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Abstract. The use of structured light illumination techniques for three-dimensional (3-D) data acquisition is, in
many cases, limited to stationary objects due to the multiple pattern projections needed for depth analysis. High
speed N-pattern projections require synchronization between the camera and the projector and have the added
expense of these high speed devices. The composite pattern (CP) method allows multiple structured light
patterns to be combined via spatial frequency modulation, thereby enabling measurement and rendering of
a 3-D surface model of an object using only a single pattern. The capture speed of a single pattern does not
require synchronization and is only limited by the camera speed which is N times less than the N-pattern tech-
niques. When used on partially translucent materials such as human skin, the CP weighting is corrupted thereby
degrading the 3-D reconstruction. The method described herein, termed modified CP, extends the CP design
with the addition of a stripe encoding pattern to be insensitive to the internal scattering of human skin. This stripe
pattern, used in conjunction with a new spatial processing method, allows for less contrast sensitivity, less sen-
sitivity to human skin spatial frequency response and thus higher resolution performance. The resolution
performance is experimentally measured based on a measure our group has developed, referred to as the
depth matched transfer function. Measurements and practical applications are demonstrated. © 2014 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.53.11.112215]
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1 Introduction
Structured light illumination (SLI)1 is one of the most accu-
rate noncontact surface scanning methods available. It is
a commonly used method in scientific and industrial appli-
cations because of its high degree of accuracy and scalability
to different object sizes. The basic concept is to project a
structured pattern of light onto the target surface and extract
depth measurements based on the amount of deviation that
the reflected light pattern undergoes. In actual application,
SLI patterns have become highly sophisticated and are
commonly used in a sequence of multiple patterns or even
multiple patterns of different colors. The state-of-the-art
techniques are used in the presence of ambient light, yield
nonambiguous depth, and, when processed, result in high
density, accurate three-dimensional (3-D) point measure-
ments. SLI techniques, when compared to the passive tech-
niques such as stereo vision and shape-from-x (x-shading,
texture, shadow, motion), overcome the fundamental ambi-
guities which generally occur with low texture targets.

There are several multipattern SLI techniques used to cap-
ture 3-D surfaces. They use multiple patterns to achieve two
levels of performance which are (1) nonambiguous depth
and (2) accurate 3-D surface reconstruction. For example,
the multifrequency phase measuring profilometry (PMP)2

method uses low frequency patterns to capture the surface
with no depth ambiguity but the resulting surface is distorted.
The high frequency patterns are used to achieve high accu-
racy but have depth ambiguity. So the high frequency result,
known as “phase,” is unwrapped using the low frequency

phase, thereby achieving both accuracy and nonambiguity.
In addition to these benefits of multipatterns, the surface
noise is reduced by using more patterns per frequency.

Several researchers including Schaffer et al.3 and Grosse
et al.4 have combined stereo vision correspondence with a
series of speckle noise patterns to achieve higher accuracy
with each successive pattern while maintaining nonambigu-
ous depth. These methods do require two cameras instead
of a single camera that traditional SLI requires. Wang and
Zhang5 have developed three-pattern methods to achieve
both nonambiguous and accurate depth reconstruction.

Specific implementations utilize patterns of noise or
streaks6 in which a point is identified according to the
known local statistical characteristics of the pattern, or
deterministic subpatterns defined by M-arrays or De Bruijn
binary sequences as with Morita et al.7 and Hall-Holt and
Rusinkiewicz8 wherein the identity of one point is deter-
mined by the information contained in nearby points. Like
color-multiplexed systems, the accuracy of neighborhood-
search-based techniques is dependent on object surface
characteristics. If pieces of the pattern are obscured by object
features or distorted too much by local gradients, correct
identification of the pattern points is not possible. In addi-
tion, the primarily binary nature of the patterns limits the
lateral depth resolution. Hence, only a small portion of the
surface points are measured.

