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A shape capture system for field and industrial capture of surface contours and discontinuous shapes
has been developed for Hill Air Force Base. The key requirement was to “Provide a high resolution,
low-cost, portable device to measure the 3-D surface of aircraft surfaces… able to measure surface
areas up to 8 ft x 8 ft with a Z-resolution of .010”.
The system
developed has achieved smooth surface first order flatness measurement accuracy of +/- 2.5
-4
× 10 inches over a 30 inch diameter area, or better than one part in 100,000. The highest point density
successfully captured was .06 inch centers over 90 inches, or 2 million points in a circular area of 6360
square inches. Capture of a 30 inch diameter area gave a height resolution of 0.01 inches for small
features, and filtering was used to obtain 0.003 inch resolution of ripples occurring over areas of 1
square inch or more.
The system was demonstrated on a C130 Hercules aileron by capturing it in 2 datasets, 140 inches by
30 inches and 100 inches by 30 inches, with about 5 inches of overlap. The aileron surface was bare
aluminum. No special ambient lighting conditions or surface preparation were required. The two
datasets were combined using commercially available 3D dataset manipulation software to create a
single model of the entire aileron. The same system was also used to capture a 10 inch diameter area
with single-point height resolution of 0.002 inches, as well as much of the surface of an automobile.
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1 Introduction
The surface capture system developed by Acuity combines projection of a pattern of light onto a surface
with photography of the illuminated surface. Projective geometry is used to obtain the three
dimensional shape of the surface. The system that can capture shapes of rapidly moving or deforming
objects in a single flash, allowing direct measurement of transient structure strain, vibration, or motion.

Figure 1. Tripod Mounted Projector in Place for Capture of C-130 Aileron.
Proof of concept of the system configuration was demonstrated at Hill Air Force Base on April 14 and
15, 2004. Sections of C-130 ailerons up to 140 inches long by 30 inches across were captured and
processed. Resolution of 1 part in 10,000 for large scale features and one part in 5000 for small scale
features was demonstrated. Other phase one laboratory tests have shown accuracy to be better than 1
part in 100,000 when measuring large-scale surface flatness or first-order curvature. Surfaces captured
include bare aluminum, bare steel, and painted surfaces. With exposure times from 1/8000 of a second
to 30 seconds, capture area diameters of up to 150 inches were obtained with no special surface
preparation, lighting, or shading from shop lighting in the Hill AFB facilities.

1.1 Background: Projective Geometry
By using 7 or more known point correspondences across two or more images, relationships between the
viewpoints from which the images were taken can be derived simultaneously with the 3D locations of
the points and information about the camera such as focal length and aspect ratio. Additional
correspondences can be used to test for consistency and noise among the correspondences, refine the
estimate of the camera parameters, and reject correspondences that are not consistent with most others.
Consistent correspondences can then be used to construct 3D data points. Since we generate hundreds
of thousands of correspondences with a projected pattern, the process can be made extremely robust.
Refer to www.acuitytx.com/pdf/Projective Geometry.pdf for more background on projective geometry.
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Our algorithm computes initial geometry estimates using a method for SFM from seven corresponding
point pairs in general position and then refines these estimates using additional points. However, for
near-planar surfaces, most sets of seven corresponding point pairs will be nearly coplanar, in which case
the general solution may not be well conditioned. To handle these situations (which are to be expected
in our application), we have incorporated a method for calibrated SFM from four coplanar
corresponding point pairs, which is used in the case of near-coplanar surfaces.

1.2 Camera Lens and Interference Filter
The camera lens is an important part of the system. The geometric parameters of the camera/lens
combination and the radially symmetric lens distortion were modeled. An optical interference filter
which passes the laser frequency and rejects other visible light was purchased and performance tested.
If ambient light is high, the filter reduces that light and improves performance. However, it also
attenuates the laser light by up to 50%, so it is not used in low ambient lighting conditions. It was used
to collect most of the data sets at Hill AFB and for the optical table surface dataset (see Results below).
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2 Results
There are three forms of accuracy which are relevant to the Air Force application, and to many other
applications. The first is the small feature accuracy, the ability to see dings, dents, and creases. The
second is the large scale curvature or shape accuracy, e.g. the ability to determine the flatness or true
curvature of a smooth surface several tens of inches across. The third is overall scale accuracy, the
accuracy which the separation between two points can be found. See the Determination of Scale section
above for a discussion of this factor.

2.1 Results and Datasets
2.1.1 Large Scale Shape Accuracy: Tabletop Flatness
In order to evaluate the large scale shape accuracy of the system, measurements of the top of an optical
table were taken. The flatness of this surface was checked with a precision steel straightedge and feeler
gauges. The straightedge is shown lying on the table in the test data obtained and shown in a top view
of the illuminated area in Figure 1. These mechanical tests showed the tabletop to be flat to within
0.001 inches across its 36 inch surface. In the results of the capture shown, the illuminated area
measures approximately 30 by 30 inches.

