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SYSTEMAND METHODS FOR SHAPE

MEASUREMENT USING DUAL FREQUENCY
FRINGE PATTERNS
CROSS-REFERENCE TO RELATED
APPLICATION

0001. This application claims priority to U.S. Provisional
Patent Application No. 62/055,835, filed Sep. 26, 2014,
which is incorporated herein. by reference.
FIELD OF THE TECHNOLOGY

0002 The subject technology relates generally to measur
ing 3D shapes using structured light patterns, and more par
ticularly, to computing depth values using dual frequency
sinusoidal fringe patterns.
BACKGROUND OF THE TECHNOLOGY

0003 Structured light methods are widely used as non
contact 3D scanners. Common applications of this technol
ogy are industrial inspection, medical imaging, and cultural
heritage preservation. These scanners use one or more cam
eras to image the scene while being illuminated by a sequence
of known patterns. One projector and a single camera is a
typical setup, where the projector projects a fixed pattern
sequence while the camera records one image for each pro
jected pattern. The pattern sequence helps to establish corre
spondences between projector and camera coordinates. Such
correspondences in conjunction with a triangulation method
allow recovery of the scene shape. The pattern set determines
many properties of a structured light 3D scanner Such as
precision and scanning time.
0004. A general purpose 3D scanner must produce high
quality results for a variety of materials and shapes to be of
practical use. In particular, the general purpose 3D scanner
must be robust to global illumination effects and source illu
mination defocus, or measurement errors would render the

general purpose 3D scanner unsuitable for Scanning non
Lambertian surfaces. Global illumination is defined as all

light contributions measured at a surface point not directly
received from the primary light source. Common examples
are interreflections and Subsurface scattering. Illumination
defocus is caused by the light source finite depth of field. It is
known that high frequency structured light patterns are robust
to Such issues.

0005. However, most existing structured light based scan
ners are not robust to global illumination and defocus effects,
and a few that are robust either use pattern sequences of
hundreds of images, or fail to provide a closed form decoding
algorithm. In both cases, the existing structured light based
scanners cannot measure scene shapes as fast as required by
many applications.
SUMMARY

0006. In view of the above, a new shape measurement
system and method, based on structured light patterns robust
to global illumination effects and source illumination defo
cus, including fast encoding and decoding algorithms, is
required.
0007. The subject technology provides a 3D measurement
method and system for real world Scenes comprising a variety
of materials.
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0008. The subject technology has a measurement speed
which is significantly faster than existing structured light 3D
shape measurement techniques without loss of precision.
0009. The subject technology provides a closed term
decoding method of the projected Structured light patterns
which improves from the state of the art methods.
0010. The subject technology also allows for simulta
neous measurements of multiple objects.
0011. One embodiment of the subject technology is
directed to a method for measuring shapes using structured
light. The method includes encoding light source coordinates
of a scene using dual frequency sinusoidal fringe patterns,
modulating the light Source with the dual frequency sinusoi
dal fringe patterns, and recording images of the scene while
the scene is being illuminated by the modulated light source.
The method further includes extracting the coded coordinates
from the recorded images by using a closed form decoding
algorithm.
0012 Another embodiment of the subject technology is
directed to a system for three-dimensional shape measure
ment including a first module for encoding light source coor
dinates using dual frequency sinusoidal fringe patterns, a
light source for projecting Such fringe patterns onto a scene
while recording images of the scene under this illumination,
a second module for extracting the encoded coordinates from
the recorded images, and a third module for computing the
scene shape using a geometric triangulation method.
0013 Yet another embodiment of the subject technology
is directed to a system for three-dimensional shape measure
ment including at least one projector, at least one camera, and
at least one system processor. The system is configured to
generate dual frequency sinusoidal fringe pattern sequences,
projecting the generated fringe patterns onto a scene, captur
ing images of the scene illuminated by the dual frequency
fringe patterns, and decoding the images to provide for three
dimensional shape measurement of the scene. In a preferred
embodiment, the system processor includes one or more
CPUs (Graphical Processing Unit).
0014 Still another embodiment of the subject technology
is directed to a system for three-dimensional shape measure
ment of a single object including at least one projector, at least
one camera, at least one system processor, and a turntable.
The system is configured to generate dual frequency sinusoi
dal fringe pattern sequences, projecting the generated fringe
patterns onto a scene, capturing images of the object sitting on
top of the turntable illuminated by the fringe patterns. The
system includes projecting fringe patterns and recording
images of the object under this illumination at different rota
tions of the turntable while keeping the object fixed on top the
turntable. The system also includes decoding all recorded
images and computing the object shape from all captured
turntable rotations and generating a 3D model of the object.
0015. Additional aspects and/or advantages will be set
forth in part in the description, and claims which follows and,
in part, will be apparent from the description and claims, or
may be learned by practice of the invention. No single
embodiment need exhibit each or every object, feature, or
advantage as it is contemplated that different embodiments
may have different objects, features, and advantages.
BRIEF DESCRIPTION OF THE DRAWINGS