Single pattern SLI has the advantages of reduced cost,
reduced complexity, and maximum camera speed as its
limiting frame rate. Several approaches have been proposed
including Fourier transform9 techniques, special phase
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unwrapping10 methods and color encoding methods.11

However, levels of the noise, banding, and nonambiguity of
single pattern methods are always higher than the multipat-
tern techniques. Nevertheless, as in the case of the original
Microsoft Kinect device, these single pattern methods are
used as human computer interfaces and/or take 3-D measure-
ments of surfaces. Because of the significant advantage using
only a single pattern SLI, we can justify continued research
and improvement of these methods. The key to the success of
single pattern performance is the use of more rigorous per-
formance measures.

The composite pattern (CP) technique12 combines com-
ponent patterns of a time multiplexed method, such as PMP,
into a single pattern by modulating each by a known fre-
quency. This allows an effect similar to that of color-multi-
plexing, but avoids many of its drawbacks. Another new
method, Lock and Hold,13 utilizes a multipattern scan
followed by a continuously projected tracking pattern (the
Hold pattern) in order to scan moving objects. The latter
two options advantageously require no specialized hardware
and are the inspiration for the modified composite pattern
(MPC) approach.

In this study, we will focus our attention on a high speed
SLI algorithm, MCP, used to capture objects in motion which
may be partially translucent such as the human face. The
original concept of MCP was introduced by Casey and
Hassebrook.14 This study extends MCP with a new well-
defined algorithm and characterizes its performance15 with
a depth matched transfer function (DMTF). A key improve-
ment to the algorithm is that we use the high signal-to-noise
ratio (SNR) of the nonmodulated stripe patterns by first iden-
tifying the location of these nonencoded stripes. Knowing
that a modulated stripe is between two nonencoded stripes,
we are able to detect the modulated stripe. Then by determin-
ing the identity of the modulated stripe, we are able to assign
identities back to the nonencoded stripes between them.
Hence, we have high SNR measurements along with non-
ambiguous identification.

A background description of the CP method is presented
in Sec. 2. The coding and decoding of the MCP are intro-
duced in Sec. 3. Experimental results using the DMTF
as well as a practical demonstration are given in Sec. 4.
Conclusions are given in Sec. 5.

2 Composite Pattern
CP methodology is not a standalone pattern type, but is
instead a way to combine multiple projection patterns into
a single projection. SLI systems frequently utilize patterns
that vary only in a single direction (the “phase direction,”
a term taken from PMP) and are constant in the other (the
“orthogonal direction”). In such a system, the camera is off-
set from the projector along the phase axis only. In this way,
depth variation will cause a variation in the pattern along the
phase direction while leaving the pattern relatively unaltered
in the orthogonal direction. There is some distortion in the
orthogonal direction due to perspective distortion but this
can be minimized with epipolar optimization.16 To visualize
the effect, consider a square projected onto the surface of
a sphere. If one views the sphere from an offset parallel
to one set of sides of the square, these sides will still appear
relatively straight, while the other sides will appear curved.
CP multiplexing takes advantage of this property by

introducing sinusoidal variation along the orthogonal direc-
tion. When a surface illuminated with a CP is viewed by the
camera, the modulating signal will be largely unaltered by
the surface features and is used to isolate the component
patterns in a way analogous to isolate each channel in an
RGB color-multiplexed image.

For a four pattern PMP sequence, the intensity of each of
the four patterns varies sinusoidally along the phase direction
only. To combine the four into a single pattern, each is
element-wise multiplied by a modulating image; patterns
which vary sinusoidally in the orthogonal direction only,
each at a unique higher frequency. The modulated patterns
are combined (and the resulting intensity is scaled as neces-
sary for the projection device) to create the CP.