Figure 1. Top View of Optical Table Top 3D Surface Map
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Figure 2 shows the color coded height map of two adjacent regions of the tabletop after filtering the
data to remove small-scale point-to-point noise
and variations around hole edges. The tabletop is
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indicated to be flat overall to within +/- 2.5 × 10 inches, or better than one part in 100,000 over the 30
inches covered, as indicated by the colorbar at the bottom of the image. This agrees with the mechanical
measurements. The table exhibits some ripples in the lower plot, about 0.0001 inch high. This likely
originates in the machining of the top surface near the table corner.

Figure 2. Ripple (or Flatness) of Optical Tabletop
Height in 10-4 Inches

2.1.2 Capturing the Relation Between Disjoint Surfaces: Helicopter Model
To test capability with complex scenes (including discontinuities), captures of a black model helicopter
were performed using a smaller 256-by-192 pattern and a 4 megapixel digital camera. Pictures were
taken tripod-mounted with a remote shutter release, at 1 second, f/8, ISO 80, with a field of view
equivalent to a 35mm focal length on a 35mm camera. Two images were selected on which to run our
corner finding routines, and fed the extracted image coordinates to our geometry estimation routines.
The resulting 3D reconstruction has about 20,000 points and includes a few outliers due to misplaced
corners in the images, but otherwise appears reasonably good. Figure 3 shows one of the two input
images overlaid with the estimated corner locations (blue regions), and Figure 4 shows some views of
the reconstructed point cloud including the location of individual rotor blades. It should be noted that
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these images used an LCD projector attached to a computer to project the pattern, and the depth of field
was therefore limited.

Figure 3: Image of Helicopter, Overlaid with Extracted Corners

Figure 4: Four Views of the Reconstructed Helicopter Point Cloud.
The following pages show some of the photographs and three dimensional models from Acuity’s
demonstration at Hill AFB. The metric accuracy was not verified against the physical parts, but is
believed to be better than one part in 3000. The clipping and presentation software is not refined and
stray 3D points can be seen around the edges of datasets, but the essence of the information is visible.
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2.1.3 30 Inch Diameter Capture of Aileron
On the first day at Hill some images were taken of a C130 aileron from above. An area approximately
30 inches by 30 inches was captured in one dataset. Figure 5 shows a composite of several photographs
at different exposure times. All photos in this paper are compositions of exposures from 1/8000 sec at
ISO 100 to 30 seconds at ISO 800 with the Canon 1Ds with 50 mm lens. This dataset contains
approximately 500,000 points.
Figure 6 is a top view of a 3D model of a portion of the aileron rendered in Author, a commercially
available 3D manipulation and display package. Note the removal of the perspective distortion evident
in the composite image. Color data is included in the Author renderings, but optical filtering and
dynamic range compression of intensity have distorted the color significantly in these images.

Figure 5. Composite of Multiple Exposure Times

Figure 7. Angled View with 25:1 Height Magnification

Figure 6. Top View of 3D Dataset

Figure 8. Color-Coded Height

Figures 7 and 8 are color coded height maps of the dataset. In all scaled figures, the axes measurements
are in inches. Figure 8 shows that the aileron is bent slightly upward toward the trailing edge, there is a
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crevice at the spanwise seam at about 60% chord, and a slight chordwise ripple from internal ribs is
evident. The white spots are missing data points not successfully captured. There are more of these in
this dataset than in the ones taken the next day with an optical filter on the camera, shown farther on.

Figure 9. Aileron Surface Contour Map with .01 Inch Contour Lines
In Figures 9-11 much of the overall curvature of the aileron has been removed so that the local surface
contours are evident. This is necessary with contour maps to show local pits or bumps as concentric
patterns. In each figure, the crevice behind the spanwise seam is clearly evident. Contour lines are
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drawn and labeled in increments of 0.01 inches. As can be seen in the Figure 26 close-up, the height
goes from +.01 to -.07 at the deepest parts of the crevice. The ripples between ribs are generally +/- .01
inch in height with two higher regions about 15 inches apart protruding upward as high as .04 inches.

Figure 10. Close-up of the Spanwise Crevice

9

Figure 11. Moderately Filtered Data of 30” Capture Diameter with .003” contour lines.
Figure 11 shows the same dataset with a moderate amount of filtering applied to the data. This smooths
contour lines and allows higher depth resolution, 1 part in 10,000 here, but also smooths the small
features away and rounds edges, as can be seen at the crevice.
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2.1.4 Datasets 2 and 3: Entire Aileron After Repair, 100 and 150 inch
Capture Diameters
On the second day an optical filter was used to reduce ambient light, and two datasets were taken of
another C-130 aileron, with the face oriented vertically so that the projector and camera could be moved
back. The first dataset covered about 100 inches of one end. The second dataset covered 140 inches to
the other end of the aileron, with about 4 inches of overlap with the first dataset. Photos are shown in
figures 12 and 13. Note the (additional) color distortion at the ends where light passes through the
optical filter obliquely and the color passed changes slightly. With wide angle lenses, this angle
dependence necessitates a filter that passes a wider range of color, so that the laser light is always
passed. These datasets contain approximately 200,000 points each.