0016 For a more complete understanding of the invention,
reference is made to the following description and accompa
nying drawings.
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0017 FIG. 1A is a schematic diagram illustrating one
embodiment of the shape measurement system.
0018 FIG. 1B is a schematic diagram illustrating the sys
tem processor of one embodiment of the shape measurement

visible in the pattern images making the result more robust,
for example, with respect to source illumination defocus and
global illumination effects. Thus, the Subject technology is
applicable to shape measurement of targets of a variety of

system.

materials.

0019 FIG. 2 is a flow chart of a preferred embodiment of
the Subject technology.
0020 FIG. 3 is a flow chart of the acquisition step of FIG.

0034 Referring now to FIG. 1A, a schematic diagram
illustrates a shape measurement system 100. The shape mea
surement system 100 includes a system processor 102 con
nected to a light source 104. Such as a projector, and a camera
106. The light source 104 is controlled by the system proces
Sor 102 to project fringe patterns onto one or more objects,

2.

0021 FIG. 4 is a plot of acquisition timings in accordance
with the Subject technology.
0022 FIG.5 is a flow chart of the decoding step of FIG.2.
0023 FIG. 6 is a flow chart of the decoding step in an
alternative embodiment.

0024 FIG. 7 is an example of index assignment to a square
pixel array in accordance with the Subject technology.
0025 FIG. 8 is an example of index assignment to a dia
mond pixel array in accordance with the Subject technology.
0026 FIG. 9 is an example of a dual frequency pattern
sequence in accordance with the Subject technology.
0027 FIG. 10 is an example of an image captured while
the scene is illuminated by a dual frequency fringe pattern in
accordance with the Subject technology.
0028 FIG. 11 shows the relation between a correspon
dence value and a projector index to illustrate the concept of
triangulation in accordance with the Subject technology.
0029 FIG. 12 is a flow chart of single pixel decoding in
accordance with the Subject technology.
0030 FIG. 13 is an example of a correspondence image
generated by the Subject technology.
0031 FIG. 14 is an example of 3D model generated by the
Subject technology.
DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

0032. The subject technology overcomes many of the
prior art problems associated with generating 3D models. The
advantages, and other features of the technology disclosed
herein, will become more readily apparent to those having
ordinary skill in the art from the following detailed descrip
tion of certain preferred embodiments taken in conjunction
with the drawings which set forth representative embodi
ments of the present invention and wherein like reference
numerals identify similar structural elements.
0033 in brief overview, the subject technology includes a
system that obtains the shape of a target object or scene by
projecting and recording images of dual frequency fringe
patterns. The system determines locations in image planes
that are encoded into patterns and projected onto the target
while images are being recorded. The resulting images show
the patterns Superimposed onto the target. The images are
decoded to recover relative phase values for the patterns pri
mary and dual frequencies. The relative phases are
unwrapped into absolute phases and converted back to pro
jector image plane locations. The relation between camera
pixels and decoded projector locations is saved as a corre
spondence image representing the measured shape of the
target. Correspondence images together with a geometric
triangulation method create a 3D model of the target. Dual
frequency fringe patterns have a low frequency embedded
into a high frequency sinusoidal. Both frequencies are recov
ered in closed form by the decoding method, thus, enabling
direct phase unwrapping. Only high frequency fringes are