When a CP is used to illuminate an object, the captured
image must be processed in order to extract the original com-
ponent PMP pattern images. These images are analyzed as
though they were individual frames in a multipattern scan
sequence. The process of isolating the component images
is very similar to the process of isolating modulated commu-
nications channels. Considering the two-dimensional (2-D)
Fourier transform of the image, component pattern informa-
tion will appear as four signal envelopes shifted in the
orthogonal direction by the modulating frequencies. Each
pair of these envelopes (considering both positive and
negative frequencies) is isolated using 2-D bandpass filters.
The inverse Fourier transform of these isolated bands are the
equivalent component pattern images, and are then used to
determine the surface depth according to standard PMP
methodology.

The primary problem with CP is the spatial bandwidth
limit of the bandpass filters used in demodulating the indi-
vidual pattern. This results in spatial aliasing and sensitivity
to surface albedo variations or edges. A secondary problem
became apparent when the skin spatial frequency response
was found not to be flat and, therefore, corrupted the weight-
ing of the individual patterns.

3 Modified Composite Pattern
To solve the problem with the skin spatial response, a binary
Gray code encoding method is introduced in MCP. A binary
Gray code structured light pattern allows 3-D reconstruction
of an object by encoding each point in an image of the object
with a unique value and is insensitive to spatial frequency.
This value corresponds to a calculable point in a projector,
and as such allows 3-D reconstruction by triangulation.

Inspired by the Lock and Hold technique,13 the pattern
modification that we use consists of a field of stripes
which are sinusoidal. In a Gray code MCP, a single modu-
lated stripe is associated with a specific Gray code value.
This MCP implementation also places an unmodulated
stripe between any two Gray code stripes. Using CP analysis
techniques, each modulated stripe is identified, but in
addition to this, each unmodulated stripe is used for recon-
struction as well, since any unmodulated stripe positioned
between two sequential Gray code stripes is uniquely iden-
tifiable. The presence of unmodulated stripes effectively
doubles the amount of useful information. An example of
an MCP is shown in Fig. 1. The alternating modulated
and nonmodulated stripes are shown. The frequency combi-
nations within the modulated stripes contain the Gray code
information.
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An MCP is defined by the following equation:

Iðx; yÞ ¼
�XN

i¼1

1

2
Giðx; yÞ½cosð2πfixÞ þ 1�

�
SðyÞ þWðyÞ;

(1)

where I is the MCP and i is an index, from 1 to N, of the
number of Gray code patterns and CP modulation frequen-
cies. Also, Gi is the i’th binary Gray code pattern, fi is the
i’th CP modulation frequency, S is the stripe function which
modifies the CP, andW is the function defining the unmodu-
lated stripes. The I function is defined assuming that the
Gray code binary pattern values are modulated along
the y-dimension (that is, horizontally aligned stripes). In
the most recent implementation, the S and W functions
are defined as follows:

SðyÞ ¼ M

""X15
n¼0

δ

�
2nh −

h
2

�#

�
�
Π
�
y
h

�
½1þ cosð2πy∕hÞ�

�#
; (2)
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�#
; (3)

h ¼ Y
32

: (4)

Here, M is the maximum intensity value desired for the pat-
tern and Y defines the maximum vertical dimension of the
pattern image in pixels. In both S and W, the vertical period
is h and n is the stripe index. The symbols Π and δ represent
rectangle and Kronecker delta functions, respectively. Since,
we use four frequencies in the MCP to modulate the horizon-
tal stripes, there are 15 modulated stripes (the first binary
{0,0,0,0} is eliminated) and 17 unmodulated stripes for
a total of 32 stripes. The stripe cross section is altered by
replacing instances of the triangle function with whichever
function one desires, such as saw tooth or sinusoidal func-
tions. Sinusoidal functions are used in this study.

3.1 Analysis and Processing

MCP image processing begins with a single image of the
object illuminated by the projected pattern. The first step
is isolation of the stripe peaks. An input image and the result-
ing isolated stripe peak data are shown in Fig. 2. We always
rotate the captured images so that the phase dimension is ver-
tical. This simplifies the software requirements. In this exam-
ple, the phase dimension is oriented vertically for processing,
so the images appear rotated.

