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ABSTRACT

We review some of our most recent works on 3-D shape measurement using the digital fringe projection and
phase-shifting method. First, we introduce the measurement principle and phase-shifting algorithms. Then we
discuss an effective method for phase error compensation and a novel idea for system calibration. Finally, we
describe a 3-D shape measurement system for high-resolution, real-time 3-D shape acquisition, reconstruction
and display.
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1. INTRODUCTION

3-D shape measurement techniques have numerous applications in many different areas, including reverse en-
gineering, industrial inspection, entertaimment, security, computer vision, etc. They can generally be classified
into two groups: contact and non-contact methods. A typical contact method uses a coordinate measuring
machine (CMM), which is widely used for dimensional inspection and quality control in manufacturing. CMMs
are versatile metrology machines that can provide high measurement accuracy in large measurement volumes.
However, these machines are $isually slow and provide only limited data density. In addition, due to their contact
nature, they cannot accurately measure flexible or soft objects such as thin sheet parts, rubber parts, biolog-
ical objects, etc.! Compared to contact methods, non-contact methods do not have these limitations. Many
non-contact 3-D shape measurement techniques have been developed, among which optical methods play an im-
portant role.>* Traditional optical methods include stereo vision,® shape from shading,® shape from focus and
defocus,”® laser stripe scanning,” structured light,!-12 Moiré interferometries,’ and digital fringe projection
and phase shifting.1%® In recent years, with the widespread use of digital projectors, the digital fringe projec-
tion and phase-shifting method has attracted lots of interest due to its capability in providing high-resolution
and high-speed 3-D shape measurement.

In this paper, we will review some of our recent works on 3-D shape measurement based on the digital fringe
projection and phase-shifting method. We will discuss issues related to phase-shifting algorithms, phase error
compensation, systein calibration, and real-time 3-D shape measurement.

2. PRINCIPLE

Phase-shifting method has been used extensively in optical metrology to measure 3-D shapes of objects at various
scales. In this method, a series of phase-shifted sinusoidal fringe patterns are recorded, from which the phase
information at every pixel is obtained. This phase information is then converted to xyz coordinates of the object
surface after the system is calibrated.

Traditionally, fringe patterns are produced mostly by use of light interference or gratings. In recent years,
with the increasingly ubiquitous availability of projectors, more and more researchers start to use projectors
to generate fringe patterns. Figure 1 shows a typical system setup. A projector projects a series of computer-
generated, phase-shifted fringe patterns onto the object. The fringe patterns deformed by the object surface are
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Figure 1. 3-D shape measurement system based on the digital fringe projection and phase-shifting method.

captured by a camera. Then a phase-wrapping and -unwrapping algorithm and a phase-to-coordinates conversion
algorithm are used to reconstruct the 3-D geometry. Figure 2 shows example results of measuring a sculpture
of Lincoln using this method. The phase-shifting algorithm used is the three-step algorithm (will be discussed
later) with a phase shift of 120°. Major advantages of using a projector in such a system include the easiness
and flexibility in generating fringe patterns as well as the digital accuracy of phase shifting.

3. PHASE-SHIFTING ALGORITHMS

Many different phase-shifting algorithms have been developed in the past.!® The general form of these algorithms
is the least square algorithm. Let us assume that a total of NV phase-shifted fringe images are captured, each
with a phase shift of 6;(4 = 1,2, ..., N). Then the intensity of the i—th image can be represented as -

Ii(z.y) = I'(x,y) + I"(x.y) cos[o(z, y) + &4l (1)

where I'(xz,y) is the average intensity, I’ (z, y) the inteusity modulation, and ¢(z,y) the phase to be determined.
By solving Eq. (1) simultaneously by the least square algorithm, we can obtain the phase

oy [ —ae(3,y)
@(x,y) = tan (—_a1(x,y) >7 (2)

and the data modulation ‘ L
"(z,y)  |a(n.y)? +as(e.y)?] 2

) = Ty wlwy) N
where
aO(‘T’ay)
ar(z.y) | = A(6:)B(,y.6), (4)
as(z,y)
N >~ cos(8;) > sin(d;)
A(5) = | Scos(d;) D cos?(8;) Zcos{)(é,-)sin(di) , (5)
Yosin(d;) Y cos(d;)sin(d;) > sin<(4;)
and
21
B(z,y,8) = | > Iicos(d;) |. (6)
>~ I, sin(6;)

