-D CAD model of a measured test object. We have reviewed the basic parameters that influence the performance of a fringe-projection system and expended some care on a robust measurement of the absolute fringe phase. In this respect, both the hierarchical and number-theoretical approaches have been shown to work well; the number-theoretical method holds some promise for higher accuracy by data averaging. Here, however, the hierarchical method has been used. The actual reverse engineering step requires a precise calibration of the fringe-projection system; this has been done by using a photogrammetric method and a high-precision reference plane with markers attached. A sample measurement of an airplane has been carried out with the calibrated system; after successful merging of 12 sub-views and conversion of these into a CAD file, the measured size of the model is in excellent agreement with the calculated values.
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