herein referred to as a scene 108. The camera106 is controlled

by the system processor 102 to record scene images. Both
camera 106 and light source 104 are oriented towards the
target scene 108 for which the 3D shape is being measured.
Preferably, the camera 106, the light source 104, and the
scene 108 remain static while the shape measurement is being
performed.
0035 Referring now to FIG. 1B, a schematic diagram
illustrating the system processor 102 is shown. As illustra
tion, the system processor 102 typically includes a central
processing unit 110 including one or more microprocessors in
communication with memory 112 Such as random access
memory (RAM) and magnetic hard disk drive. An operating
system is stored on the memory 112 for execution on the
central processing unit 110. A hard disk drive is typically used
for storing data, applications and the like utilized by the
applications. Although not shown for simplicity, the system
processor 102 includes mechanisms and structures for per
forming I/O operations and other typical functions. It is envi
sioned that the system processor 102 can utilize multiple
servers in cooperation to facilitate greater performance and
stability by distributing memory and processing as is well
known.

0036. The memory 112 includes several modules for per
forming the operations of the Subject technology. An encod
ing module 114, an acquisition module 116, and a decoding
module 118 all interact with data stored in a dual frequency
patterns database 120, an images database, and other places.
0037. The flow charts herein illustrate the structure or the
logic of the present technology, possibly as embodied in
computer program Software for execution on particular
device Such as the system processor 102 or a modified com
puter, digital processor or microprocessor. Those skilled in
the art will appreciate that the flow charts illustrate the struc
tures of the computer program code elements, including logic
circuits on an integrated circuit as the case may be, that
function according to the present technology. As such, the
present technology may be practiced by a machine compo
nent that renders the program code elements in a form that
instructs equipment to perform a sequence of function steps
corresponding to those shown in the flow charts.
0038 Referring now to FIG. 2, there is illustrated a flow
chart 200 depicting a process for measuring the shape of a
scene 108. Generally, once the process begins, a set of sinu
soidal fringe patterns are generated by the encoding module
114 of the system processor 102 in an encoding step 202.
Second, during an acquisition step 204, the light Source 104 is
used to project the generated patterns, one by one, onto the
scene 108. The camera 106 records an image of the Scene.
108 for each projected fringe pattern which is acquired by the
acquisition module 116 for storage. Preferably, the pattern
projection and image capture times are synchronized in Such
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a way that a single pattern is projected while each image is
being captured. No more than one image is captured during
each pattern projection time. Finally, all the captured images
are processed by the decoding module 118 in a decoding step
206 to generate a digital representation of the scene 108
related to the measured shape.
0039 Encoding Step 202
0040. The encoding step 202 encodes light source coordi
nates into dual frequency fringe patterns. In a preferred
embodiment, the light source 104 projects 2-dimensional
grayscale images. In this case, the light Source coordinates are
integer index values which identify a line in the light Source
104 image plane. There exist different pixel array organiza
tions among commercial projectors. FIG. 7 and FIG. 8 are
examples of square and diamond pixel arrays respectively. In
the square pixel array case, a projector index 120 identifies a
pixel column (shown in hold in FIG. 7). In the diamond pixel
array case, a projector index 120 identifies a diagonal line
from the top-left corner to the bottom-right corner of the array
(shown in bold in FIG. 8). The encoding step 202 generates a
sequence of 2-dimensional grayscale images where the value
at each pixel encodes the corresponding projector index 120
in the array.
0041. Each projector index 120 is encoded using Equation
(1) below where r is an output vector, a and a are constant
values. S and A are matrices, Tand S are also vectors, p being
the projector index 120. The length of vector r is equal to the
number of imager to be generated in the sequence. The first
component of ris the encoded pixel value of index p in the first
image in the sequence, the second component corresponds to
the encoded pixel value in the second image in the sequence,
and so forth. Computing a vector r for each projector index
120 in the projector pixel array, and filling the image sequence
pixel values using the components of ras described concludes
the encoding step 202. The output of encoding step 202 is the
sequence of images generated. The values required to evalu
ate Equation (1) are explained in detail in the following para
graphs.
0042. Referring now to FIG. 9, a dual frequency pattern
sequence 900 is shown. The dual frequency pattern sequence
900 is made of sinusoidal fringe patterns of F primary fre
quencies and phase shifts of the primary frequencies. A pri
mary pattern frequency is the spatial frequency of the fringes
in the pattern image. Each pattern has also an embedded dual
frequency which is not visible in the image but is extracted by
the pattern decode step 602 (see FIG. 6 and operation 1210 in
FIG. 12). The value F and the number of shifts are chosen by
the designer. However, F should be greater than one. The