The second step is the MCP demodulation and pattern
isolation. During this step, a 2-D Fourier transform is per-
formed on the input image. An ideal set of low-pass and
bandpass filters are applied, isolating only the desired fre-
quency components. Figure 3 displays an isolated section
of an MCP power spectral density plot, with data bands high-
lighted, as well as a graphical representation of the filtration
process segmentation for conceptual clarification. These
components are then inverse transformed, and the resulting
images are binarized by the user defined threshold, thereby

Fig. 1 Modified composite pattern (MCP) Gray code stripe pattern-
modulated by frequencies 50, 80, 120, and 160 cycles∕field of view.

Fig. 2 (a) An example of a captured MCP stripe image. (b) Isolated peaks of both modulated and
unmodulated stripes.

Optical Engineering 112215-3 November 2014 • Vol. 53(11)

Casey, Hassebrook, and Wang: Depth matched transfer function of the modified composite pattern structured light illumination method

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 01/20/2015 Terms of Use: http://spiedl.org/terms



isolating the individual Gray code components of the pro-
jected pattern as shown in Fig. 4. The process is character-
ized by the equation

GRi½x; y� ¼ F−1fFfI½x; y�g · ðδ½fi − fx� � ðB½fx�
· H½fx�Þ þ δ½fi þ fx� � ðB½fx� · H½fx�Þg; (5)

where F represents the discrete Fourier transform operation,
B½fx� is a second-order Butterworth low-pass filter image
which is considered constant in fy for a given fx, and
H½fx� is a rectangle filter also considered constant in fy
for a given fx. The coordinates ffx; fyg are discrete spatial
frequency coordinates and fx; yg are discrete spatial coordi-
nates. I½x; y� is the 2-D input image and GRi½x; y� signifies
the demodulated Gray code information. The “�” indicates
2-D convolution. The GRi½x; y� image is binarized via

thresholding before further processing. The resulting binar-
ized Gray code images are shown in Fig. 4. These images are
combined into a single 2-D matrix such that each pixel holds
the base 10 equivalent of the binary Gray code number that
it received. That is

G 0½x;y� ¼ 8G4½x;y�þ4G3½x;y�þ2G2½x;y�þ1G1½x;y�; (6)

where G is the resulting base 10 Gray code matrix, and each
Gn represents the appropriate binary Gray code information
image.

Notice that frequency demodulation and isolation have
left the image smeared. Sharp edges and textures have been
lost due to the highly limited bandwidth of each MCP com-
ponent. This problem is solved by multiplying this image
by the isolated stripe peak mask created earlier, allowing
recovery of the object’s contour details. That is

Fig. 3 Fourier transformed CP image with highlighted regions of interest.

Fig. 4 Collected MCP data, all the stripes are in binary and each quadrant represents a different Gray
code image.
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P1½x; y� ¼ TðS½y� · G½x; y�Þ; (7)

where P1 is the initial phase image and S is the isolated stripe
image. T represents a transformation (implemented via
lookup table) in which the code numbers are exchanged
for a linear sequential code according to the order in which
they appear in the original pattern.

Proper creation of a 3-D model requires that each stripe
contains only the single value that it was assigned in the pro-
jected pattern. The next step in the process attempts to cor-
rect this. Using a second binary stripe mask (created by the
subtraction of the new Gray code overlay from the original
stripe mask) a pixel-wise spatial search identifies potential
unmodulated stripes as those stripes which have been
assigned no Gray code value. Next, a vertical search is per-
formed within a user defined range. If stripes are found, their
values are compared, and any pixels between incorrectly
ordered stripes are eliminated while those between correctly
ordered ones are assigned the midpoint between the values.
These unmodulated stripes are then extended along the mask
path, propagating the correct values, and finally a search is
performed which eliminates any values which are repeated in
multiple stripes.

