Multilevel quality-guided phase unwrapping algorithm for
real-time three-dimensional shape reconstruction
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A multilevel quality-guided phase unwrapping algorithm for real-time 3D shape measurement is pre-
sented. The quality map is generated from the gradient of the phase map. Multilevel thresholds are used
to unwrap the phase level by level. Within the data points in each level, a fast scan-line algorithm is
employed. The processing time of this algorithm is approximately 18.3 ms for an image size of 640 X
480 pixels in an ordinary computer. We demonstrate that this algorithm can be implemented into our
real-time 3D shape measurement system for real-time 3D reconstruction. Experiments show that this
algorithm improves the previous scan-line phase unwrapping algorithm significantly although it reduces
its processing speed slightly. © 2007 Optical Society of America
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1. Introduction

With the development of digital technology, real-time
3D shape measurement is increasingly important in
many fields. The 3D shape measurement system using
digital fringe projection and various phase-shifting
methods has become more and more popular.’-4 Zhang
and Huang? recently developed a system that was able
to do real-time 3D shape acquisition, reconstruction,
and display at a speed of up to 40 frames/s using a
digital fringe projection and a fast three-step phase-
shifting method. The phase unwrapping method used
in this system was a scan-line algorithm that allowed
real-time performance. However, this simple scan-line
phase unwrapping algorithm encounters significant
problems when the phase map has bad quality or
noise, for example. To improve the performance of the
system, we are trying to develop a better phase un-
wrapping algorithm for real-time 3D reconstruction.
For a 3D shape measurement system using a phase-
shifting-based method, the phase obtained from fringe
images normally ranges from 0 to 2. If multiple
fringes are used, phase discontinuities occur every
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time the phase changes by 2m. Phase unwrapping
aims to unwrap or integrate the phase along a path
counting the 27 discontinuities. The key to reliable
phase unwrapping is the ability to accurately detect
the 27 jumps. However, for complex geometric sur-
faces, noisy images, and sharp changing surfaces,
the phase-unwrapping procedure is usually diffi-
cult.é Different phase unwrapping algorithms have
been developed to improve the robustness of the
phase-unwrapping process, including the branch-
cut algorithms,?-11 the discontinuity minimization
algorithm,'2 the LP-norm algorithm,!3 the region-
growing algorithm,415 the agglomerative-clustering-
based approach,6¢ and the least-squares algorithms.?
However, they are generally too slow for high-
resolution, real-time 3D shape reconstruction applica-
tion. Huntley and Salder!® proposed a temporal phase
unwrapping algorithm that was able to unwrap the
phase pixel by pixel without considering the neighbor-
ing pixels. It was able to unwrap the phase map with
isolated patches.!® However, it required more than one
phase map with different fringe pitch numbers, which
is not desirable for our real-time system.
Quality-guided phase unwrapping algorithms un-
wrap the phase by using a quality map to guide the
phase unwrapping path. The unwrapping process
starts from the highest quality point and continues to
the lower quality ones until it finishes. The quality
map is usually constructed based on the first or the
second difference between a value and its neighboring
pixels. A number of methods have been proposed.20-26
Although some unwrapping errors still remain unde-
tected and propagate in a manner that depends on the



chosen path, these algorithms are surprisingly robust
in practice. However, conventional algorithms involve
a time-consuming point-by-point sorting that makes it
difficult to obtain real-time performance. Our experi-
ments found that it took more than 500 ms to recon-
struct one frame with an image size of 640 X 480
pixels with an ordinary personal computer (PC). By
contrast, the fast scan-line algorithm was able to do
phase unwrapping rapidly. If the advantages of both
algorithms are combined, the processing speed of the
quality-guided phase unwrapping algorithm will be
boosted, and the robustness of the fast algorithm will
be improved. In this research we propose such an
algorithm for real-time 3D shape measurement that
is designed for single connected phase maps that do
not contain isolated areas of phase maps. The quality
map is generated from the gradient of the phase map,
then quantized into multilevels. In each level, a scan-
line algorithm is applied for unwrapping. Our exper-
iments demonstrated that the phase unwrapping
time for a three-level algorithm took only 18.3 ms for
one frame, and more than 99% real-time acquired
facial data with normal expressions could be un-
wrapped correctly. We also implemented this phase
unwrapping algorithm into our real-time 3D shape
measurement system to demonstrate its real-time
performance.

