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Abstract

Fast, accurate three dimensional (3D) optical nagsohas diverse applications in object and
environment modelling. Structured-lighting techrequallow non-contacting 3D surface-shape
measurement by projecting patterns of light ontoolject surface, capturing images of the
deformed patterns, and computing the 3D surfacengay from the captured 2D images.
However, motion artifacts can still be a problenthwhigh-speed surface-motion especially with
increasing demand for higher measurement resolationaccuracy.

To avoid motion artifacts, fast 2D image acquisitiof projected patterns is required.
Fast multi-pattern projection and minimization &ietnumber of projected patterns are two
approaches for dynamic object measurement. To &laiehigher rate of switching frames, fast
multi-pattern projection techniques require cospisojector hardware modification or new
designs of projection systems to increase the ghioje rate beyond the capabilities of off-the-
shelf projectors. Even if these disadvantages \meceptable (higher cost, complex hardware),
and even if the rate of acquisition achievable veatirent systems were fast enough to avoid
errors, minimization of the number of captured fesmequired will still contribute to reduce
further the effect of object motion on measuremetduracy and to enable capture of higher
object dynamics. Development of an optical 3D nmegp method that minimizes the number of
projected patterns while maintaining accurate 3base-shape measurement of objects with
continuous and discontinuous surface geometrydraained a challenge.

Capture of a single image-frame instead of mudtijphmes would be advantageous for
measuring moving or deforming objects. Since adeuraeasurement generally requires multiple
phase-shifted images, imbedding multiple pattems & single projected composite pattern is
one approach to achieve accurate single-frame 3facgishape measurement. The main
limitations of existing single-frame methods basedcomposite patterns are poor resolution,
small range of gray-level intensity due to collentiof multiple patterns in one image, and
degradation of the extracted patterns because duiaton and demodulation processes on the
captured composite pattern image.

To benefit from the advantages of multi-patterojgetion of phase-shifted fringes and
single-frame techniques, without combining phagséesh patterns into one frame, digital moiré
was used. Moiré patterns are generated by progeetigrid pattern onto the object, capturing a

single frame, and in a post-process, superimpasiagnthetic grid of the same frequency as in



the captured image. Phase-shifting is carried aut gost-procesby digitally shifting the
synthetic grid across the captured image. The usadiré patterns, which contain object shape
information, are contaminated with a high-frequemgid lines that must be removed. After
performing grid removal, computation of a phase naaq@ phase-to-height mapping, 3D object
shape can be computed. The advantage of digitaénpoovides an opportunity to decrease the
number of projected patterns. However, in previattempts to apply digital phase-shifting
moiré to perform 3D surface-shape measuremeng tiere been significant limitations.

To address the limitation of previous system-calion techniques based on direct
measurement of optical-setup parameters, a moiv@leagth based phase-to-height mapping
system-calibration method was developed. The meagelength refinement performs pixel-
wise computation of the moiré wavelength based be measured height (depth). In
measurement of a flat plate at different depths,ringe of root-mean-square (RMS) error was
reduced from 0.334 to 0.828 mm using a single dlolaaelength across all pixels, to 0.204 to
0.261 mm using the new pixel-wise moiré-wavelengfinement.

To address the limitations of previous grid remaeghniques (precise mechanical grid
translation, multiple-frame capture, moiré-pattéfarring, and measurement artifacts), a new
grid removal technique was developed for singleagadigital moiré using combined stationary
wavelet and Fourier transforms (SWT-FFT). This apph removes high frequency grid both
straight and curved lines, without moiré-pattertifasts, blurring, and degradation, and was an
improvement compared to previous techniques.

To address the limitations of the high number afjguted patterns and captured images
of temporal phase unwrapping (TPU) in fringe progc and the low signal-to-noise ratio of the
extended phase map of TPU in digital moiré, impdoweethods using two-image and three-
image TPU in digital phase-shifting moiré were deped. For measurement of a pair of
hemispherical objects with true radii 50.80 mm Wp4image TPU digital moiré, least-squares
fitted spheres to the measured 3D point cloudsenams of 0.03 mm and 0.06 mm, respectively
(sphere fitting standard deviations 0.15 mm and! Grim), and the centre-to-centre distance
measurement between hemispheres had an error ®fnthd The number of captured images
required by this new method is one third that fmeé-wavelength heterodyne temporal phase
unwrapping by fringe projection techniques, whiclowd be advantageous in measuring

dynamic objects, either moving or deforming.
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Chapter 1

Introduction

1.1 Demand for fast three-dimensional surface-shapaeasurement

Fast, accurate, and non-contact three dimensi@igl gurface-shape measurement has diverse
applications in object and environment modelling4]1 such as, human body modeling for
entertainment [2, 5-7] and medical diagnosis [8-HBld 3D object recognition [11]. The 3D-
shape measurement of moving objects, for examplegnline part inspection [2, 3], and
measurement of dynamically deforming objects, saglplayer facial expressions in the gaming
industry, and the lungs or heart in medical diagn¢$, 9, 10], all require fast measurement
technigues. Optical techniques have advanced greatichieve rapid and accurate non-contact
3D surface-shape measurement [2, 4]. However, matibfacts [12, 13] are still a problem with
high-speed surface-motion especially with incregsiamand for higher measurement resolution

and accuracy.

Structured-light techniques are among the most ocomntypes of optical 3D
measurement technology [14]. Fringe projection ifpofetry (FPP) [15-17] and moiré
profilometry (MP) [18-20] are among the common stawed-light techniques. The following
sections briefly review FPP and MP techniques towaefining the research problem and

objectives.

1.1.1 Fringe projection techniques

In fringe projection techniques, a fringe pattespiojected onto an object surface, and a camera
positioned at an angle to the projector capturesnage of the fringe patterns that appear
distorted on the object surface (Fig. 1.1) [16]phase-shifting fringe projection techniques [21-
23], multiple phase-shifted patterns are sequéytmbjected onto the object. The object height
is modulated in the phase information [24], whi@n de extracted by analyzing the captured
images of at least three phase-shifted patterrie@object surface (explained further in Section
1.2).
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Figure 1.1. Optical system configuration in fring®jection technique. (Adapted from [16]).
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1.1.2 Moiré profilometry techniques

A moiré effect can be generated by placing twoqabci patterns over each other (Fig. 1.2a).
Moiré profilometry generates equal-depth moiré oarg to determine object height distribution
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(Fig. 1.2b) [25].

(b)
Figure 1.2. (a) Moiré pattern generated with twoedir gratings (b) Moiré contour on a
hemisphere.