designer must also choose F real values {T, T. . . . . T}

which are used to compute vector Tusing Equation (2) below.
All T values must be greater than one. The length of vector T
is equal to the number of primary frequencies.
1

1

T = --, --, ...

1

T. T.T. - -TT, ...-T.-

T

e IR

(2)

0043. Matrix A is a mixing matrix from Equation (3)
below. Matrix A has F columns and F rows.

1
1

(3)
1

0044) The designer must also choose a set {N. N. ... N}

offrequency shifts. Each integer N, in the set must be equal or
greater than 2 and the set must satisfy Equation (4) below, A
typical selection is to make N=3 and N=2 for i>1.
(4)

0045 Vectors is built by stacking altogether the shifts of
each frequency as follows: N shifts of F. N. shifts of, and so
forth. The length of vectors is N. Lets, be a vector of length
N, containing the shifts of F.; then, vectors and each s, are
defined as shown in Equation (5) below.
O

(5)

max(N; 3)
1

S

e IRN, s = max(Ni, 3) e IRNi
SF

N -1
max(Ni, 3)

0046) S is a block diagonal matrix matching the shift vec
tors. Matrix S has F columns and N rows and is given in
Equation (6) below.
S

1

(6)

0047 Finally, the offset value a and the amplitude value a
are constants proportional to the light source 104 dynamic
range. For instance, values o=127 and a 127 would generate
patterns images in the range 0, 255.
0048. An example sequence generated using this method
is shown in FIG. 9. In the example, the following parameters
were used:

0049 Still referring to FIG. 9, patterns 902a-c are the 3
shifts of the first primary frequency, patterns 902d, 902e are
the 2 shifts of the second primary frequency, and patterns
902f 902g are the 2 shifts of the third primary frequency. The
7 patterns 902a-g comprise the whole sequence.
0050 Acquisition. Step 204
0051 Referring again to FIG, 2, the acquisition step 204 is
described in more detail below. Referring additionally to FIG.
3, a flowchart 300 implementing the acquisition step 204 is
shown. Once started, the light source 104 projects a dual
frequency pattern onto the scene 108. The dual frequency
patterns are stored in a dual frequency database 120 in the
memory 112. At step 304, the system processor 102 com
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mands the camera 106 to capture one image and saves the
image in an image database in the memory 112 for later
processing. At step 306, the system processor 102 determines
whether the projected pattern is the last in the sequence, in
which case the acquisition step 204 ends. If not, the system
processor 102 jumps to step 302 and advances to the next
pattern in the sequence. In other words, the first time step 302
is executed, the first pattern in the sequence is projected; each
additional time, the next fringe pattern in the sequence is
projected.
0052 Steps 302 and 304 must be executed with precise
timings, as shown graphically in FIG. 4, which illustrates a
projector and camera timing plot 400. The timing plot 400
includes the projector timing 402 synchronized with the cam
era timing 404. The moment that the projection of the first
pattern in the sequence begins is designated to. Each pattern is

projected for a period of time t (i.e., projection of the first
pattern stops at time to-t). Capture by the camera must begin
after a small delay t and continue for a time t (i.e., the first
image capture begins at to-t and finish at to--t-t-). Prefer
ably, there is a delay t also between the projection end of a
pattern and the projection beginning of the next one (i.e.,

projection of the second pattern begins at t-to-t-t-). The
projection start of pattern i 61, N is computed as t, to--(i1)*(t+t), image i capture begins att,+t, and ends att,+t-t.
projection of pattern i finishes at t+t.