Having created a robust unmodulated stripe image
matrix, a new matrix is created for the actual Gray code
values using the same procedure. By placing stripe values
only between two correctly ordered unmodulated stripes,
incorrect value assignments are reduced. Using this new
correct and extended stripe matrix, correct unmodulated
stripes are assigned. Afterward, all the stripes are found as
needed by estimating their position between valid stripes via
intensity.

The phase image creation process is described by

P2½x; y� ¼
P1½x; y − j� þ P1½x; yþ k�

2

if P1½x; y − j� þ 1 ¼ P1½x; yþ k�
(8)

followed by

P 0
1½x; y� ¼

P 0
2½x; y − j2� þ P 0

2½x; yþ k2�
2

if P 0
2½x; y − j2� þ 1 ¼ P 0

2½x; yþ k2�
(9)

and

P½x; y� ¼ P 0
1½x; y� þ P 0

2½x; y�. (10)

Here, P½x; y� represents the final phase image, P1½x; y� rep-
resents the modulated stripe phase image while P2½x; y� rep-
resents the unmodulated stripe phase image. P 0

2½x; y� is the
result of using a stripe growth algorithm on the P2½x; y�
image while P 0

1½x; y� represents the new modulated stripe
phase image produced from the P 0

2½x; y� image. The values
j and k simply signify the pixel offsets at which the stripes in
question were found.

Figure 5 shows another practical result where the object is
a latex mannequin head. It should be noted that a separate
texture photograph with no patterning was taken and mapped
onto the MCP depth result. The left view in Fig. 5 is the MCP
depth only. The center and right views include a texture
image mapped onto the surface depth viewed at two different
angles. In practice, the MCP would be implemented using
near-infrared and a color texture image would be captured
simultaneously. For this example, we captured the images
separately with the same camera. The depth has been filtered
using a simple moving average filter and some empty areas
have been filled by linear interpolation. Overall, there is min-
imal sensitivity to depth edges or high contrast edges which
was observed in the original CP (Ref. 12) method.

3.2 MCP Processing Algorithm

A detailed flow chart of the MCP processing is shown in
Fig. 6. Notice that, from the initial image, the process is di-
vided into two parallel branches; a stripe isolation process
(depicted in this figure with a dotted outline) and a demodu-
lation process. The following description refers to Fig. 6.

3.2.1 Stripe isolation

Stripe isolation is performed by first creating a peak-to-side-
lobe ratio image of the input pattern. Here, the value at
any pixel is given as the ratio of intensity of the correspond-
ing pixel in the original image divided by the intensity of
a nearby pixel, as in

IPSR½x; y� ¼ max
i

�
I½x; y�

I½x; yþ i�
�
; (11)

where i ¼ fþb;−bg for some user-defined distance value b.
A threshold is then applied to this image, and a local search is
performed within thresholded “high” regions for the maxi-
mum value. The position of this value is selected as the
peak location, and is recorded as a high value in a binary
stripe image.

Fig. 5 Processed mannequin head model.
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3.2.2 Demodulation

The input image is “2-DFFT” transformed to the spectral
domain and subsequently processed by a sequence of filters
(one sequence for each modulating frequency present) and
inverse “2-DFFT” transformed to create a series of images.
Upon recovery of each isolated band image, a threshold is
applied to binarize the image creating a usable Gray
Coded (GC) structured light image. Each GC image is multi-
plied by a known constant value before being added to the
others to create a unique code word image “GC encoded
image” described in Fig. 6.

Upon completion of both processing branches, the result-
ing images are combined via element-wise multiplication,
and summarily decoded using a basic Gray code look-up-
table. The resulting image, “Decoded stripe image,” is suit-
able for 3-D rendering but can also be postprocessed for
reduced error as described in Sec. 3.3.