Moiré-based surface measurement is performed biydiojecting light through a grating
onto an object surface. In shadow moiré [26,27]naage of the deformed light pattern on the
surface, is captured by viewing through the sarmaérgy at an angle to the projection (Fig. 1.3a),
while in projection moiré [28,29], the image of tdeformed pattern is captured by viewing
through a second grating at an angle to the pioje¢Fig. 1.3b). Shadow and projection moiré
both require complicated optical setup, such asiphl gratings and optical lens. Digital moiré
[18], detailed in Chapter 2, is another type of mddpography that is easy to implement without
complicated optical equipment. Flexibility in adjng the virtual grid pitch, the ability to
generate arbitrary phase shifts, and the abilitpedorm phase-shifting as a post-process to
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image capture, make the digital moiré techniqueemtcdlly more useful than conventional
moiré. In comparison to fringe projection, in mopéofilometry, the useful moiré patterns,
which contain object shape information, are alwegstaminated with a high-frequency grid-
pattern (Fig. 1.2). This grid pattern is considessdnoise and must be removed in order to

perform further analysis on the moiré patternsxtoaet object shape information [30].
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Figure 1.3. Optical setup in (a) shadow moiré, @mgrojection moiré techniques.

1.2 Phase measurement techniques

In phase measurement techniques, the surface ggomé&rmation is modulated in phase
information, which is thus important in 3D surfaEonstruction. Among different types of
phase calculation methods, Fourier Transform [2], Bhase-Shifting Profilometry [22], and
Wavelet Transform analysis [33, 34] are the mostroon. The required measurement accuracy
and resolution, and the number of projected anduceg frames are the main factors in the
selection of the proper phase-retrieval method.rifo@nd wavelet transform methods require
one captured frame of a deformed pattern for plsection; however, phase shift analysis

requires at least three phase-shifted patterns.

Fourier transform techniques process the whole év@&g fringe pattern globally using
neighboring pixels which influence each other; hesve the requirement of neighboring-pixel
information prevents extraction of accurate phassugace discontinuities and edges. Wavelet
transform techniques use variable window sizesréagss the fringe patterns locally, however
with complex computation. Furthermore, wavelet &odrier transform methods are sensitive to

variation of the background intensity and surfaeféectivity.



Phase-shifting techniques (used in this reseasoh)the most widely used to extract
phase information because of their ability to cotephigh resolution and accurate phase maps.
However surface-shape measurement based on thekseqiees requires projection of at least
three phase-shifted patterns. This requirementtdimeliability of phase-shift analysis in 3D-
shape measurement of dynamics objects (movingforrdang). The intensity distribution of the

phase-shifted patterns is described by:

Ii(x' )’) = a(x;Y) + b(x' )’)COS(CD(X' )’) + 51) ' (11)

where a(x,y) andb(x,y) are intensity background and modulation, respelsti{x, y) are the
image coordinatesp(x,y) is the phase map that contains object height nm&tion, and
6; = 2mi/N are the phase-shifts between captured imagesaltalate the phase manx, y),

at least three image&'£3) of phase-shifted patterns are required:

Y1 L;(x, y)sing;
N Ii(x,y)cosé;

O (x,y) = —tan—1< >,i =12,..,N. (1.2)

Because of the arctan function in Eq.1.2, the cdetbphaseb(x,y) is wrapped in the
range[—m, ], and a phase unwrapping technique [35] is requoehlculate a continuous phase
map ¢(x,y) (Fig. 1.4). Phase unwrapping is the process thakects the 2 ambiguities of
wrapped phase using the fringe oragly, y):

p(x,y) = ©(x,y) + 2rm(x,y). (1.3)
won TN
—)
o(x,y)
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Figure 1.4. Phase unwrapping: a) 1D, and b) 2D.

1.3 Spatial phase unwrapping versus temporal phasewrapping

Two general approaches to perform phase unwrappireg spatial and temporal phase
unwrapping techniques. In spatial phase unwrapp8@ 37], the phase of each pixel is

unwrapped based on the phase value of adjacens pigig only a single phase map; however,
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errors occur at surfaces with geometric disconti@siior of multiple spatially isolated objects. In
temporal phase unwrapping [38, 39], the phase el @&xel is unwrapped in the temporal

domain independently of adjacent pixels, thus prgrg error propagation from a noisy phase
value at a pixel to adjacent pixels. Therefore, snemment of an object with continuous
geometry requires computation of only one phase amajpperforming spatial phase unwrapping,
while measurement of an object with surface disoortes or spatially isolated objects,

commonly requires computation of two or more phassps by performing temporal phase
unwrapping techniques [39]. Other temporal phaserapping methods require only one phase
map (detailed in Chapter 2), but all temporal phaserapping methods require projection of
multiple patterns. Minimization of the number ofomcted and captured frames (while
maintaining the level of measurement resolution anduracy) during the image acquisition

stage, is always desirable for measurement of dimaljects.

1.4 System calibration

To determine the parameters that relate the phas@dtion to the 3D coordinates of points of
an object surface, system calibration is requirgstem calibration techniques can be
categorized into two general approaches: phaseight mapping, used in this research, and

fringe-projection stereo-vision.

1.4.1 Phase-to-height mapping

Phase-to-height mapping [40-42] relates phasalues, computed by phase analysis applied to
acquired 2D images of fringe patterns, to objectase height. The relationship of the phase of
projected patterns and object height depends onofftecal system-geometry parameters

(projector-camera relative angle and distance,eptoj-camera distance to the reference plane,
and projected fringe frequency) (Fig. 1.5). Forra@jgxctor atP and camera &, at a distancél

to the reference plane, with projector-camera desta and pattern pitch (period widtip) the

object heighh at pointD from the reference plane is given by:

H
h =—— (1.4)
1+—
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whereg, andg. are the phase values at poiAtandC respectively, and@= ¢, -¢. . Since in
practice, determination of system parameters ificdif, system calibration approaches are

commonly used without explicit computation of eagistem parameter.
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Figure 1.5. System parameters in fringe projection.

1.4.2 Combined stereo-vision with fringe projectiortechnique

The combination of stereo-vision with fringe prdjen [43-45] allows the 3D real-world
coordinates of the object surface to be computednf2D image coordinates based on
established techniques for stereo cameras. A adibor board with known calibration point
locations (e.g. vertices of squares on a checkedbaa white circles on a black background)
with several arbitrary poses (positions and origona) is used for the determination of intrinsic
(camera optics) and extrinsic (system geometryarpaters as for stereo cameras [44]. Fringe
projection is used to aid determination of corregfamce between camera images. Vertical and
horizontal fringe patterns are projected, and thtersection of phase values along constant
horizontal phase lines, and constant vertical phiags are used as matching features. For a
single-camera projector system [45], the projedsotreated as an inverse camera, a virtual
projector image is generated, and the calibratiarameters for the projector and camera are

performed as for a two-camera stereovision system.