0053 Referring now to FIG. 10, an exemplary image 1000
captured by acquisition step 204 of a scene 108 by projecting
a dual frequency fringe pattern 902a is shown. Such images
for dual frequency fringe patterns 902a-g would be saved in
image database 122.
0054 Decoding Step 206
0055 Referring now to FIG.5, a flowchart 500 illustrating
the details of the decoding step 206 is shown. During the
decoding step 206, the system processor 102 processes a set
of captured images at step 502 (e.g., pattern decoding), cre
ates a correspondence image at step 504, and a 3D Model at
step 508. In a preferred embodiment, the decoding step 206
includes a decoding pattern step 502, and a triangulation step
SO6.

0056 Referring now to FIG. 6, another embodiment
implements the decoding step 206 by only performing a
decoding pattern step 602 and a correspondence Image step
604.

0057 Referring again to FIG. 5, the correspondence
image created at step 504 is a matrix with the same number of
columns and rows as the input images. Referring additionally
to FIG. 11, an example 1100 of triangulation in accordance
with the subject technology is shown. In FIG. 11, the concept
of triangulation is shown by the relationship between a cor
respondence value and a projector index,
0058. Each location in the matrix, called a pixel, contains
a correspondence value 1102. As shown in FIG. 11, the
example correspondence value 1102 is five. The decoding
step 206 creates a correspondence image at step 504 by set
ting each correspondence value equal to the projector index
120 (see FIGS. 7, 8 and 11), which is the index assigned to the
projector pixel of a projector image 1104, which illuminated
the point 1104 in the scene 104 imaged by the camera pixel
1102 in the same location as the correspondence value.
0059. In other words with respect to the example in FIG.
11, a scene point 1104 is illuminated by a projector pixel 1106
with a projector index 120 equal to 5. The same scene point
1104 is being imaged by a camera pixel 1102 in columni and
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row j. Therefore, the correspondence value 1102 at columni
and row j in a correspondence image 1108 of the camera 106
will be set to a value equal to 5. Some pixels in the correspon
dence image 1108 cannot be assigned to a valid projector
index 120, either because the decoding step 206 cannot iden
tify reliably a corresponding projector pixel, or, because the
point imaged at that location is not illuminated by the light
source 104. In both of these cases, the correspondence value
is set to unknown.

0060. The pattern decode step 502 computes a correspon
dence value for each pixel in the correspondence image 1108
independently. Referring additionally to FIG. 12, a flowchart
1200 detailing the pattern decode step 502 is illustrated.
0061 Referring to FIG. 12, step 1202 computes a relative
phase value of the primary frequencies, called raw phase.
Subsequently step 1210 computes a relative phase value of
the dual frequencies, called dual phase. Additionally step
1212 calculates an absolute phase value. The absolute phase
value maps to a projector index.
0062 Referring in more detail to FIG. 12, exemplary logic
for generation of each correspondence is shown. The logic of
FIG. 12 is executed in parallel by the pattern decode step 502
for each location in the correspondence image of step 504.
0063. At step 1202 the raw phase value for the primary
frequencies is computed by Solving the linear system in Equa
tion (8) below, where U and R are vectors and M is a fixed
matrix.
U = argmin R- MUI

(8)

U

0064 Vector R is called radiance vector, a vector built
from the pixel values from the captured image set. The length
of R is N, the number of images in the set. The first component
of the radiance vector has the pixel value at the pixel location
being decoded in the first image of the sequence. The second
component has the pixel value at the same location in the
second image of the sequence, and so forth. The decoding
matrix 114 is shown in Equations (9) and (10) below. Values
F and N, corresponds to those used at the encoding step 2020.
Matrix M has at least 2F+1 columns and N rows.
1 M1
1
M= .
1