In Section 2 we explain the proposed phase unwrap-
ping algorithm. In Section 3 we show the experimental
results, and we summarize the paper in Section 4.

2. Algorithm

A. Quality Map Generation

The quality map is critical for a quality-guided phase
unwrapping algorithm; the success or failure of a
phase unwrapping algorithm seems to hinge on the
availability of a good quality map.6 We use two qual-
ity maps: the data modulation map and the gradient-
based quality map.

1. Quality Map 1: Removal of Background
For a phase-shifting-based 3D shape measurement,
the intensities of the fringe images can be written as

Iix, y)=1I'(x, y) + I"(x, y)cos[d(x, y) +5;], (1)

where I'(x, y) is the average intensity, I” (x, y) is the
intensity modulation, ¢(x, y) is the phase to be deter-
mined, and §; is the phase shift. Data modulation

v, ¥)=1"(x, y)/I'(x, y) (2)

represents the quality of the data point with 1 being
the best. We found that for our system data modula-
tion was a good quality map to remove the back-
ground of the image. Therefore data modulation is
used as the first quality map for background mask-
ing.

In this research, we used a three-step phase shift-
ing algorithm with a phase shift of 2w/3. That is,
8 = —2m/3, 8, = 0, 83 = 2w/3. The phase and the

data modulation are

1) & I -1
b y)=tan B g 3)
By — )2+ (21, — I, — I,)?
Ve )= L+1,+1, @
respectively.

2. Quality Map 2: Guide Phase Unwrapping Path
The other quality map used for phase unwrapping
is a maximum phase gradient map that guides the
phase-unwrapping path, which is defined as

Q(, j)=max{A, [, A, '} with Q(, j)E[0, 1), (5)

where A; [ and A, 7 are the maximum values of the
partial derivatives of the phase in the x and y direc-
tions, respectively,

A, j = max{|W{i(, j) (@, J — D},
(Wb, 7+ 1) = 0@ DH

A, = max{|W{b(, J) =@ — 1, N},
(Wb +1,) = 9@ D

where s = ¢/(2) is the normalized wrapped phase ¢
in Eq. (3) whose value ranges from 0 to 1. W is an
operator that estimates the true gradient by wrap-
ping the differences of the wrapped phase. For
example, W{0.3 — (=0.5)} = —0.2, W{0.3 — (—=0.1)}
= 0.4. It should be noted that the larger the value of
the quality map Q(i, j) in Eq. (5), the worse the data
quality; it is actually a reverse quality map.

B. Quality Map Quantization

The quality map @ in Eq. (5) is assumed to be a
normal distribution after applying data modula-

tion masking, with the mean value being Q = >N,
>11Q(, j)/MN, the standard deviation ¢ = X,

M \(Q(, j) — @)?/MN. Here the image resolution is
M X N. A threshold is first chosen to divide
the data into two parts, the one with higher priority
to be processed and the other to be postponed for later
processing. In this research, the starting quality
value was found to be th, = @. That is, the data points
set {(i,/)|Q(i,j) < th,} must be processed in the first
round. This set forms the first level (level 1). For the
nth level, the threshold value is s = th, + 2" Vo. The
last level will unwrap the remaining points.

For the phase data acquired by our real-time 3D
shape measurement system,2’” after masking the
background with data modulation, more than 80% of
the data points are in level 1. This is because this
system uses the digital fringe projection method, and
the data quality is normally good. We found that the
three-level algorithm is sufficient for our system. It
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should be noted that for the data acquired by our
system, the more levels used, the slower the process-
ing speed achieved, and the better the quality ob-
tained. The extreme case of this algorithm is the
conventional quality-guided phase unwrapping algo-
rithm (which will be discussed in Subsection 2.D), in
which each time there is only one pixel with a next
lower quality value to proceed.