1.5 Multi-frame versus single-frame methods

In 3D shape measurement, phase information carxtraceed from a single captured image
(single-frame or “single-shot”) [46] or multiple m@ired images (multiple-frame) [23, 47]. Using
more frames (images) makes it possible to use pétafieanalysis to extract accurate phase
values and perform temporal phase unwrapping tallbaobject discontinuities; however, the
use of multiple frames is not desirable for measiam of dynamics objects, since motion of the
object between acquired frames may cause phaseutation error. Therefore, minimization of
the number of projected and captured frames (whdetaining the measurement resolution and
accuracy) during the image acquisition stage ishligdesirable for 3D measurement of
dynamics objects. Even if fast projection techngjoeuld be available (together with fast image
capture), single-frame acquisition will always eleabaster image acquisition than multiple-
frames and minimizing the number of projected pagevill always contribute to faster image

acquisition. This is explained further in the contef the rationale in the following section.

1.6 Rationale

Phase-shifting techniques have the advantage opwutmg an accurate phase map to achieve
high spatial-resolution and accurate measuremeoweMer, as mentioned, these techniques
require projection and capture of multiple phaséesdh images, which can cause errors when
applied to dynamically deforming or moving objedtast multi-frame methods [5-8, 47-51] and
single-frame techniques [46], which imbed multigdhase-shifted patterns into a single
composite pattern, are two approaches that pernaisgshift analysis to be applied to fringe-
projection techniques for accurate 3D surface-smapasurement of dynamic surfaces. Because
fast image acquisition is one of the most imporiasties in dynamic object measurement, it is
thus desirable to devise methods of 3D surfaceesimagasurement that require few projected

patterns, while still maintainingn accurate measurement.

1.6.1 Approaches and limitations of fast multi-frane techniques

In fast multi-frame techniques [5-8, 47-51], toatdhte each phase map, at least three phase-
shifted patterns are projected sequentially ongoothject at high speed, and a high speed camera
captures images of the distorted patterns. Evenl sshgect motion between captured frames

causes an unknown phase-shift and artifacts irpti@se, which can be seen as ripples on the

reconstructed surface [12, 13]. The speed of swiichpatterns in commercial digital light
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processing (DLP) projectors is constrained by tve fefresh rates (120 Hz for non-LED, 60 Hz
for LED-based DLP projectors). To achieve a highae of switching phase-shifted frames,
hardware modification of the DLP projector is reqdi [48, 49]. Furthermore, due to the small
exposure time of the camera with fast projectiohjgh luminance projector is required, and if
used, the bright light would prohibit some applicas, for example, scanning human faces.
High-speed multi-frame techniques also require dmated camera-projector synchronization.
Recent research in LED-based projection system#t@®ved on the DLP projection rate [50].

However, the high luminance required for multiplashe projection remains a problem. For all
of the multi-frame approaches, the high speed ptioje is also more costly. Even if these

disadvantages are acceptable (higher cost, corhplielware), and even if the rate of acquisition
achievable with current systems is fast enoughvtodaerrors, the demand for measuring even
faster moving and faster deforming surfaces thasdlpossible today with current systems, will
continue to increase, and the minimization of thenber of captured frames required will

always contribute to reduce further the effectlgeot motion on measurement accuracy.

1.6.2 Approaches and limitations of single-frame coposite-pattern techniques

Capture of a single-frame instead of multiple franveould be advantageous for measuring
moving or deforming objects. Since accurate measen¢ generally requires multiple phase-
shifted images, imbedding multiple patterns intgirgle projected composite pattern is one
approach to achieve accurate single-frame 3D sewshape measurement [46]. The main
limitations of existing single-frame methods basedcomposite patterns are poor resolution,
small range of gray-level intensity due to collentiof multiple patterns in one image, and
degradation of the extracted patterns because dulaton and demodulation processes on the

captured composite pattern image.

1.6.3 Approaches and limitations of digital moiré échniques

Another approach to take advantage of multiplegpatand single-frame techniques together is
to use digital moiré. A single pattern is projectauto the object, a single frame (image) is
captured, and then multiple separate phase-shifteé images can be generated as a post
process (detailed in Chapter 3). The method elitagéhe problem of the small range of gray-
level intensity in composite-pattern techniquese Plost-processing allows digital generation of

multiple phase-shifted images separately from th&ge capture, thus permitting different types
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of phase-shift analysis. Furthermore, it removesrtitodulation and demodulation processes in
composite-pattern techniques which cause degradafidhe patterns. An accurate phase map
can be computed by projecting a single pattern @quturing a single frame. However, in
previous attempts to apply digital phase-shiftingind to 3D surface shape measurement [52-
54], there have been significant limitations (déseat in the following sections) that require

further investigation.

1.6.3.1 System calibration

One problem in the digital moiré methods of [52-3v¥gs the use of direct measurement of
system-geometry parameters to calculate the hanjbtmation from the phase distribution.
Because the explicit accurate measurement of thasameters is difficult, an accurate system
calibration is required to relate calculated phaskeight and this has remained a challenge for
3D shape measurement by digital phase-shiftingéndir optical moiré (shadow and projection)
profilometry, the moiré wavelengthcan implicitly represent system geometry pararsgte],
and can therefore be used in system calibratiae.dbmmon to assume thais constant over a
small range of depth. However, using a single @nrtstvavelength in system calibration (phase-
to-height mapping) limits the range of depth focmate measurement.

1.6.3.2 High-frequency grid-pattern removal

In moiré profilometry techniques, both optical astidital moire, the useful moiré patterns are
always contaminated with a high-frequency gridgratt(Fig. 1.2), which must be removed
before performing further analysis on the moirderat to extract surface height information. In
the single-frame digital moiré in [52], a low-pd8ter was used to suppress the high-frequency
noise originating from the grid pattern, and thisefing results in restrictions on the projected
grid frequency. The grid frequency had to be highan the moiré frequency to clearly separate
the frequencies. Furthermore, there was difficutty selecting the cut-off frequency to
completely remove the high-frequency grid withoistaktion of the moiré pattern. In addition to
losing the spatial resolution, the use of the las9filter thus limits the measurement range and
generation of a clear moiré pattern. The developraerew single-frame grid removal technique
for application in single-frame digital moiré 3Dagie measurement that addresses the needs to
remove high frequency grid lines, without introchgiartifacts, while preserving the moiré

pattern without blurring and degradation, is regdir
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1.6.3.3 Temporal phase unwrapping

As stated earlier, to extract the phase map, pslaifiag analysis is the most common and
accurate technique, because of the high spatialutesn and low sensitivity to variation of
background intensity and surface reflectivity pbksi However, the computed phase map is
wrapped between-m andm, and consequently a phase unwrapping algorithmegsiired to
remove the phase ambiguity. While spatial phaseraipping is suitable for continuous surfaces,
to handle object height discontinuities, a tempqgvhbhse unwrapping method is required.
However, temporal phase unwrapping requires priojecf more patterns than for spatial phase

unwrapping.