Other phase-shifting algorithms, such as the three-step, four-step, Carré, 343, Hariharan, 2+1, double three-
etc., can be regarded as the special cases of the least-square algorithm when N and d; take different
values. For the digital fringe projection method, which uses a projector to generate the phase-shifted fringe
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Figure 2. Measurement results of a Lincoln head sculpture. (a) Fringe image 1; (o = —120°). (b) Fringe image Io(ae = 0°).
(c) Fringe image I3(a = 120°). (d) 2-D photo. (e) Wrapped phase map. (f) 3-I) shape after phase-unwrapping.

patterns, we found that the three-step algorithm with §; = —27/3,0,27/3 produced the best result.}? In this
case, Eqs.(2) and (3) for calculating the phase and data modulation become

6(2,) = tan”! (\/gLi_) , ()

2, -1, — I3
and , a1/
(o, 3 . . _ p 2
')/(I,y) — I,(‘L,y) - [ (Il I3) + (2-[2 Il 13) ] ’ (8)
I'(z,y) L+ + 13

Phase ¢(z,y) in Eqgs. (2) and (7) is the so-called modulo 27 phase at each pixel whose value ranges from 0
to 2. If the fringe patterns contain multiple fringes, phase unwrapping is necessary to remove the sawtooth-like
discontinuities and obtain a continuous phase map.'® Once the continuous phase map is obtained, the phase
at each pixel can be converted to xyz coordinates of the corresponding point on the object surface through
calibration.!92!  The average intensity I’(z,y) represents a flat image of the measured object and can be used
for texture mapping in computer vision and computer graphics applications. Data modulation v(z,y) has a
value between 0 and 1 and can be used to determine the quality of the phase data at each pixel with 1 being the
best.
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Figure 3. Measured gamma curves of the projector.

4. PHASE ERROR COMPENSATION

The measurement accuracy of a phase-shifting method is usually affected by such error sources as the phase shift
error,24 pon-sinusoidal waveforms *® camera noise and nonlinearity,® vibration,2” speckle noise,®  ete.
In the digital fringe projection and phase-shifting method, non-sinusoidal waveform is the single dominant error
source. It results from the nonlinearity of the gamma curve of the projector and can cause significant phase
measurement error. Previously proposed methods, such as the double three-step phase-shifting algorithm'?
and the direct correction of the noulinearity of the projector’s ganuna curve,'® were successful in significantly
reducing the phase measurement error, but the residual error remains non-negligible. Zhang and Huang recently
proposed a generic method that could in theory completely remove the phase error caused by nonlinear ganuna
curve of the projector.?® This phase error compensation method is based on the finding that the phase error due
to the non-sinusoidal waveform of the fringe patterns depends only on the nonlinearity of the projector’s gamma
curve. Therefore, if the projector’s gamma curve is calibrated and the phase error due to the nonlinearity of
the gamma curve is calculated, a look-up-table (LUT) that stores the phase error can be -constructed for error
compensation. Experimental results demonstrated that by using this method, the measurement error could be
reduced by 10 times. Figure 3 shows a typical example of the measured gamma curves for the R, G, and B
channels of the projector, which are visibly nonlinear. Figure 4 shows example results of measurement before
and after phase error correction. It can be seen that the measurement error after phase error compensation is
significantly reduced. )

5. SYSTEM CALIBRATION

The key to accurate 3-D shape measurement using a camera and a projector is the proper calibration of the
parameters as well as geometric relationship of the camera and projector.’®  Figure 5 shows the model of a
typical 3-D shape measurement system based on the digital fringe projection method. A camera or a projector is
often described by a pinhole model using the intrinsic and extrinsic parameters. The intrinsic parameters include
the focal length (f¢ or f?), the principle point ((u§,v§) or (uf,vE)), the pixel skew factor, and the pixel size.
The extrinsic parameters include the rotation and translation matrices between the world coordinate system
(0“;y*2") and the camera coordinate system (0% zy2¢) or the projector coordinate system (oP; xPyPzP).
Methods based on neural networks 3031 hupdle adjustment,*?37 or absolute phase®® have been developed. In
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(a)

Figure 4. Reconstructed 3-D geometries of the head model before and after phase error compensation. (a) 2-D photo.
(b) 3-D geometry before phase error compensation. (¢) 3-D geometry after phase error compensation.

“these methods, the calibration process varies depending on the available system parameters information and the
system setup and involves complicated and time-consuming procedures.