(9)
M2
MF

co- 2"maxN,O1 3. -siri? a max(Ni,1 3.
M =

(10)

cos();max(Ni, 3) -sir2.max(Ni, 3)
N -1
N -1
co-2 max(N;
3) -sir2. max(N; 3)

0065. At step 1202, the raw phase's (), corresponding to
the primary frequencies are computed from vector U as in
Equation (11) below. The notation U(n) means the n-compo
nent of U.
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(11)

0066. At step 1204, the system processor 102 computes an
amplitude value a; for each primary frequency from vector U
using Equation (12) below. At step 1206, each amplitude

value a, is compared with a threshold value T. If some of
the amplitude values a, are below T, the process proceeds
to step 1208. At step 1208, the decoded value is unreliable and
the correspondence value is set to unknown for the current
pixel, and the decoding process for this location finishes. The

threshold value T

is set by the designer.

rithm is used the absolute phase values must be converted to
projector indices dividing them by the corresponding fre
quency value t. Two possible ways of getting a single corre
spondence value from the multiple projector indices are: use
the mean p of the indices corresponding to the primary fre
quencies as in Equation (17), or, set the correspondence to the
index of the highest frequency as in Equation (18). In FIG. 12,
step 1214 sets the correspondence to the index of the highest
frequency.
p=

1 S.
FA

p = p2F-1

0067. From step 1206, for the pixel locations where all

amplitude value a, are above T decoding continues to step

1210 by computing relative phase values (), of the embedded
frequencies using Equation (13) below.
(13)

0068. The process of calculating an absolute phase value
for each relative phase value is called phase unwrapping. A
relative phase value is the phase value relative to the current

sine period beginning that is a value in 10,27t). An absolute
signal. At this point, the set of relative phase values {(i)} U
{(i)} may be unwrapped using an algorithm.

phase value is the phase value measured from the origin of the

0069. At step 1212, computation of the absolute phase

unwraps both the raw phases and the dual phases as follows:

raw phases co, and dual phases (), are put altogether in a single
set and sorted by frequency, renaming to vo the phase corre
sponding to the lowest frequency and increasing until v .
the phase corresponding to the highest frequency. Equation
(14) is applied to obtain the absolute phase values p, which
correspond to the projector indices,
(14)

p;

(17)
(18)

(0072. The Pattern Decode step 502 of FIG.5 stops once all
pixels in the camera images have been decoded either as
projector index values or as unknown. Note that even when
projector indices are integer values, correspondence values
are usually not integers because the scene point imaged by a
camera pixel could be in any place between the discetized
projector lines encoded by the indices.
(0073. Referring back to FIG. 2, the decoding step 206
continues by using the correspondence image to triangulate
points at step 506 of FIG. 5 and generates a 3D Model at step
508 of FIG.5. Step 506 calculates the intersection of a camera
ray and as projector light plane. The camera ray begins at the
origin of the camera coordinate system (as shown in FIG. 11)
and passes through the current camera pixel center. The pro
jector light plane is the plane that contains the projector line
encoded by the projector index 120 and the origin of the
projector coordinate system (as shown in FIG. 11).
0074 The camera ray extends in the direction of the scene
108 and intersects the indicated plane exactly on the scene
point being imaged by the current camera pixel location as
can he seen in FIG. 11. The sought camera ray coincides with
the dashed line of the camera light path but it has opposite
direction. The projector light plane contains the dashed line
representing the projector light path. The intersection 1104
between the projector and camera light paths is on the scene
108. Once the intersection 1104 is calculated, the result is a

0070 in Equation (14), the operator

takes the integer

part of the argument, and the values i correspond to the
frequency values. The values of the embedded frequencies F,
and the values of the primary frequencies f. are given in

Equations (15) and (16) respectively, wheref, corresponds to

co, and F, corresponds to co, The valuet, corresponds to the
frequency of the relative phase that was renamed to v.
if i = 1

* . . r.