In non-moiré methods, the minimum number of frantesapply temporal phase
unwrapping in FPP techniques with phase-coding [§6ive [57]. However in this method, a
further algorithm was required to compensate thgaich of random noise on measurement due to
dithering of defocused binary patterns. Heterodigmporal phase unwrapping [58] combined
with phase-shift analysis permits measurement sfaitinuous surfaces. To apply the common
heterodyne temporal phase unwrapping using threesepimaps, FPP methods require the
projection and capture of at least nine imagesélpatterns at three frequencies), which would

tend to cause phase error in measuring dynamicisbjeither moving or deforming.

Temporal phase unwrapping has been applied tdatigioiré methods using fewer
projected and captured patterns (two frames) [B@lever, the calculated continuous phase map
had a low signal-to-noise ratio. Two-frequency hsiifting projection-moiré [59, 60], was
also developed for measurement of discontinuouiases. However, in addition to the capture
of four phase-shifted moiré patterns at each frequé€using mechanical translation of grating),
the absolute fringe order was only estimated usyngting pitches applied at different
frequencies, which causes error in the phase umparggrocess. It would be desirable to devise
a method of temporal phase unwrapping that redimegaumber of required projected patterns,
while still maintaining a high spatial resolutiomdaaccurate measurement of discontinuous

surfaces.
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1.7 Objectives

For certain applications of moving or deforming esftg, real-time 3D measurement may not
necessary. The speed of the image acquisition §Piyémage acquisition of projected patterns
on the object surface) would thus be the most itapbin 3D-shape measurement of moving or
deforming objects, and the phase extraction andgetaheight mapping could be done as a
post-process. Capturing the fewest frames durirggithage acquisition stage of 3D object
surface shape measurement will thus always be tapoior high-speed applications. The main
goal of this research is to develop new methods wit-the-shelf system components (single
camera and single projector), for full-field 3D-pkameasurement of objects using the fewest
required projected patterns, while achieving that bgossible measurement resolution and
accuracy. High speed in all stages of measuremantsding 2D-image acquisition, phase
retrieval, and 3D-coordinate computation is impartea 3D real-time profilometry. However,
the focus of this research is to develop methodsrétduce the number of captured frames in the
2D-image acquisition stage, while maintaining highbality measurement. Even if well
synchronized fast pattern projection and imageuwaphardware and software were available,
minimizing the number of captured frames during thmage acquisition stage will always

contribute to faster image acquisition. The dethdbjectives of this research are as follows:

1. Develop digital moiré for single-frame 3D-shapeasurement of objects without surface

discontinuity:

1.1 Develop a new calibration technique initdlgmoiré to compute height from phase

without requiring direct measurement of the sysgometry.

1.2 Investigate pixel-wise phase-to-height piag system-calibration based on moiré-
wavelength refinement to enable object measuremeert extended depth without decreasing

measurement accuracy.

2. Develop new single-frame grid removal techniqt@sapplication in single-frame digital
moiré 3D shape measurement to addresses the needsnove high frequency grid lines,
without introducing artifacts, while preserving thmoiré pattern without blurring and

degradation.

3. Developed new temporal phase unwrapping tecksifor measurement of spatially isolated

and discontinuous surfaces:
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3.1 Develop a new temporal phase unwrapping tedenigsing multi-wavelength digital
phase-shifting moiré to address the limitationstt@f high number of projected and captured
images of temporal phase unwrapping in FPP, andbthesignal-to-noise ratio of the extended

phase map of temporal phase unwrapping in digitatén
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1.8 Thesis outline

The remainder of the thesis is organized as folldgpter 2 reviews existing fast-2D-image-
acquisition 3D optical metrology, temporal phaseviapping, and digital moiré. Chapter 3
details a new single-frame digital phase-shiftiiy shape measurement method that uses a new
system calibration technique by pixel-wise moirésalangth and height (depth) refinement, and
includes experiments to demonstrate improvemenmeasurement accuracy compared to
measurement using a single global wavelength acafispixels. Chapter 4 presents a new
improved grid removal method for single-frame digitmoiré 3D shape measurement, and
includes experiments performed on moiré-patterngesacontaining grid lines, generated by
digital moiré, for several test objects, for comgan of the new method to previous grid
removal techniques. Chapter 5 presents new metbbtdso-image and three-image temporal
phase unwrapping using multi-wavelength digital qgiahifting moiré with experiments to
demonstrate improved phase measurement with tw@aBpasolated objects including an object

with surface discontinuities. Chapter 6 discussedributions of this research and future work.
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Chapter 2

Background and Literature Review

This chapter reviews existing fast-2D-image-acdqoisi 3D optical metrology, temporal phase
unwrapping, and digital moiré. For 3D shape measarg of dynamic objects (with either

moving or deforming surfaces), using fewer projdctenge patterns contributes to faster
acquisition of the required 2D images (frames) led patterns, and thus to capturing higher
object dynamics while avoiding motion artifactsojéction of a single fringe pattern with certain
measurement methods could be sufficient for certanditions (objects with continuous

geometry) and levels of accuracy. However, for esteumeasurement of objects with complex
geometry (surface discontinuities), other techrsqaee required. Fast multi-pattern projection
techniques, and methods that aim to minimize threbar of projected patterns are two general

optical approaches for fast 2D image acquisitioBDnshape measurement of dynamic objects.
2.1. Fast-2D-image-acquisition 3D optical metrology

2.1.1Fast multi-pattern projection (hardware modification or new projector design)

