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ABSTRACT

Several methods for generation of three dimensional surface shapes from variable resolution video moire contours are described.
In a classical moire system, a physical grating is projected on a target and also used to view the target. The moire contours are
generated in the plane of the viewing grating. An unambiguous surface shape can then be computed by processing a series of
moire images where the grating, target, or both are moved. By using an interferometer to generate and project variable pitch
gratings and video technology to generate the moire contours, a 3-D surface can be scanned at different resolutions and used on a
wide range of object sizes. The elimination of the physical grating also leads to surface generation techniques that do not use
moving parts, increasing reliability. From these video moire contours, it is possible to uniquely reconstruct the 3-D surface,
making the distinction between concave and convex surfaces. In one technique, a computer is used to mix digitized images of
distorted gratings projected on the object with computer generated gratings, creating the moire patterns. By shifting one
grating, it is possible to reconstruct the surface without having to move the object being scanned.

1. INTRODUCTION

We have developed a variable resolution video moire system whose zoom capability allows inspection of a wide range of objects

with resolution adjustable to fit the object and inspection task1'2'3'4. A tilted mirror Michelson interferometer illuminated
with an Argon-ion laser generates variable spacing gratings which are projected onto a target and a flat reference surface as
shown in Fig. 1 . Ahigh resolution video camera uses the reference grating image to chroma-key filter the image of the
distorted grating seen on the target by a second video camera. If the reference surface is replaced by a perfect target, difference or
error map moire contours between the master and test target are generated in real time. Tilting the interferometer mirror makes
it possible to change the depth resolution of the moire contours in real time. This paper describes generation of surface shape
from variable resolution moire.

2. MOIRE GENERATION

By mixing a perfect grating with a distorted grating, moire patterns are generated. The moire pattern can be represented by

g(x,y) = a(x,y) + b(x,y)cos[Ø(x,y)] (1)

where a(x,y) and b(x,y) are unwanted variations in the intensity from nonuniform projection or reflection of the light and
is the phase of the moire pattern's fringes which contains the height information. After the grating noise is removed from the
moire, the phase of each location needs to be determined. This phase information is represented by in Eq. (1), and when
unwrapped provides a scaled version of the surface shape. Various methods are used to generate the moire patterns from a
surface.

Classical shadow moire topography uses a light source projected through a grating at an angle onto an object. The object is

viewed through the same grating by a camera that is at a different angle5. The grating is then translated in its plane to average
out the gratings from the shadow moire pattern. To shift the moire fringes to determine the surface curvature, the object is
translated normally to the grating in a precisely controlled manner. This can cause problems with an increase in object size and
is not desirable in an industrial inspection system where precise movement of the object may be impractical.

304 / SPIE Vol. 1821 (1992) 0-8194-1 022-5/93/$4.00

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/25/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



In projection moire topography a regular grating is projected onto an object at an angle and viewed through a second physical
grating at a different angle. This generates a moire pattern that can be separated from the grating pattern by the use of an FFT

routine6. The moire pattern typically has a frequency between the lower frequency nonuniform light reflection from the object
and the higher frequency of the grating. After the FFT the moire frequencies are separated and translated to center around the
origin before the inverse Fourier transform is used to obtain in Eq. (1). In certain cases the moire pattern and grating
frequencies or the moire pattern and nonuniform light reflection frequencies may cross each other and cause problems in the
separation procedure and the physical grating again has to be moved to obtain another moire pattern with the fringes shifted
before the direction of the surface curvature can be determined and the surface shape can be calculated. The projected grating can
also be translated by the use of a piezoelectric transducer (PZT) mounted to a mirror. This simpiy replaces one moving part, the
physical grating, with another moving part, a mirror.