(15)

(16)

0071. The Pattern Decode step 502 ends assigning a single
projectorindex 120 (see FIGS. 7 and 6) to the correspondence
value 1102 (see FIG. 11) at the current location in the corre
spondence image of step 604. The values p, unwrapped above
are already projector indices, if another unwrapping algo

3D point which becomes part of the 3D Model of step 508 in
FIG. 5. Step 506 performs this intersection for each corre
spondence index value 1102 with a value different from
unknown. After processing all pixel locations the 3D Model
of step 508 is complete and the decoding step 206 ends.
0075 Another embodiment of the subject technology
assigns two sets of projector indices, one for rows and one for
columns. Each set is encoded, acquired, and decoded as in the
preferred embodiment but independently of each other, gen
erating two correspondence images at step 504. At this time,
3D points are generated by computing the approximate inter
section of the camera ray, and the ray defined as the intersec
tion the two light planes defined by the two correspondences
assigned to each camera pixel location. The approximate
intersection is defined as the point which minimizes the Sum
of the square distances to both rays.
0076 FIG. 13 is a sample correspondence image 1300 and
FIG. 14 shows a sample3D Model 1400, both generated at the
decoding step 206 of FIG. 2.
(0077. It will be appreciated by those of ordinary skill in the
pertinent art that the functions of several elements may, in
alternative embodiments, be carried out by fewer elements, or
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a single element. Similarly, in Some embodiments, any func
tional element may perform fewer, or different, operations
than those described with respect to the illustrated embodi
ment. Also, functional elements (e.g., modules, databases,
interfaces, hardware, computers, servers and the like) shown
as distinct liar purposes of illustration may be incorporated
within other functional elements in a particular implementa
tion.

0078 All patents, patent applications and other references
disclosed herein are hereby expressly incorporated in their
entireties by reference. While the subject technology has been
described with respect to preferred embodiments, those
skilled in the art will readily appreciate that various changes
and/or modifications can be made to the Subject technology
without departing from the spirit or scope of the invention as
defined by the appended claims.
What is claimed is:

1. A method for measuring shapes comprising the steps of
encoding light source coordinates of a scene using dual
frequency sinusoidal fringe patterns;
modulating the light source with the dual frequency sinu
soidal fringe patterns; and
recording images of the scene while the scene is being
illuminated by the modulated light source.
2. A method as recited in claim 1, further comprising the
step of extracting coded coordinates from the recorded
images by using a closed form decoding algorithm.
3. A system for three-dimensional shape measurement
comprising:
a light source for projecting such fringe patterns onto a
Scene,

a camera for recording images of the scene under illumi
nation; and

a system for processing the recorded images including: a
first module for encoding light source coordinates using
dual frequency sinusoidal fringe patterns; a second mod
ule for extracting the encoded coordinates from the
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recorded images; and a third module for computing the
Scene shape using a geometric triangulation method.
4. A system as recited in claim 3, further comprising a
turntable, wherein the scene is an object on top of the turn
table, the light Source projects fringe patterns and the camera
records images of the object at different rotations of the
turntable while keeping the object fixed on top the turntable,
the second module decodes all recorded images, and
the third module computes a shape of the object from all
captured turntable rotations and generates a 3D model of
the object.
5. A method for obtaining a shape of a target object com
prising the steps of:
projecting dual frequency fringe patterns on the target
object;
recording images of the illuminated target object;
encoding locations in each projector image plane into the
projected dual frequency fringe patterns while images
are recorded;

decoding the images to recover relative phase values for the
projected dual frequency fringe patterns primary and
dual frequencies:
unwrapping the relative phase values into absolute phases;
converted the absolute phases back to projector image
plane locations; and
creating a correspondence image based on a relation
between camera pixels and decoded projector locations,
wherein the correspondence image represents a mea
sured shape of the target object.
6. A method as recited in claim 5, further comprising the
step of creating a 3D model of the target object based on the
correspondence images together with a geometric triangula
tion of the target object.
7. A method as recited in claim 5, further comprising the
step of using direct phase unwrapping.
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