In fast projection techniques [5-8, 47-51], mukipatterns are projected sequentially onto an
object with synchronized image capture. While hggieed projection is used to minimize the
effect of object motion during measurement, evealksobject motion between captured frames
may cause an additional unknown phase-shift andomairtifacts in the measurement, which
can be seen as ripples on the reconstructed syfdfacd3]. The speed of switching patterns in
commercial digital light processing (DLP) projectas constrained by the low refresh rates. To
achieve a higher rate of switching frames, thes¢éhous require costly projector hardware
modification [48, 49] or new designs of projectisystems [50, 51] to increase the projection
rate beyond the capabilities of off-the-shelf pctpes. For example, modification to a DLP
projector (by removing the color wheel and usingiaro-controller to trigger the digital micro-
mirror device (DMD) and projector-camera synchratian [48, 61]), configuration of a new
projector to generate patterns using an array dbd Rith minimal switching time [50], and
using fiber interference for fast generation ohde patterns [51], have been used for fast
multiple-pattern projection. Furthermore, due t@ tbmall camera exposure time with fast

projection, a high luminance projector is requiretijch could prohibit some applications. Even
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if these disadvantages were acceptable (higher costplex hardware), and even if the rate of
acquisition achievable with current systems west énough to avoid errors, the demand for
measuring even faster moving and faster deformumfpses than those possible today with
current systems, will continue to increase, and rthieimization of the number of captured
frames required will always contribute to reducetHar the effect of object motion on

measurement accuracy.

2.1.2 Minimization of number of projected patterns
2.1.2.1Single-pattern projection with single-frame (image)capture
There are several techniques which use only aesipgljected pattern and captured image in the
2D image acquisition stage to perform 3D surfacpshmeasurement. Both gray-scale and
colour pattern methods have been used.

Among gray scale pattern methods, Fourier-basel] {6gularized phase-tracking [63,
64], and local model-fitting [65, 66] have beendis® compute a phase map from a single fringe
pattern. Since these methods compute only one phapethese methods are only useful for 3D
shape measurement of continuous surfaces (withootplex geometry or discontinuity).
Moreover, the phase accuracy obtained from thesbaue [62-66] is low due to sensitivity to
variation of the background intensity and surfaeféectivity.

In colour pattern techniques, a single projectedgenis composed of a single sinusoidal
intensity fringe pattern and colour-coded stripeig.(2.1) [67]. A phase map is extracted from
the single fringe pattern and absolute fringe oidetetermined from the colour-coded stripes.
This prevents unwrapped-phase error propagatiorerumdnditions of noise and surface
discontinuities. However, due to overlap of thende pattern and colour-coded stripes, the
calculated phase and the edge identification giedrare not accurate. Moreover, using a colour
pattern is not desirable for measuring coloure@abj Another method uses binary stripes with
colour grids [68] to facilitate identification ofifige order and distinguishing of the binary
stripes. The method can better handle 3D measuteafetoloured objects compared to the
previous method; however, the use of colour gridh Winary stripes lowers the intensities,
which makes it difficult to distinguish edges oéthinary stripes.

Digital moiré [25] is another method that permitsgte-pattern projection with single-frame

capture. This is discussed in detail in Section 2.3
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(a) (b) (©)
Figure 2.1. (a) Colour encoded stripes (b) cosmldittensity fringes (c) combination of (a) and
(b) [67].

2.1.2.2 Multiple-patterns in a single composite pé&trn

By embedding multiple phase-shifted patterns insingle gray-scale image utilization of phase-
shifting analysis can be achieved with one capt@iraahe. However, the small gray-level range
of fringe-patterns when accumulating multiple pateinto one image and the repeated use of
filters to separate phase-shifted patterns frontureg images lead to reduced measurement
accuracy. Also, the high frequency carrier detectfor reliable depth recovery is highly
dependent on the intensity and spatial resolutfdheprojector and camera.

One gray-scale technique used for single-frame 3&asurement imbeds multiple
patterns into a single projected composite paff@dn 70] by multiplying phase-shifted patterns
by a cosine wave with different carrier frequenceasl computing the sum (Fig. 2.2a). To
demodulate the captured image, band-pass filtgygarae each channel (Fig. 2.2b). However,
due to perspective distortion, the cosine carrlease an unknown phase shift, and several
operations are required to retrieve the final phraap (Fig. 2.2b).

composite pattern _| BP |_| (.)2 |_| Lp H{z(.)}ﬂ_
A :'E-‘ )
E LB O P o
-
v g Capured | | Retrieve
ke Image Phase
orthogonal
dimension
carrier patterns Phase shifted BP (_)2 1
patterns —| |—| |—| LP |—|{2(.)},|—
(a) (b)

Figure 02.2. (a) Procedure of generating composite patt@grh Demodulation procedure in
composite pattern projection technique (BP: barskfigter; LP: low-pass filter) [69].
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To handle surface discontinuities by single-franmejgztion and capture, the spatial
frequency-multiplex Fourier transform was used xtraxt multiple phase maps with various
phase sensitivities to object height [71]. A patte@omposed of multiple sinusoids with
different, two-component spatial carrier frequendf® ., f, x) were projected (Fig. 2.3), and the
Fourier transform extracted individual phase maygsch were unwrapped by [72]. The carrier

frequencies control the fringe sensitivity and sapan of multiplexed signals in the frequency
domain.

ObJect

YA Y,

Reference Plane

Figure02.3. Frequency multiplex composite pattern [71].

A micro-polarizer-array camera approach [73, Wdés polarizing grids to acquire four
phase-shifted images simultaneously and permitesiingme acquisition of multi-phase-shifted
patterns (Fig. 2.4); however, it requires complgxical hardware for projection of polarized
light. Furthermore, to avoid compromised spatiadohetion, sequential measurements are
required, making the technique multi-frame.

unit cell
(super pixel
ey ,}/’_\ a=d5, $=90
|~ a=0, $=0
polarizer array
matched to
detector pixels — =135, $=270
a=90, $=180

Figure 2.4. Diagram of pixelated micro-polarizechgu{74].
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Another approach to achieve single-frame multtgzat measurement uses red, green,
and blue channels to modulate three phase-shiféterps within a single colour composite
pattern (Fig. 2.5a) [75]. In [76], the colour chatmare used as a carrier to code three fringe
patterns with different frequencies (Fig. 2.5b)eThinge frequencies are chosen based on the
optimum, three-frequency method with N—1, andN—+/N fringes across the pattern. The
colour composite fringe pattern is projected ortte bbject and the wrapped phase map is
calculated for each colour channel based on theiéfomansform method. This three-frequency
method resolves the fringe order ambiguity with ltleat frequency of the first and second fringe
as the third frequency, whose pattern covers thdidid of view. In [77] (Fig. 2.5¢) encoding
of sine and cosine fringe patterns in red and gobamnels is used to extract the wrapped phase,
and a stepped intensity pattern encoded in the dhaenel is used to unwrap the phase map
extracted from two fringe patterns. However, in @lour composite pattern methods, colour
channel crosstalk and colour imbalance (mismatchcadur spectra between camera and
projector) result in errors in the extracted phd3$8]. Therefore, for highly accurate

measurement, using a gray-scale pattern or evemybpattern is typically preferable.