To eliminate as many moving parts as possible video moire is used. A grating is projected onto the test object at an angle and
viewed by a camera at a different angle. Typically the camera is positioned normal the the surface that is to be examined. A
beamsplitter allows the same grating to be projected onto a flat surface, or onto a "perfect" object for error surface
determination. This forms a reference grating that is viewed by a second camera. The two video signals are then combined in a
video mixer to form the moire pattern. The two grating beams can be translated by an acousto-optic cell to average out the

gratings3'7. Another acousto-optic cell can be used to translate only the reference beam and shift the moire fringes in a precise
manner. This allows the surface to be determined by a system that has no moving parts. By adding variable tilt to the
interferometer and zoom lenses on the cameras, moving parts are added to the system but the additions increase the flexibility of
the system greatly.
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Fig. 1. Video Moire System
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3. GENERATION OF THE SURFACE SHAPE

To generate the surface from the moire patterns, the term in Eq. (1) must be determined. The minimum number of moire
patterns needed to determine is two. If two patterns are used, a shift of ir/2 is needed between the moire fringes and a(x,y)
must be eliminated by the use of an FF1' and low pass filtering of the frequencies. After a(x,y) is eliminated from the two
moire patterns and the moire patterns frequencies are shifted to average zero, the two patterns can be divided to obtain

tan1 2'1' (2)

where is the phase information of the first, unshifted, image8. In our experiment, the a(x,y) could not be reduced enough
to eliminate the need for the FFT and filtering. The FFT and filtering adds extra computing time and causes problems if the
frequencies of a(x,y) overlap the frequencies in the moire patterns.

To eliminate the need for the FFT, three moire patterns can be used. Eq. (1) has three unknown terms, a(x,y), b(x,y), and
To solve for any one of these terms specifically, three images are needed. A shift of -irJ3, 0, ic/3 is used between the

moire fringes in the three images9. The surface can then be found from

tan1 ((("v'(3)'Z(-1113))/(2-.511-°.513)). (3)

This method was successfully used to determine the surface of a test object, but it was observed that small variations from the
it/3 shifts between images caused large errors in the phase information. This gave smooth surfaces a stepped appearance, one
step for each moire fringe, if the shifts were not precisely ic/3.

A self-calibrating algorithm that can calculate the actual phase shifts between images requires four images with three equal

phase shifts between them, -313, -B, +13, +31310. Four phase shifts between the images gives us the following formulas,

=
2 314 1234

(5)

This gives the 2 of ø(x,y) instead of tan of and allows the numerator and denominator of (4) and (5) to go the zero at
the same time. These problems can be eliminated with five phase shifts.

With a five phase shift method where the fringes are shifted ic/2 each time, -it, -ir/2, 0, +it/2, +7t, thephase can be calculated
from

tan1 (2(12-14)1213-15-Il). (6)

This also does not allow the numerator and denominator to go to zero at the same time and has small phase errors when the

phase shift is not exactly ic/210. For these reasons the five phase shift technique was used in two methods that reconstruct the
surface, spatial phase stepping with one distorted grating and for the five shifted moire images. Simple arithmetic on the
intensity values, an arctan calculation and an unwrapping routine will supply a scaled version of the height information at every
pixel position.

The spatial phase stepping method11 calculates the phase by taking the value of a pixel, a pixel ir/2 phase ahead, a pixel it
phase ahead, a pixel it/2 phase behind, and a pixel itphase behind the first pixel. To find the number of pixels to equal the ic/2
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and it shifts, the average pitch of the gratings over the entire image was calculated and used. Since pixels ahead and behind of
each pixel whose phase is to be determined are needed, the pixels up to a itphase shift from the top and bottom (for gratings
projected horizontally, the left and right side for gratings projected vertically) of the image do not have their phase calculated.
The moire method uses five separate images, shifting the phase of the entire image by it/2 each consecutive image taken.
These images can be made with a video chroma key or a computer generated grating being digitally combined with a distorted
grating image.

4. EXPERIMENTAL RESULT S

Using the setup in Fig. 1, it is easy to determine 3-D surfaces of different size smooth surfaces. The variable pitch of the
interferometer allows gratings with a pitch of less than a millimeter to larger than a centimeter to be projected onto the test
surface and reference surface. This allows the resolution in the z axis (normal to the surface) to be varied greatly. The focal
depth of the camera, camera resolution, and steepness of the surface also limit the z resolution of the system. Our system
allows for height differences of about 0. 1 mm to be resolved. The zoom lens and video cameras control the x and y resolution
of the system. Our system can be zoomed in on an object to have a x and y resolution of about 0.1 mm. The laserintensity
also limits the size of the object to be scanned by not being bright enough to project a detectable grating onto an extremely
large object. With the 100mW Argon-ion laser used in our system, we can easily scan object larger than 40cm x 40cm.