C. Scan-Line Algorithm

The scan-line algorithm used in this research is as
follows. The process starts from one good point (this
point is not regarded as background and has a data
modulation value larger than 0.7) near the center of

points in the stack will be popped one by one in
reverse order. The popped point with at least one
unwrapped neighbor facing the border will be un-
wrapped, while other points are abandoned. The
merit of this method is that each point is scanned
only once while it has two chances to be unwrapped.
Therefore it results in better unwrapping results.
Since this algorithm is based on line scanning, it even
performs faster than the flood-fill algorithm. The
schematic is shown in Fig. 1.

D. Conventional Variance Quality-Guided Algorithm

The phase derivative variance is defined by the equa-
tion

2
—|— |

X

— (00G, J) V(s J)
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\2< y Y )

k? ’

(6)

the image (x,, v,). After images are divided into four
patches by the horizontal and vertical lines through
the start point, each patch is unwrapped by the scan-
line method. In this scan-line method, one horizontal
scan-line scans from the start point to the image
border. Then the scan-line advances vertically from
the start point to the image border to scan another
row. The neighbors (x,, y,) of one scanned point (x, y)
can be divided into two groups: the neighbors that
faced the start point, namely, the neighbors that have
a smaller x or y distance to the start point than
the scanned point (i.e., |x, — xo|<=|x — x,| and
|v, — 0ol <=|y — ¥0|); and the neighbors that faced
the border, i.e., the neighbors that have a larger x or
y distance to the start point than the scanned point
(e, |x, = x| > |x = 20| or |y, = x| > [y = yol).
If at least one of its neighbors that faced the start
point is unwrapped, a point will be unwrapped and
marked as unwrapped. This point with no unwrapped
neighbor facing the start point, but with at least one
valid neighbor facing the border, will be pushed to the
stack. After all points in a patch are scanned, the
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Fig. 1. Schematic of the scan-line phase unwrapping algorithm.

52 APPLIED OPTICS / Vol. 46, No. 1 / 1 January 2007

where for each sum the indices (i, j) range over the
k X k window centered at the pixel (m, n). ou(z, j)/x
and 9yi(Z, j)/y are the averages of these partial deriv-
atives in the £ X k& windows. Thus this equation is a
root-mean-square measure of the variances of the
partial derivatives in the x and y directions.

The quality guided-path-following algorithm is es-
sentially the flood-fill algorithm as discussed in Ref. 6
in which the order of fill is determined by the quality
map.

The algorithm operates as follows: A starting pixel
with a high-quality value is selected and its four
neighbors are examined. These neighbors are un-
wrapped and stored in a list called the adjoin list. The
algorithm then proceeds iteratively as follows: The
pixel on the list with the highest-quality value is
removed from the list, and its four neighbors are
unwrapped and placed in the list. (The pixels are
sorted and stored in the list in the order of their
quality values.) If its neighbor has already been un-
wrapped, it is not placed in the list. The iterative
process of removing the highest-quality pixel from
the list, unwrapping its four neighbors and inserting
them in the list continues until all the pixels have
been unwrapped.

3. Experiments

To show how this phase unwrapping algorithm
works, we processed real fringe images acquired by
our 3D shape measurement system. The first row in
Fig. 2 shows phase-stepped three-fringe images. The
image resolution is 640 X 480 pixels. The phase shift
we used is 120°. Figure 2(d) shows the phase map
whose value ranges from 0 to 2w. Figure 2(e) shows
the data modulation map of the fringe images; from
black to white, the values range from 0 to 1. Based on



Fig. 2.

Example of the data for testing our phase unwrapping algorithm. (a) I1(—2mw/3), (b) I2(0), (¢) I3(2w/3), (d) wrapped phase map,

(e) data modulation quality map with the white being 1.0 in value, (f) good data points after removing the background by using a threshold
of gamma map (0.25), white denotes the good points and black denotes the background points.

the data modulation values obtained, we applied a
threshold of 0.25 to remove the background. After
having applied this threshold, we generated a mask
for future processing. The mask map is shown in Fig.
2(f) with the dark points as the background.