(@) (b) ()

Figure 2.5. Composite colour fringe patterns: k@a@¢ sine fringe patterns withr 23 phase shift,
(b) three sine fringe patterns with optimum fringgmber (42,48,49), and (c) sine and cosine
fringe patterns encoded into green and red chareredsstepped intensity pattern into blue
channel [75-77].

2.1.2.3Coded-patterns

In sequential binary-coding pattern projection teghes [14, 79-81], black and white stripes
provide a unique binary code to each surface pufiin object (Fig. 2.6). These techniques are
very reliable, however projection of a large numbérbinary-coded patterns is required to

achieve a high spatial resolution, which is notahle for 3D measurement of dynamics objects.
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Figure 2.6. Sequential binary-coding pattern propas [14].

Gray-coded patterns decrease the number of prdjgeterns significantly [82-84]. In
these techniques, usimgjnumber of projected patterns with distinct gray levels of intensity

providesM” unique codes.

T

Figure 2.7. Gray-Coded patteis=M=3 [14].
2.1.2.4Single marker or stripe encoding on phase-shifted PP

Encoding a single marker or single stripe [85, 86]three phase-shifted fringe patterns have
been used to calculate absolute phase values wsgatgial phase unwrapping techniques.
However, spatial phase unwrapping methods willtiaimeasure objects with surface geometry

discontinuities, and are thus not discussed further
2.1.2.5Dual-frequency pattern projection

To determine fringe order in phase-shifted fringejgction techniques, a dual frequency pattern
projection technique [1] has been developed usimgdnd high frequency patterns embedded
into a single dual-frequency pattern. The hightietcy phase is unwrapped using the low-
frequency phase. In [1], the minimum number of graté projected onto the object was five to
apply five-step phase-shift analysis. However, dimap two frequency phases into a single
pattern decreases the extracted phase accurduyg iméthod, compared to the phase accuracy of

single frequency phase encoding methods.
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2.1.2.6Combined coded-patterns and fringe projection

Projection of only a few coded-patterns alone le@mdkw spatial resolution in measurement,
while increasing the number of projected codedepast to achieve high spatial resolution in
measurement is not suitable for measurement ofrdyrsaobjects. To decrease the number of
projected coded patterns and to maintain high apatisolution in measurement, combined
projection of coded patterns with separate phagtedHringe patterns was developed. In these
techniques, the projection of phase-shifted fripgéerns provides a high-resolution wrapped
phase map, and coded-patterns help the phase yrnggmocess to determine the fringe order.
Gray-coding, spatial-coding, and phase-coding athlzined with phase-shifting methods are

common pattern-coding methods.

2.1.2.6.1Gray-coding combined with phase-shifting fringe prgection

Gray-coding combined with phase-shifting FPP [88] i8 based on the projection of eleven
patterns. The first seven patterns are formed gheh their projection corresponds to the
formation of a gray code of seven bits. To geneii@ie phase-shifted fringe patterns, the pattern
of the gray-code sequence is generated and theialgpahifted by a fractiorp/4 of its spatial
period p and finally digitally smoothed to get a sinusoigabfile. The gray-coding phase
unwrapping methods are not suitable for dynamicedbjmeasurement, since they require
projection of many binary patterns to determinede orders.

2.1.2.6.2Spatial-coding combined with phase-shifting fringegprojection

In comparison to gray-code phase unwrapping, thadeof spatial-coding temporal phase [89]

unwrapping requires projection of fewer patternsocen object; however the method requires
the knowledge of adjacent pixel information, whitlakes them unsuccessful for surfaces that
are not locally continuous.

2.1.2.6.3 Phase-coding combined with phase-shiftifignge projection

In phase-coding phase unwrapping techniques [56980the code word required to determine

the fringe orders are embedded into the phaseamsigintensity. Therefore, they are robust to
the variation in surface contrast and ambient Jigid camera noise. The number of projected
patterns in the phase-coding technique proposg80his six: three phase-encoded patterns in
addition to three phase-shifted fringe patterns.[9h], one phase-shifted fringe pattern is

combined with one phase-coded pattern in a singleuc image. A total of three colour images

thus need to be projected. However, projectiooabbur patterns leads to less accurate phase
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maps due to colour channel crosstalk and colougalanize in separation of fringe pattern and
coded pattern. In another method [57], five pra@gdgbatterns are required; three binary dithered
patterns are projected separately to calculatevthpped phase map, and the average intensity of
the dithered pattern combined with two addition@ge-coded patterns are used to determine the
fringe order and perform phase unwrapping. Howeaefurther algorithm is required to

compensate random noise impact on the measurement dithering and defocusing [57].

2.2Temporal phase unwrapping

To handle object discontinuities, temporal phaserapping and thus projection of multiple

patterns is required. On the other hand, minimizimg number of projected patterns is always
preferable in measuring dynamics objects. Diffetentporal phase-unwrapping algorithms [92]
have been developed, including coded-pattern piojeand temporal phase unwrapping using

additional phase maps with different fringe periods

2.2.1 Temporal phase unwrapping using coded-patterprojection

As described in Section 2.1.2.6, the projectiopludse-shifted fringe patterns, which provide a
high-resolution wrapped phase map, has been cochhini pattern coding, such as gray-,

spatial-, and phase-coding, which aid to deterntivee fringe order. The limitations of these

methods have been described in Sections 2.1.2&@112.6.3.

2.2.2 Temporal phase unwrapping using additional plise maps
Temporal phase unwrapping using additional phagesif88-95] are more accurate than coded-
pattern projection temporal phase unwrapping. Mageothe computational simplicity of these
methods makes it possible to use them for dyname@sorement. Multi-frequency (hierarchical)
[96-98], multi-wavelength (heterodyne) [58, 99-1,0dhd number-theoretical approaches [102-
104] are different categories of temporal phaserapping techniques using additional phase
maps. In comparison to other techniques, heterotimgoral phase unwrapping methods have
highest flexibility in selecting the fringe frequsn(wavelength), and less sensitivity to spike-
like error in fringe-order number [92].