Figure 12. 100 inches of Aileron

Figure 13. 140 inches of Aileron
Figure 14. Angled View of 2 Datasets
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Figure 15. Combined Data

Figures 14 and 15 show an angled view and a top view of data from the 2 captures before and after
merging them. The overlap was insufficient to merge them automatically, but we were able to manually
align them. The sizes matched, evidencing the absolute scale accuracy of the system. Note the
successful capture of the attachment fixtures ahead of the leading edge.

Figure 16. Color-Coded View, 50:1 Height Magnification Figure 17. Color Coded Top View.
Figures 16 and 17 are color-coded depth profiles of the second dataset of day 2. The aileron is quite flat,
with a slight concavity of perhaps 0.1 inch midway along the trailing edge. A small region of the
leading edge and perhaps 3 or 4 other points out of about 300,000 were not successfully captured.
Figure 18 shows a color coded view from the trailing edge, with height magnified by 200 times. Noise
in the data is approximately +/- .03 inches. The capture region diameter was 150 inches, giving a
resolution of 1 part in 5000.
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Figure 18. View From the Trailing Edge, Showing Spanwise Curve and Sample Point Noise
Figure 19 shows the same data filtered to reveal the overall curvature of the surface. Near the trailing
edge the aileron is sagging 0.1 inch relative to one end and 0.05 inch relative to the other. This may be
due to construction or to the way it was supported during the data capture. Contour lines are plotted
below the curvature profile.
As with the optical tabletop dataset above, this demonstrates that higher resolution of large area
distortions such as ripple or curvature can be resolved to 1 part in 100,000, but the filtering required
will eliminate small scale features.

Figure 19. Aileron First Order Curvature
13

To illustrate the limits of resolution on a large area dataset, a closeup of a 12 by 14 inch area of the 140
inch dataset is shown in Figure 20, with contour lines every .01 inch. The lines are not smooth and
some random peaks and holes .02 to .03 inches high can be seen. This is noise at the limit of the system
resolution. Note that the (approx 0.2 inch) XY point spacing is also evident: The contours of the peaks
consist of only a few samples.

Figure 20. 0.01 Inch Contour Lines on 140 Inch Aileron Capture
The next section on the aircraft skin small scale data set shows the higher resolution possible with a
smaller capture area.

2.1.5 Dataset 4: Aircraft Skin, 10 Inch Capture Diameter
The final dataset presented here is one taken before our visit to Hill, on the interior of a section of
aircraft skin. This shows the increased resolution possible on smaller objects. Figure 21 shows the
appearance of the laser pattern projected onto the surface. Figure 21 is a single photo (not an extended
dynamic range composite) of the section. This dataset contains approximately 500,000 points.
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Figure 22 is an angled view of the dataset as displayed in Author, with color and three dimensional
shape.

Figure 21. Photo of surface.

Figure 22. 3D Map with Color.

Figure 23 is a height color coded 3D rendering with height magnification of 22 to 1. Note the clear
visibility of the layers of metal along the reinforcing ribs.

Figure 23. Color Coded 3D Rendering of Skin Interior Surface with 22x Height Magnification
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Figure 24 shows three contour maps of the skin with reinforcing ribs. The top close-up has contour lines
every 0.001 inches and is of an area around the edge of the reinforcing material. It shows a material
thickness of .032-.017 = .015” or 1/64 of an inch. At this scale it is difficult to tell what is noise and
what is actual surface roughness, but given that the contour path distortions and random peaks are.002
inches or less in height, it appears that resolution in this dataset is about 0.002 inches. Over the 10 inch
capture area of this dataset, this is consistent with the 1 part in 5000 resolution obtained on the 150 inch
capture of the aileron above. The XY point spacing is 0.013 inches.

Figure 24. Contour Maps of Skin Section with .01 and .001 Inch Lines

16

2.2 Automobile Capture
The prototype shape capture system was also used to capture an automobile. This images below are
views of a 3D point cloud dataset assembled from captures performed from four directions around the
car, and contains approximately 1 million points. The view of the front license plate shows the system’s
resolution and ability to capture small isolated and sharply curved surfaces. Shiny paint presents
somewhat of a challenge for optical systems. Acuity is developing software to identify specular and
intrinsic color in reflections and represent the surface optical shininess and intrinsic color for realistic
renditions.

3 Conclusions
In the datasets presented above, we have seen that this system can resolve details and sharp edges down
to 1/5000 of the diameter of the capture area. By applying two-dimensional low pass smoothing filters
to the data, first-order curvature measurements accurate to 1/100,000 of the capture region diameter can
be made. This system is scalable, with the attainable resolution and accuracy proportional to the linear
dimensions covered in a capture.
The 3D point density used in most captures was about 500,000 points in the full field of view, or about
1 point every 1/8 inch over a 100 inch diameter area. In some circumstances it was possible to use the
higher resolution pattern with as many as 2 million points. With a higher resolution camera and larger
projector mask and optics higher resolution levels can be used.

A portable product based on this technology could consist of a small projector and digital camera
located at each end of a telescopic boom, synchronized to acquire flash photos momentarily illuminated
with the pattern.
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