To demonstrate the resolution of the system, the surface of a quarter was scanned. Before the grating was projected onto the
quarter, the surface of the quarter was lightly coated with flat white paint to allow for a diffuse reflection. The surface in Fig.
2b and c was then determined from the distorted grating in Fig. 2a. This method was used since this only required one
nonaveraged image and was much faster than multiple moire method.
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Fig. 2a. Grating projected on a quarter Surface of a quarter (brightness a height)

Fig. 2c. Wireframe surface of quarter
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A mask that is 5cm wide, 3cm high, and 2cm in depth was used as a typical example of an object that the system could scan.
Fig. 3b-f show the moire patterns with a ir/2 phase shift between them. The phase shift was made by moving the reference
camera producing a shift in the reference gratings. This shift will be accompliced with an acousto-optic cell in the reference

beam in the future. The images are also averaged while both projected gratings are shifted to help average out the gratings7.
This was done by moving a beam steering lens and will be done with an acousto-optic cell in the future to eliminate the need to
move these parts of the system. The phase is then calculated from Eq. (6) arid seen in Fig. 3g. This is the phase of thethird
moire image and can be unwrapped to form the surface seen in Fig. 3h. Fig. 4 shows the wirefraine surface calculated for the
mask. If a higher x and y spatial resolution is needed, the system can easily zoom in on an area of the mask and reconstructthe
surface again. If the z resolution needs to be increased, the pitch of the gratings can be reduced.
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Fig. 3a. Gratings projected onto a mask. Fig. 3b-f. Moire contours of the mask

Fig. 3g. Phase information from the moire contours Fig. 3h. Surface of the mask (darkness a height)
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The moire patterns can be generated in the computer using just the grating image. This allows precise control over the shift of
the reference grating. Fig. 5 shows three moire images generated from the distorted grating image (Fig. 3a). The second image
has a ic/3 shift from the first image and the third image has a 2ic/3 shift from the first image. The surface can then be
generated from the computer moire, giving a second method that only requires one image. The disadvantage to generating the
moire in the computer is time. For example, averaging out the grating in the computer moire takes more computing time than
generating the entire surface using the spatial shift method.
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Fig. 4. Wireframe surface of mask
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The system can alsobe used to test surfaces against a "perfect" surface by using just the projected gratings on the "perfect"
surface and on the test surface or the moire pattern between the surfaces. Projected gratings on a "perfect" pipe can be seen Fig.
6a. A pipe with a dent has the same grating projected onto it in Fig. 6b. The error surface, seen in Fig. 6c, is thencalculated
from the difference between the two surfaces. This surface is the test object's, the dented pipe's, surface displacement from the
correct position, reference pipe's surface, at each of pixel location. The error surface determination from just projected gratings
is faster because only two nonaveraged images are used. The reference, or "perfect" object, image can be reused if several tests
are being made, reducing the images needed to one per test after the "perfect" object is scanned. The disadvantage of this method
is that it needs near perfect alignment. For setups that have the test objects at known positions to a high tolerance of accuracy
this alignment would not cause difficulties. Difficulties occur when doing the alignment by hand since the feedback of the error
surface is not in realtime.

By using the real time moire contours the system can produce, alignment of the surface is made easier. With the realtime
feedback, the alignment can be done by hand but the processing takes longer because five images are used. The two methods of
error surface construction can be combined by using the real time moire to align the object and the grating images for the
calculations. The setup we use allows large areas to be scanned, identifying the areas that have imperfections. Once these areas
are identified, the resolution of the system can be increased to better examine each flaw area.

5. CONCLUSION

We have demonstrated three method to generate surface shape from variable resolution video moire. All methods are adaptable
for use in an inspection system with no moving parts. The first method generates the shape from 5 phase shifted moire images
where the phase shifts can be performed by an AO cell moving the reference grating. The second method generates the phase
shifts and the surface from a single image of the target under structured illumination. A third method generates the moire
images in the computer from a single image of the target under structured illumination. The first two methods have the least
computation time.
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Fig. 5. Computergenerated moire

Fig. 6a. Grating on a reference pipe b. Grating on a dented pipe c. Error Map
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