Figure 3 demonstrates the procedures of this phase
unwrapping algorithm. Once the mask map was ob-
tained as shown in Fig. 2(f), one large connected
patch was found. We considered only one single con-
nected patch because our real-time system was able
to obtain the absolute coordinates for only one single
patch. For this connected patch, the quality map was
computed by using Eq. (5). The quality map is shown
in Fig. 3(b). The histograph of the quality map is
shown in Fig. 3(c). The standard deviation of these
points is 0.036, and the mean value is 0.039. Hence
the first level threshold is chosen as 0.039. The sec-
ond level threshold is 0.039 + 0.036 = 0.075. Since a
three-level algorithm is used, the third step unwraps
the remaining points.

(a)

Figure 4 shows the unwrapped points and geome-
try. The first row shows the points we unwrapped
after each step, which are represented as white. After
phase unwrapping, the phase map was obtained, and
the geometry could then be extracted, as shown in
the second row. In this research, the system was
calibrated by using the method proposed by Zhang
and Huang.28 It should be noted that in each level
the unwrapping algorithm processed the single con-
nected patch only to boost the efficiency. Those
isolated points were postponed to the next step.

Figure 5 shows the comparison between the un-
wrapping results using three different algorithms. It
clearly shows that the scan-line algorithm cannot ob-
tain the correct geometry. Our algorithm can obtain
similar geometry as the traditional variance guided
phase unwrapping algorithm. The difference map is
shown in Fig. 5(d). White means that the unwrapped
results are different, and black means no difference.
There was no difference between the results using
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Fig. 3. Quality map and the threshold value for each level. (a) Patch of interest, the largest good connected patch; the white points are
the patch of interest. (b) Quality map. (¢) Histograph of the quality map. The solid line shows the mean value that determines the first
threshold for the first level. The dashed line shows the threshold used for the second level. (Standard deviation 8, 0.036; mean value, 0.039.)
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(d) © (f)
Fig. 4. (Color online) Unwrapping points after each step. The phase unwrapping starts from level 1 with the highest quality data points
and unwraps these points using the scan-line algorithm, then continues to data points on a lower level until finished. (a) Unwrapping points
represented as white after the first level as the first step. (b) Unwrapping points after the second step. (¢) Unwrapping points when it
finishes. (d) Unwrapped geometry after the first step. (e) Unwrapped geometry after the second step. (f) The final results.

the proposed algorithm and those using the conven-  unwrapping algorithm had some area different from
tional quality-guided phase unwrapping algorithm.  that obtained by the conventional variance quality-
In contrast, the result obtained by the fast phase  guided phase unwrapping algorithm.

(b)

(d) ©

Fig. 5. (Color online) Three-dimensional reconstruction results using different phase unwrapping algorithms. (a) 3D result using fastest
scan-line phase unwrapping algorithm. (b) 3D result using variance quality-guided phase unwrapping algorithm. (c¢) 3D result using
multilevel quality-guided phase unwrapping algorithm. (d) Difference map between (b) and (c), black denotes the same and white denotes
different. (e) Difference map between (a) and (b), black denotes the same and white denotes different.
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(Color online) Three-dimensional shape reconstruction results for dlfferent phase unwrapping algorithms. (a) 3D result using

Fig. 6.

fastest scan-line phase unwrapping algorithm. (b) 3D result using variance quality-guided phase unwrapping algorithm. (¢) 3D result using
multilevel quality-guided phase unwrapping algorithm. (d) Difference map between (b) and (c), black denotes the same and white denotes
different. (e) Difference map between (a) and (b), black denotes the same and white denotes different.

We also tested an object with a step height on a flat
board. Figure 6 shows the results using different algo-
rithms. Again, the fastest algorithm could not correctly
retrieve the geometry, while both our algorithm and
the conventional quality-guided phase unwrapping al-
gorithm could obtain the geometry correctly.

These experiments demonstrated that for the data
collected by our structured light system2? our algo-
rithm could obtain comparable results with the tra-
ditional variance quality-guided phase unwrapping
algorithm, while the speed of our algorithm was much
faster. Table 1 shows the phase unwrapping time for
typical face data as shown in Fig. 2. This table shows
that the multilevel quality-guided phase unwrapping
algorithm reduced the processing time of the tradi-
tional variance quality-guided phase unwrapping al-
gorithm approximately 28 times.