Heterodyne temporal phase unwrapping, used inréssarch, employs multiple phase
maps with different fringe frequencies to creatmeav synthetic phase map with extended
unambiguous phase range. In heterodyne phase ymwgapwo shorter wavelengths were first

used to synthesize a longer beat wavelength [T0Sjever, the synthetic phase was noisy in
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comparison to single wavelength analysis. To improtwo-wavelength analysis, the
unambiguous and continuous phase value of the \waatlength can be used as a reference
phase to unwrap the phase of the smaller wavelendi®5, 106], and three and multiple-
wavelength temporal phase unwrapping can furtheeneikthe beat wavelength to increase the
measureable height with less noise [107, 108]. P Fprojection of lower frequency fringe
patterns yields fewer phase jumps (Fig. 1.4) andredses the number of projected fringe
patterns with different fringe frequencies requited the period corresponding to the beat
frequency to cover the whole field of view, thusyding a continuous extended phase map
without ambiguity. However, this method result@inoisy phase map [109]. Projection of fringe
patterns with higher frequencies leads to highedityu(less noisy) phase maps; however, more
phase jumps occur. To obtain an accurate full cootis extended phase map, a higher number
of projected fringe patterns with different frequess are required [94]. In FPP, calculation of
the phase map for each fringe frequency requirescpture of at least three phase-shifted
images. Therefore, to apply heterodyne temporase@heawrapping using three different phase
maps, FPP methods require the projection and eaptfunine images, which may cause phase
error in measuring dynamic objects, either movingl@&forming. It is thus desirable to devise a
method of temporal phase unwrapping that reducesitimber of required pattern projections,

while still maintaining an accurate full continugoisase map.

2.3 Digital Moire

To benefit from the advantages of multi-patternjgrtion of phase-shifted fringes and single-
frame techniques, without combining phase-shiftattepns into one frame, a digital moiré
technique [18] can be used. In digital moiré [110piré patterns are generated by projecting a
computer-generated grid onto the object (Fig. Z28pturing a single frame from an angle (Fig.
2.9a), and in a post-process, superimposing a styatrid of the same frequency as in the
captured image (Fig. 2.9a) to obtain a moiré patt€ig. 2.9b), while phase-shifting is carried
out as a post-processmply by digitally shifting the synthetic grid ass the captured image
using digital image processing to obtain a phasiéeshmoiré pattern (Fig. 2.9¢). The digital
post-process phase-shifting generates separate-phided moiré patterns in separate images,
and thus eliminates the problems associated withipteuphase-shifted patterns combined in a
single composite pattern. As a result, a high gpétesolution and accuracy) phase map can be

computed by capturing a single image. This advantdgligital moiré provides an opportunity
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to decrease the number of patterns projected. Henveénw previous attempts to apply digital
phase-shifting moiré to perform 3D surface-shapeasuement [52-54], there have been
significant limitations.

| e 4
Figure 2.8. Optical setup of the digital moiré teicjue.

i

N

(b) (c)
Figure 2.9. (a) Captured image of line patternsaananikin head, (b) generated moiré pattern
based on digital moiré, and (c) phase-shifted muatéern.

2.3.1 System calibration in digital moiré

In the digital moiré technique in [52], the comgiga of surface height from phase was
performed using direct measurement of system pdeasjevithout system calibration of phase-
to-height mapping. Accurate system calibration s@ge remained a challenge for 3D shape
measurement by digital phase-shifting moiré. Inicght moiré (shadow and projection)
profilometry, the moiré wavelengthcan implicitly represent system geometry paramsets],

and can be therefore used in system calibrationveiter, moiré wavelength was only used for
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measurement of objects with small range of deplichsas optical lenses. Therefore, a new
method of system calibration is required to avoiek theed for optical-setup parameter

measurement, as well as handle a greater rangdilofation depth.

2.3.2 Grid removal in digital moiré

For optical and digital moiré techniques, the sppsition of the grid lines with the deformed
light pattern generates an image containing usefilé contours with encoded surface-height
information, as well as unwanted high-frequencyd dmes. In order to calculate the object
surface height from the moiré contours, the geedrahages must be free of grid lines. Several
grid removal methods, including time averaging [[1 Multiple-image discrete averaging [112],
and single-image filtering [52, 113], have beendusemoiré profilometry but all methods have
limitations. In-plane translation of the gratingshadow moiré [111, 114] and synchronized in-
plane translation of the projection and viewingtigigs in projection moiré [29, 115] can
eliminate the grid lines by continuous time-avenggimage capture of the grid (during a single
camera time-exposure). In-plane grating translatioshadow moiré and synchronized in-plane
translation of the gratings in projection moiré rwltiple equidistant positions and discrete
averaging of the images captured at these staditrgrpositions can also eliminate the grid lines
[112, 116]. Alternatively, discrete grid averagican be achieved without mechanically moving
any optical components using two separate ligudtaf light modulating grids [117]. However,
the main limitations of these averaging processagid removal are the requirement of precise
grid translation for discrete and continuous methaahd the need to capture more than one
frame for discrete averaging. Multiple-frame captuis a disadvantage for 3D shape
measurement of dynamic object surfaces, either mgootr deforming, because of the higher risk
of motion artifacts compared to single-frame measent. Digital moiré permits measurement
using only a single frame (image capture) of thggmted grid on the object with a continuous
surface using only one phase map. However, digitaté sacrifices the advantages of shadow
and projection moiré of acquiring grid-free moir@ntours (by the in-plane grating translation
and simple intensity averaging described above)si#gle-frame grid removal technique is
therefore required in order to permit single-framaré-based measurement.

Low-pass filtering (LPF) has been used for singéevfe grid removal in digital moiré
[52]. However, LPF causes blurring and smearinghef fine details of moiré contours and

furthermore, requires clear separation betweemnhiee contour and grid frequencies in order to
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set a suitable cut-off frequency. Grid removal iigitdl moiré was also achieved without LPF by
sequentially projecting and capturing images oftipld shifted grids, and performing discrete
image averaging [53]. However, the multiple-imagetare rendered the method a multiple-
frame technique.

The Stationary Wavelet Transform (SWT) has beed @mesingle-frame grid removal in
simulated shadow moiré [113] and performs well @moving grid lines and preserving fine
details without introducing artifacts to the deseml image in comparison to LPF. However,
SWT only works well in removing straight lines, aisclinable to completely remove curved grid
lines, which occur in regions of large changesaptt. Increasing the decomposition level could
improve grid removal, but at the cost of excessueearing of moiré contours. Therefore, a
reliable single-frame grid removal technique is uieed to completely remove the high
frequency grid (both straight and curved lines)haitt introducing artifacts, and preserve the

moiré pattern without blurring and degradation.

