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ABSTRACT
A common problem in fabrication and welding of complex strucwres is that there is no simple way to determine where to cut
one part so that it will fit another part unless both parts designed and built on a CAD/CAM system. Particularly in prototype
or retrofit work, cutting and fitting parts for welding is more of an art than a science. We have developed a unique video moire
system that generates the intersection contour in near real time with the contour output superimposed on a video image of the
part, allowing the cut line to be marked while following the contour on the video momtot

Moire techniques have been used to determine the shape of a surface or the deviation of a manufacwred shape from a desired
shape. In a traditional moire system, distorted gratings on an object are viewed through an undistorted grating. The moire
contours which result represent equal depth contours over the entire viewed surface. By generating the moire patterns in video,
it is possible to view the distorted gratings on one object through a set of gratings that has been diStOrted by a different object
For reasons to be explained in this paper, these moire contours can be thought of as a family of intersections between the two
objects. The problem is how to find the unique intersection contour which is located where the parts are to be joined. We have
solved this by using a specially modified Michelson interferometer to generate the gratings. By rotating one mirror, the
interference fringes can all be made to move away (or towards) one central stationary fringe. This causes a corresponding
movement in the family of intersection (moire) contours away from or towards the unique stationary intersection contour which
is the desired cut line. The parts are moved until the intersection contour is located at the correct position. The interferometer
mirror is then rotated while capturing a series of images. These frames are averaged, generating a composite image which
contains only the unique stationary intersection contoui This image is then projected back on the targets and the parts are
marked along the intersection contour. If the parts are cut along the marked curve, they fit exactly. Except for the frame
average, taking a only a few seconds, the operation is essentially real time and involves no computation. In an industrial
version of the system, the illuminators and cameras would be moved around thejigged parts so that all sides of the parts can be
illuminated to continue the cut lines all around the parts.

Once the shape of the prototype parts have been determined, the intersection contours can be added to the CAD files containing
the shapes so that production parts can be manufacwred with the correct cut allowing easy fabrication. We have successfully
applied this system to generating the intersection of two surfaces meeting at an oblique angle as well as to joining other
structures. This moire system may have additional applications in 3-D location of parts for robotic assembly.

I. INTRODUCTION
Whenever two periodic or semi-periodic structures of similar spatial frequency are overlaid, a moire pattern is produced.
Application of moire contours to surface topography was first suggested in 1874 by Lord Rayleigh1 ,butpractical applications
such as contour mapping2345.6, vibration ana1ysis78, and error mapping9 did not appear until the middle of the twentieth
century.

In a traditional projection moire system, a fixed spacing grating (a series of bright and dark parallel lines) is projected at an
angle onto a target When the object is seen from a point of view other than the projection angle, these lines appear distorted
by the shape of the object The object with its distorted gratings is subsequently viewed through an optical system that
contains an identical optical transmission grating located in an intermediate focal plane. Figure 1 clarifies this arrangement.
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projection grating

In this situation, the observed moire pattern is a set of equal depth contours over the target's surface with a contour spacing
given by

mPvz=
[tan(a)+ tan()] (1)

where mP is the grating pitch (i.e. distance between adjacent grating lines) projected onto the target and a and are the
projection and viewing angles, respectively, as shown in Figure 1.

At the heart of the research discussed here is a system which has two major differences from conventional moire systems. The
first is a method for recreating the moire phenomenon associated with physical gratings by using video techniques. This is
accomplished with special video processing, to be explained in detail in the next section. The processing essentially allows a
set of gratings on one surface to be viewed through another set of gratings on a second surface. The second difference is a
method for generating contours of variable resolution. This is done by using a modified Michelson interferometer to create
variably spaced projection gratings which in turn alter the coarseness of contours.