3.3 Postprocessing

The basic procedure is concisely described as follows:

Step 1: The output result, “Decoded stripe image” in Fig. 6,
is treated as a temporary phase image, and is consid-
ered as the input for the postprocessing procedure. In
the isolated stripe peak image, at each pixel which is
identified as unmodulated (in the simplest implemen-
tation, these would be any stripe pixels without an
identity assigned in the phase image) a local search
is performed from the corresponding point in the
temporary phase image. If it is found that the
unmodulated stripe point is located to be between
two correctly ordered modulated stripes, the corre-
sponding point in a second temporary phase image
is assigned the average of the two values.

Step 2: Next, this process is repeated, this time from stripe
image points which represent the modulated stripe
peaks, performing the local search in the second
temporary phase image (that was created in the

previous step and contains only unmodulated stripe
data), and storing the average in yet another tempo-
rary image. This process results in a phase image
containing, once again, only modulated stripe iden-
tity information.

Step 3: The phase pixels are then extended using a simple
growth process guided by the isolated stripe image.

Step 4: The resulting step 3 phase image is combined with
the step 2 unmodulated stripe phase image, creating
a final phase image in which (ideally) all stripes
present have been assigned the correct identity.
This image is used directly to calculate the world
coordinates of the surface.

4 Experimental Results
We introduce the DMTF and measure the depth DMTF per-
formance along both the phase and orthogonal directions in
Sec. 4.1. In Sec. 4.2, we scan more practical surfaces to test
the practicality of the MCP method.

4.1 Depth Matched Transfer Function

The DMTF was introduced for 3-D microscopic SLI in
Ref. 15. We use a set of 3-D sine wave surfaces as shown
in Fig. 7. The test surfaces are plastic and generated using
a 3-D printer. Each surface is painted matte white to mini-
mize internal scattering. The scanner system is configured
with a camera and projector aligned to form a triangulation
geometry with the target surface. The camera is a Canon
EOS 7D by Canon Inc., Tokyo, Japan, with the
5184 × 3456 pixel. The projector is a ViewSonic PJ260D
digital projector made ViewSonic Corporation, Walnut,
California, 1024 × 768 pixel. The distance between the cam-
era and the projector is 14 in., and the object is 24 in. away
from the projector lens.

The sinusoidal target frequency ft (cycle/mm), associated
spatial wavelength (mm/cycle), peak-to-peak variation
Zp-p;t (mm), and MCP rendered peak-to-peak values,

Fig. 6 MCP processing algorithm flow chart.
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Zp-p;MCP (mm) are shown in Table 1. The Zp-p;MCP measure-
ments were performed with the sinusoidal targets orientated
both along the phase dimension and along the orthogonal
dimension to measure “Phase Zp-p;MCP” and “Ortho Zp-p;MCP,”
respectively.

The performance measure shown in Fig. 8 is the DMTF
and is determined by

DMTFðftÞ ¼
Zp−p;MCP

Zp−p;t
(12)

for each of the five frequencies listed in Table 1. The results
in Fig. 8 show that DMTF is not symmetric with direction
and degrades much faster along the phase dimension than
along the orthogonal. This is primarily due to the spatial
stripe wavelength of the MCP because the depth values are
interpolated between known stripe peaks. Once the test target

Table 1 Phase and orthogonal directional performance.

Depth frequency
f t (cycle∕mm)

Z p-p;t
(mm)

Phase
Z p-p;MCP (mm)

Ortho
Z p-p;MCP (mm)

0.020 ¼ 1∕49.3 10 8.8 8.59

0.027 ¼ 1∕37.5 7.5 6.13 6.57

0.080 ¼ 1∕12.5 5.5 4.03 3.83

0.160 ¼ 1∕6.25 3 1.91 1.28

0.320 ¼ 1∕3.125 2 1.06 0.05

Fig. 8 Depth matched transfer function (DMTF) measurement.
Normalized phase (horizontal alignment) and orthogonal (vertical
alignment) DMTF.