To verify the performance of our algorithm, we
tested a number of data sets acquired by our system.
The comparison between the algorithms is shown in

Table 1. Comparison of Phase Unwrapping Time of Different

Algorithms®

Path Traditional
Following Quality Guided Multilevel

505.47 18.13

Unwrapping time (ms) 6.84

“The computation time was obtained with a Dell Workstation
(Pentium 4, 3.4 GHz CPU, 2 Gbits memory); the image resolution
is 640 X 480 pixels.

Table 2. Data sets 1-5 are typical human facial expres-
sions. This table shows that for the scan-line algo-
rithm, it can successfully unwrap most of the frames
(more than 90%). Our multilevel quality-guided
phase unwrapping algorithms failed with only a few
frames, approximately 0.1%. We then captured a
challenging data sequence of 1800 frames, as data set
6 in Table 2. This data set contains exaggerated and
difficult facial expressions. It can be seen that the fail-
ure rate of the scan-line algorithm was more than 86%.
Our phase unwrapping algorithm could success-
fully unwrap approximately 97%. It should be noted
that, amazingly, the variance quality-guided phase
unwrapping algorithm could unwrap all frames cor-
rectly. These experiments demonstrated that our
proposed phase unwrapping algorithm improves

Table 2. Comparison of Phase Unwrapping Algorithms

Number of Unsuccessful Unwrapping

Frames
Total Path Traditional
Test Data Frames Following Quality Guided Multilevel
Set 1 538 56 0 0
Set 2 538 34 0 1
Set 3 538 12 0 0
Set 4 638 36 0 0
Set 5 538 19 0 2
Set 6 1800 1534 0 71
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Fig. 7. (Color online) Real-time 3D reconstruction using the pro-
posed phase unwrapping algorithm.

the scan-line phase unwrapping algorithm signifi-
cantly. It takes only 18.13 msfor a typical face data.
Therefore it is feasible for real-time reconstruction
using the proposed algorithm. We then applied this
phase unwrapping algorithm to our real-time sys-
tem.27 By employing the fast three-step phase shift-
ing algorithm,2° we were able to do real-time 3D
shape acquisition, reconstruction, and display at
30 frames/s, similar to the system that Zhang and
Huang?® developed previously with the flood-fill phase
unwrapping algorithm, but with much better results.
Figure 7 shows the results during the experiments: the
right image is the subject and the image on the left
shows the reconstructed geometry in real time.

4. Conclusion

We presented a multilevel quality-guided phase un-
wrapping algorithm for real-time 3D shape mea-
surement. It is based on a multilevel quality-guided
path-flow method. The quality map was generated
from the gradient of the phase map. Multilevel thresh-
olds were used to unwrap the phase level by level.
Within each level, a fast scan-line algorithm was em-
ployed. The processing time of this algorithm was
approximately 18.3 ms for an image size of 640 X
480 pixels in an ordinary computer. Therefore it al-
lows for real-time 3D shape reconstruction. Experi-
ments showed that for the data set of normal facial
expressions, the proposed algorithms could unwrap
the phase correctly more than 99% of the time. For
data of exaggerated facial expressions, the fast scan-
line algorithm failed almost 87% of the time; the
proposed algorithm could unwrap more than 97% cor-
rectly. This algorithm was successfully implemented
into our real-time 3D shape measurement system,
and we were able to acquire, reconstruct, and display
the 3D geometry at 30 frames/s with an ordinary
computer.

It should be noted that the choice of threshold is
critical to correctly unwrap complex objects. The
thresholds for this three-level algorithm work satis-
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factorily for the facial data. We found that for data set
6 in Table 2, the unsuccessfully unwrapped frames
could all be correctly unwrapped by changing the
thresholds slightly. A better criterion for setting the
thresholds for each level might be needed to improve
the robustness of the algorithm.
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the team at Geometric Informatics Inc. for their sup-
port. This work was performed at Geometric Infor-
matics Inc. and funded by the Advanced Technology
Program (ATP) of the National Institute of Standards
and Technology (NIST).
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