The fact that this system has variable resolution and generates moire contours in video rather than with physical gratings creates
unique applications, however, it also requires a unique analytical approach. Ordinarily, moire systems produce equal depth
contours over a surface. In this case, a system is said to be operating in the conventional mode. Video moire is capable of this,
but it is also capable of what is known as converse mode or error map mode moire. Converse mode moire results when either
the projection or the viewing gratings (or both) are not equidistant parallel lines. Here, the moire contours which arise are not
curves of equal depth over the target's surface. To analyze these contours, it is useful to consider the moire curves as a set of
intersections between two surfaces being examined. For conventional mode operation, which is simply a special case of
converse mode operation, one surface is a plane while the other surface is the object to be examined. In this case, the plane can
be thought to "intersect" the test object multiple times, in which case the result is a set of equal depth (or height) contours over
the test object's surface. In converse mode operation (which occurs when the reference surface is something other than a plane),
the resulting moire contours represent a series of intersections between this new surface and the target surface. These contours
are often less easy to interpret quantitatively than those arising from conventional mode moire, but they allow for several
applications of moire which have been previously difficult or in some cases impossible for conventional systems.
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The fact that this system can determine the curves of intersection between any two three-dimensional geomethcal surfaces in
real time in a completely experimental way is truly unique. However, with a little thought, one subtlety becomes apparent.
As with conventional systems, the result of this system is a setof intersection curves. In reality, however, there is only one
true intersection between any two surfaces located at a fixed position in space relative to each other. The use of a modified
Michelson interferometer to generate variably spaced gratings and video processing to create the moire contours makes it
possible to generate the (one) true intersection curve between any two surfaces in near real time. This gives modified video
moire a substantial advantage over previously reported moire inspection systems and it is the basis of the research presented in

this papet

II. VARIABLE RESOLUTION VIDEO MOIRE
The variable resolution aspect of the video moire system deScribed here consists of a modified Michelson interferometer grating
projector. The modification to the interferometer is the addition of a rotation stage under the movable mirrot This allows the
tilt of that mirror (about a vertical axis) to be continuously varied. The result of the tilted mirror is that the ordinarily
concentric circular interference pattern becomes a pattern ofapproximately straight equidistant lines, which serve as the
projection gratings. Adjusting the tilt of the mirror then adjusts the spacing of the gratings and the resolution of the moire
system. For the particular interferometer used here, gratings with pitches ranging from approximately 0.5 cycles/cm to 100
cycles/cm have been recorded' 0.

The projection gratings discussed above are sent through a beam-splitting cube which creates two sets of gratings (namely, the
"target" and "reference" gratings.) The target and reference gratings are projected onto their respective surfaces and then viewed
from identical angles by two low light level, high resolution (650 TV lines) video cameras. The video signals from these
cameras are fed to a video special effects generator for video processing (to be explained below.) The output from the video
processor is then delivered to a monitor and to a Macintosh II computer which is used to collect and store data in the form of
images via a video frame-grabber board. The video moire system which is used to generate traditional equal depth contours on a
target is shown in Figure 2. In this case, the viewing angle f(which is shown in Figure 1) is set to 0° for both cameras.

In a classical projection or shadow system, a distorted target grating is viewed through a physical reference grating. This
reference grating has the effect of a binaiy optical filter Where the grating is clear, information is tranSmiued and where the
grating is opaque, no information is transmitted. It is the selectively transmitted distOrted grating information, along with the
reference grating information, that causes the classical moire interference pattern. The problem for a system which consists of
only projected gratings (i.e. the system discussed here) is how to generate the classical high contrast moire interference patterns
when no physical filter exists. By using a video special effects generator to perform a chroma key operation, the classical
situation can be duplicated with a totally projection system. In a chroma key operation, part of the video signal from one
camera is made transparent to the video signal from another camera. This is accomplished by first thresholding on a given
signal level within one of the two video signals. Like the physical system desired, where the first video image is bright (i.e.
where bright grating lines exist) the second image can "pass through" and been seen. Where the first video image is dark,
however, nothing from the second image can pass. The result is to combine the two video signals into one, not by
superimposing them, but by replacing part of one scene with a part from another scene. In this way, the physical phenomenon
of viewing distorted gratings on a target through a set of physical gratings is mimicked.