Fig. 9 (a) Captured MCP image of spiral staircase grid, (b) spiral-step
image, and (c) MCP scan reconstruction (0.17 mm point spacing).

Fig. 7 Set of sinusoidal targets used to measure MCP performance
along the phase and orthogonal dimensions.
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wavelengths approach the wavelength of the reflected pat-
tern, the interpolation both aliases and suppresses variation
in the surface profile.

4.2 Edge Effects and Depth Accuracy

We can also compare MCP performance with the CP base-
line performance given in Ref. 12. The original CP research
cited edge effects both in phase and orthogonal dimensions
corresponding to 17% of the associated field of view (FOV)
dimension. The distortion in MCP is primarily in the phase
direction and is fixed at about 1 wavelength of the pattern.
If the FOV of the camera is matched to the FOV of the pro-
jector then we could achieve 32 cycles. This corresponds to
about 3% to 100∕32 which is about five times less than
the original CP baseline.

We measured reconstructed surface depth accuracy and
noise variance using a spiral stair case grid shown in
Fig. 9. The top image in Fig. 9 is the captured MCP. The
center image shows a photograph of the spiral stair case
grid with it orientated to show the large final step on
the left-center. The bottom image of Fig. 9 is the 3-D

reconstruction of the scan, rotated to correspond to the center
photograph orientation on which our measurements are
based. The 3-D rendering is reconstructed to have the
Z-dimension measure the height of each step and the flat
of each step is parallel to the X-Y plane. All the points
have an average spacing of about 0.17 mm. On each step of
the stair case grid, we sampled a 200 × 200 point area to cal-
culate the step heights, mean error, and standard deviation
which are listed in Table 2. The ground truth was measured
with a mechanical micrometer. We aligned the average
height of the ground truth with the averages scan height to
align the depth measurements for comparison. The MCP
nonambiguously captures the surface but has edge artifacts
due to its nonsymmetrical DMTF. The mean error varied
between −1.2 and 2.5 mm.

To demonstrate performance on a human face, the
same setup was used to scan a coauthor’s face as shown
in Fig. 10. Figure 10(a) shows the captured MCP image.
Figure 10(b) shows the depth surface only and the right
image includes the texture mapped to the 3-D surface,
both of which are rotated to demonstrate the 3-D information
in the scan.

5 Conclusion
We have detailed the processing algorithm for the MCP for
the first time. Using sinusoidal targets along with a spiral
stair case target, we have characterized performance as a
function of spatial depth frequency DMTF and direction.
What we found is that the MCP’s performance is not
symmetric and depends on the direction of the surface
variation under test as a function of the pattern wavelength.
We observed the edge effects and found that the edge
artifacts depend on direction but these artifacts are signifi-
cantly less than the original CP method. The MCP edge
effects are directly related to the MCP frequency along
the phase dimension. The original CP edge artifacts are
almost five times larger than MCP. We also demonstrated
less sensitivity of MCP to human skin. With the knowledge
of the DMTF, known spatial sample periods and noise char-
acteristics, for future research, we can begin defining SLI
performance using measures commonly used in information
theory.

Table 2 Spiral steps measurement.

Ground
truth (mm)

Measured step
height (mm)

Error
(mm)

Standard
deviation (mm)

46.309 47.348 −1.038 0.085

51.567 52.438 −0.871 0.110

56.825 56.563 0.262 0.105

62.185 59.851 2.334 0.095

67.315 64.848 2.467 0.079

72.756 72.221 0.505 0.069

77.958 78.464 −0.506 0.069

82.784 83.840 −1.056 0.076

88.347 89.266 −0.919 0.077

93.629 94.807 −1.178 0.087

Fig. 10 Processed human face. (a) Captured MCP image, (b) depth only view, and (c) texture mapped
onto 3-D surface.
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