Recently, Zhang proposed a novel and more systematic method for accurate and quick calibration of such
systems.?! The core idea is to enable a projector to “capture” images like a camera, thus making the calibration
of a projector the same as that of a camera, which is well established. To enable the projector to “capture”
images, a camera is used to take the image for the projector. The image is then mapped to the projector
to create the so-called projector image. The mapping relationship between the camera and the projector is
established by using the phase-shifting method. This new method allows the projector and the camera to be
calibrated independently, thus avoiding the problems related to the coupling of the camera and projector errors.
By treating the projector as a camnera, this method essentially unified the calibration procedures of any structure
light system that uses a profector and a classic stereo vision system. In the experiment. a linear model with a
small error look-up-table (LUT) was found to be sufficient to produce a reasonably accurate calibration result
with an error of RMS 0.22 mm over a volume of 342(H) x 376(V) x 658(D) mm. Figure 6 shows an example of
the measurement result using this calibration method.

6. REAL-TIME 3-D SHAPE MEASUREMENT

A real-time 3-D shape measurement system can be used to capture 3-D shapes of dynamically changing objects,
such as human faces and bodies. It can also be used to increase measurement throughput and avoid vibration-
induced measurement errors in industrial inspection applications. In the digital fringe projection and phase-
shifting method, real-time 3-D shape measurement can be realized by rapidly capturing the fringe images required
to reconstruct the 3-D shape. As the phase-shifting algorithm, the three-step algorithm is normally the choice
because it requires the minimum number of fringe images. To rapidly capture the fringe images, one method is
to use color. The three phase-shifted fringe patterns can be encoded in the three primary color channels of a
projector.®® By using a color camera to capture the color fringe pattern and then separating it uito three color
channels, one can acquire the fringe patterns simultaneously. However, the measurement accuracy is usually
affected by the surface color of the object. Another method is to switch B/W fringe patterns rapidly so that
three fringe images can be captured in real time. Huang et al. proposed a method using a single-chip DLP
projector to project three phase-shifted fringe patterns and a B/W CCD camera synchronized with the projector
to capture the fringe images rapidly.!* The achieved speed was 16 frames per second. Recently, Zhang and
Huang significantly improved the system and realized a 3-D data acquisition speed at 40 frames per second with
a image resolution of 532 x 500.'° This speed is fast enough for measuring objects with slowly changing surface
geometry, such as human facial expressions. Figure 7 shows 8 frames of the reconstructed 3-D models of a human
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Figure 5. Model of the 3-1) shape measurement system.

face. During the acquisition, the subject was asked to smile so that facial changes were introduced. It can be
seen that detailed facial expression changes have been successfully captured.

To realize a true real-time 3-D shape measurement system, in which not only the fringe images are acquired
in real time, but also the the 3-D shape reconstruction and display are done in real time, we developed new
three-step phase-shifting algorithms to improve the processing speed. The traditional three-step algorithm that
calculates the phase using an arctangent function was found to be too slow for real-time processing. To solve
this problem, Huang et al. proposed an intensity ratio based phase-shifting method, namely, trapezoidal phase-
shifting method, for faster processign speed.®¥ Figure 8 shows a measurement result using this method. The 3-D
reconstruction speed was reported to be 4.5 times faster. However, the measurement accuracy is affected by image
defocusing, although the error is small. To retain the speed advantage of the trapezoidal phase-shifting method
while improving the measurement accuracy, Huang and Zhang recently proposed to use the trapezoidal phase-
shifting algorithm te process the sinusoidal fringe patterus and then use a look-up-table (LUT) to compensate for
the resulting phase error.® Experimental results showed that this new algorithm provided similar measurement
accuracy as the traditional algorithm, but was 3.4 times faster.

The adoption of this new algorithm enabled us to successfully build a high-resolution, real-time 3-D shape
measurement system that captures, reconstructs, and displays the 3-D shape of an object at a speed of 40 fps and
a resolution of 532 x 500 pixels, all with an ordinary personal computer.?! Figure 9(a) shows the experimental
environment of the real-time 3-D system. A projector was utilized to project the computer screen onto a white
board on the side of the object. Figure 9(b) shows one image of a video sequence recorded during the experiments.
The iinage on the left is the face of a human subject, while the image on the right is the image generated by the
system in real time.
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Figure 6. 3-D measurement result of the sculpture Zeus. (a) 2-D photo. (b) 3-D geometry. (¢) Zoom in view of the 3-D
geometry .

7. CONCLUSIONS

In this paper, we reviewed some of our recent developments on the 3-D shape measurement technique based on
a digital fringe projection and phase-shifting method. We focused our discussions on the techniques we proposed
to improve measurement accuracy and speed. In particular, we described an effective method for phase error
* compensation, a novel idea for system calibration, and also the capabilities and applications of a high-resolution,
real-time system for 3-D shape measurement we developed recently. Digital fringe projection and phase-shifting
method has many advantages when compared to other traditional methods for 3-D shape measurement. We
believe that it will find manys$real applications in various fields.
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