Ill. THEORETICAL ASPECTS OF MOIRE CONTOURS

3.1 Multiple Line Moire
If moire metrology is to become a powerful tool for surface inspection, its results must be easily quantifiable. A mathematical
method for analyzing the contours thus becomes necessaiy. Two documented methods for doing this with conventional moire
are the oblique-shadow meod' and the indicial equation formalism' 2 Unfortunately, both of these methods are somewhat
difficult to use when the surface being examined is complicated. In addition, the oblique-shadow method cannot be easily
applied to the projection system discussed here. For these reasons, a technique known as the method of intersecting surfaces has
been develced'0 which best suits the needs of variable resolution video moire.
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Consider Figure 3 which shows the gratings that will eventually be projected at an angle a onto the surface of a three-
dimensional object, with the object's base located in the xy-plane. These gratings can be considerecj infinite planes, parallel to
the x-axis, which intersect the object's surface. The grating (or plane) which runs through the origin is the labeled as the zero
order or stationary grating. (The reason for the latter title will become apparent shortly.) The gratings to either side of the zero
order grating are spaced a perpendicular distance, p, apart from each other and are indexed by the letter m, where m is any
positive or negative integer (or zero in the case of the zero order grating line.) When projected into the xy-plane at an angle a,
the perceived grating spacing becomes plcosa. The position of the mth grating line on the y-axis is then my1, where Yi is
p/cosa. When projected into the xy-plane at an angle a, the perceived grating spacing becomes p/cosa. The position of the
mth grating line on the y-axis is then my1, where y1 is p/cosa. When projected onto an arbitrary object, the character of the
intersection curves between the planes (gratings) and the surface is completely determined by the shape of surface and the

projection angle.

To create moire contours, one set of gratings must be viewed through another set of gratings. In order to predict the moire
contours which would result from this experimental operation, each set of gratings must first be characterized mathematically.
A helpful relation in determining the shape of the gratings on a surface is the slope of the grating line in the yz-plane. For the
two points labeled in Figure 3, the slope is given by

z—O
cot(a)=

y-Ym (2)
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Solving for z, Eq. (2) becomes,

Figure 3 Top view of projected grating planes parallel to the x-axis.

Using

Eq. (3) becomes

Z=COt(a)[y—Ym]

YmmYl

(3)

(4)

Using

z=cot(a)[y—my1]

—p
Y1cos(a)

(5)

(6)

Eq. (5)becomes

This can then be written as

z—cot(a)[y— mp—
C0S(a)], (7)

z=ycot(a)—
mp

sin(a), (8)

where m can be any positive/negative integer or zero. This is the equation for the projected gratings. To find the shape that
these gratings take when they are projected onto an arbitrary surface, as in Figure 4, the grating planes must be "intersected"
with the surface. This is done by setting these two equations equal to each other. Setting Eq. (8) equal to the equation for an
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y

arbitrary surface, z=f(x,y), yields

f(x,y)=ycot(cx)—
sin(a) (9)

Similarly, for a second surface z=g(x,y),

g(x,y)=ycot(a)—
sin(a), (10)

where n is the index for the gratings on the second surface and, like m, can be any positive/negative integer or zero. To
determine the shape of the moire contours which result from overlaying the distorted gratings from the first surface with those
from the second surface, the two equations for the surfaces can either be added to or subtracted from each other Both methods
describe the pattern equally well, however, the addition yields a high frequency moire, which is not generally the pattern
noticeable to the eye. For this reason, the difference of the two equations is taken, and its results more obviously agree with
the observed moire pattern. The difference between Eq. (9) and Eq. (10) is

(n—m)p
f(x,y)—g(x,y)= sin(a) . (11)

Defming q such that
qn-m, (12)

Eq. (11) becomes

f(x,y)—g(x,y)= sin(a) (13)
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This equation representsa discrete set of intersection curves between the gratings projected onto each of the two surfaces (and,
hence, between the two surfaces themselves), indexed by q and separated in depth by a z-distance of p/sin(a). These curves are
the moire contours.

For the case in which one of the two surfaces (say, g(x,y)) is a plane parallel to the xy-plane, the resulting intersection curves
all lie in planes parallel to the xy-plane. Each contour is therefore an equal height (or depth) curve. Mathematically,
g(x,y)=constant and Eq. (13) becomes

f(x,y) = .
qp constant

sin(a) (14)

This is the equation describing the set of equal depth moire contours for the f(x,y) surface, with the contour depth spacing being
a function of the grating pitch and the projection angle.

3.2 The Stationary Contour
In Section 3.1 it was shown that as the pitch of the gratings changes, so does the spacing of the contours. Additionally, as the
spacing of the contours changes, so do the positions of the contours. From Eq. (13), however, it becomes apparent that there is
one contour whose position is independent of the grating pitch and, hence, independent of the contour spacing. For the contour
of index q=n-m=O, the right side of Eq. (13) goes to zero. A change in the grating pitch then has no effect on the positionof
this contour, but causes the other contours to move closer to or further from it. For this reason, the q=O contour is labeled as
the stationary moire contout

To understand the significance of the stationary contour, Eq. (13) needs to be examined a little more closely. When q=O, Eq.
(13) can be rearranged to show

f(x,y)=g(x,y). (15)

Recall that Eq. (13) is the general equation describing video moire contours which arise between two arbitrary surfaces. Eq. (15)
clearly shows that the q=O curve corresponds to the points which the f(x,y) surface and the g(x,y) surface have in common. In
other words, this is the one true intersection between these two three-dimensional surfaces. In general, however, if two three-
dimensional objects are superimposed in space, their intersection will be a three-dimensional curve. Sthctiy speaking then, the
resulting two-dimensional intersection moire contour is the projection of the three-dimensional intersection into the xy-plane.

According to Eq. (15) and the above argument, the zero contour represents the intersection of the two surfaces, which is a
quantity that has no relation to the resolution of the inspection system. However, as the gratings become more coarse, so do
the contours. The ability to determine the exact position of the intersection then decreases. This is due to the fact that the
pitch determines not only the location of the contours, but also the width of the contours. The mathematical analysis presented
here does not consider fringe (grating) width and, thus, does not result in theoretical moire contours of varying width. In fact, it
takes the fringes as bright lines of zero width, separated from each other by the pitch. In reality, however, the fringes have a
cosine squared intensity character (typical of all interference patterns), and thus produce contours of finite width. As the fringe
width increases, the contour width increases. This increases the uncertainty in the location of the curve of intersection.
Fortunately, this issue does not in general present a significant problem because the pitch of the fringes can be reduced enough
to produce contours with a low uncertainty (small width.)

Iv. EXPERIMENTAL RESULTS
An example of general video moire is a good place to start for the experimental verification of the theory presented in the above
section. Figure 5 a) shows conventional video moire (i.e. equal depth contours) on the surface of a small facial mask. These
contours resulted from using a plane as the reference surface and the mask as the target surface in the arrangement of Figure 2.
This set of contours can be thought of as a series of intersection curves between the mask and the plane, each one resulting
from an apparent shift of the plane relative to the mask. Of these contours, however, only one represents the true intersection
between those two surfaces, which are located at fixed positions relative to each other. The (one) true intersection for the plane
and mask is shown in Figure 5 b) outlining the eyes of the mask. This image was captured by performing a frame average on a
series of images similar to Figure 5 a), while varying the pitch of the gratings. This variation causes the contours to vary in
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coarseness, also causing them to move closer to or further from the one stationary (irue intersection) contour. The result is that
the stationary contour was the only one of the contours to survive the average and appear in the final image. Note that if the
plane were moved in or out (i.e. closer to or further from its camera), the plane/mask intersection would occur in a different
depth location and the intersection curve would appear at a different place on the suiface of the mask.

Figure 6 The exact intersection moire contour between the cone and plane in the orientation under discussion
in this section. For this specific case, the angle that the plane forms with the base of the cone is 9=25degrees.

As another example of intersection of surfaces via video moire, consider the case in which a nght circular cone and a plane
intersect. From geometry, the anticipated result is a conic section with a character dependent upon the angle of intersection.
When the plane forms a small angle with the cone's base (specifically, an angle less than the complement of the cone's half
angle), an elliptical intersection curve results. When this situation is arranged expeziinentally, the observed (moire) intersection
curve is only a two-dimensional projection of this three-dimensional curve. As with any projection, the observed intersection
appears different, depending on the plane into which it is projected. As before, the experimental arrangement is shown in
Figure 2. Now, however, the plane is adjusted so that it forms the desired angle of intersection with the cone, which is shown
facing the other camera. For a cone of half angle 45degrees and a plane/cone angle of 25 degrees, the resulting intersection
moire contour is shown on the cone in Figure 6. This line could be marked on the cone, and the cone then cut so that it would
fit with the plane at the desired 25 degree angle. Note that this could have been done just as well with the contour appearing on
the surface of the plane if desired. In this case, the plane would be cut so that the cone would just fit through it atthe desired

angle.
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Figure 7 Simplified set-up for generating intersection contour between a cone and a pipe.
Note the image of the pipe superimposed with the cone to illustrate the intersection taking place.

As a demonstration of this system's potential, imagine the situation in which the need to attach two non-trivial surfaces exists.
Unless these surfaces are described in an exact mathematical way, no simple method for determining the curves of intersection
(i.e. the cut-lines) is available. The need for a system such as the one described in this paper becomes apparent. As a specific
example, consider the case in which the objective is to connect a cylindrical pipe to a cone. Here, we let the pipe play the part
of the reference surface and the cone play the part of the target surface of Figure 2. Through the variable resolution/frame
averaging process described earlier, the moire intersection contour between the two objects can easily be determined. A
simplified versinn of Figure 2 is shown in Figure 7 with an image of the pipe (in dashed lines) superimposed with the cone to
illustrate the intersection taking place. The resulting contour appearing on an image of the cone is shown in Figure 8 a).
Intuitively, one would expect the two-dimensional projection of the intersection between the cone and cylinder to look
somewhat like an ellipse; and this is just the case. Unfortunately, due to the process of determining the intersection contour, it
appears only in a frame-averaged image on the computer, and not on the real-time video monitor of Figure 2 (and Figure 7.) To
get the image onto this monitor so that one can view the intersection contour on the live surface (which facilitates the marking
process), the video signal is sent back out of the computer via a Scion TV-3 RS-170 video output board. This image is then
mixed directly with a real-time image of the cone (without its customary structured illumination) using the same video special
effects generator as before. The result is a live image of the cone superimposed with another image of the cone which contains
the intersection contout Marking the cut line on the surface is then simple. One can see an image of the intersection contour,
along with a live image of the cone and one's own hand (and marking pen), all on the same monitor. For the purpose of
simplifying the cutting process, the marking was repeated using a paper cone which was then cut and attached to the pipe. An
image of the cone fitting well with the pipe is shown in Figure 8 b). Careful examination of this figure reveals the remains of
the cut line still on the edge of the cone. (The small scale of the parts involved accounts for the apparent roughness of the
marking on the cone.) Once the cone is placed on the pipe, the outline of the cut cone could be traced directly onto the surface
of the pipe, establishing the cut line for that surface. This would be valuable if it was desired to connect two objects in such a
way as to allow flow from one to the other, requiring holes in both objects (i.e. two water pipes.)
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Figure 8 a) An image of the moire intersection contour (i.e. the cut line) on the surface of the cone. b) An image of the
cut cone shown fitting the surface of the pipe quite well. Note the cut line on the cone. The author's finger is added for scale.
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V. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
The examples presented in this paper demonstrate some of the unusual capabilities of variable resolution video moire. This
system certainly has a great deal of potential for applications in joining structures which were not designed and fabricated as part
of a CAD/CAM system. However, there is one prevailing difficulty associated with transferring this into an industrial system.
Namely, the problem is the inability to easily view all sides of the objects to be joined. This ability would certainly be a
requirement for a practical system in which the cut line could extend around to the "back" side of one or both of the three-
dimensional objects being joined. For the examples presented here, the objects were deliberately chosen such that the
intersection could be seen with only one view. For complex structures, however, it is not difficult to imagine that more views
would be required. Industrial application of this technology then depends on developing appropriate methods to illuminate and
view all sides of the parts to be joined. For small assemblies, this could consist ofjigs to hold and rotate the structures. For
large assemblies, a multiple grating projector/camera system, or a system to rotate the projector/camera around the jigged parts,
could be used. The curve of intersection could then be marked around the entire object to ensure a complete and accurate cut
line.
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