2.3.3Temporal phase unwrapping in digital moiré

In moiré fringe profilometry, methods have beenealeped to minimize the number of projected
patterns for temporal phase unwrapping. Within @laatation of two gratings in opposing
directions generates open moiré patterns with mdiffepitches [118]; however, the application of
Fourier transform to extract the phase map limitsueacy, and the requirement of physical and
precise mechanical rotation of gratings limits &aslons, especially for dynamic object
measurement. In colour grating projection moirédJ14a colour projection grating is used with a
black and white viewing grating. Three moiré phasaps with different wavelengths can be
computed and used in temporal phase unwrappingewewvcolour channel crosstalk and colour
imbalance make colour stripe separation diffictltvo-frequency phase shifting projection
moiré topography [59, 60], was also developed teecwith the measurement of objects with
discontinuities and spatially isolated objects. ldger, in addition to the capture of four phase-
shifted moiré patterns at each frequency (usinghaxeical translation of grating), the absolute
fringe order was only approximated using gratinghms applied at different frequencies, which
causes error in the phase unwrapping process.

In digital moiré, a single grid image is projectadd captured and phase shifting is
performed digitally in a post process. These bénefiere utilized in [54] to achieve digital-

moiré temporal phase unwrapping with few images.oTfiinge patterns with different
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frequencies were projected separately onto an pbjetace to calculate two phase maps with
different wavelengths, and the extended phase napthen calculated by subtracting the two
phase maps. While this technique can handle sud&m®ntinuities, the calculated extended
phase map has a low signal-to-noise ratio (SNRgrdfore, a method of accurate temporal
phase unwrapping is required using few projectettepes while maintaining an accurate

continuous phase map.

2.4 Discussion

The speed of the image acquisition stage (2D insgpiisition of projected-patterns on the
object surface) is important in the 3D-shape measant of moving and deforming objects to
avoid motion artifacts. Digital moiré has the adegeous of minimizing the number of patterns
projected compared to FPP; however there have bigaificant limitations in current digital
moiré techniques. Lack of suitable methods for esystalibration over extended depth, high
frequency grid removal, and temporal phase unwrapphave been the main limitations of
digital moiré techniques.

Direct measurement of optical system parameterigital moiré, and small range of
depth measurement in optical moiré (shadow andeption methods) are two main limitations
in previous system calibration techniques in mairéfilometry. A new calibration method is
developed, as detailed in Chapter 3, to addresBntitation of previous system calibration and
to handle a greater range of calibration depth.

The requirement of precise mechanical grid traisiatand capture of multiple frames
are the main limitations of continuous and discreteeraging grid removal methods,
respectively. Blurring of moiré pattern, introdueti of artifacts, and inability to completely
remove curved grid lines are the main limitatiomprevious single-image filtering grid removal
techniques. The developed single-image filteringho@ detailed in Chapter 4, removes high
frequency grid lines, both straight and curved dinsvithout introducing artifacts, while
preserving the moiré pattern without blurring aeddation.

To perform temporal phase unwrapping in moiré, @laatation of two gratings in
opposing directions has been developed. Howevelficafion of Fourier transform to extract the
phase map and requirement of physical and precesamical rotation of gratings are the main
limitation of this technique. Colour channel cradistand colour imbalance are the main

limitations of temporal phase unwrapping using oolgrating projection moiré. Absolute fringe
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order approximation using grating pitches develojpetivo-frequency phase shifting projection
moiré makes that temporal phase unwrapping proeedureliable. Further limitations of
previous temporal phase unwrapping methods aréitfte number of projected and captured
images used in FPP, and the low signal-to-noise odthe extended phase map in digital moiré
approaches. An improved temporal phase unwrappi@g weveloped to address these
limitations, as detailed in Chapter 5.

The new digital moiré techniques developed in Cér@p8 to 5 minimize the number of
projected patterns, while maintaining accurate 3Dfage-shape measurement either with
continuous or discontinuous surface geometry.
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Chapter 3

Digital moiré system calibration
by pixel-wise moiré-wavelength refinement

In this chapter, a novel pixel-wise moiré-waveldngtfinement technique was developed for
system calibration in single-frame digital phasdtsiy 3D shape measurement. The method
requires projection of only a single binary gridtpen and capture of a single image frame.

3.1 Overview of 3D shape measurement and calibratio

The 3D shape measurement method includes the foldpsteps (Fig. 3.1), each of which is
explained in detail in Sections 3.2 to 3.6. A byngrid pattern is projected onto the object and a
single frame of the deformed grid is captured byea (Fig. 3.1a, Section 3.2). Phase-shifted
images (containing moiré pattern and grid) aretdlilyi generated (Fig. 3.1b, Section 3.2). Pure
moiré patterns are extracted from the generatedesay grid removal (Fig. 3.1c, Section 3.3).
Phase is extracted from moiré patterns by phaseaalysis (Fig. 3.1d, Section 3.4). System
calibration is performed to determine the phaskeight mapping (Fig. 3.1e, Section 3.5).
Height is computed from phase using pixel-wise deowmvelength refinement and the phase-to-
height mapping (Fig. 3.1f, Section 3.6).

As commonly done in optical metrology, the fullopess of measurement system
calibration is carried out only once before heighinputation from phase [24]. However, in this
thesis, one calibration parameter, the moiré-wangtte is refined based on an initial surface

height measurement as detailed in Section 3.6.

3.2 Generation of phase-shifted images from singfeame capture

The entire image acquisition process consists siraplprojecting a binary grid pattern (black
and white parallel-lines) onto the object surfageqd capturing a single frame (image) of the
deformed lines on the object surface by a camerg. &1a). Then in a post process, a
synthetically produced (computer generated) gridhef same pitch (period) as the captured
frame is overlaid on the captured image and digitsthifted to generate multiple phase-shifted
images [110]. In comparison to conventional shaf@sy and projection moiré [29], the ability
to perform phase-shifting as a digital post-processhe frame (image) capture rather than
optically, avoids complicated setup, and permigibility in adjusting the grid pitch, number of
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phase-shifted patterns, and amount of phase &hifthermore, the projection of a binary grid

pattern has the advantages of avoiding gamma rearlty [8].

a. Grid projection anand  b. Generation of phase -shiftedl c. Extracti on of moiré pattern s

single frame captuure moiré patterns by grid removal 3
B ® AX
ks
Camera % | ‘
> 7€ | — w - J' = >
-1 hale
--" hy l(_
- <— h, —>
Projector
d. Wrappedl  Unwrapped e. System calibration f. 3D point cloud from phase
phase phase to height computation

Figure 3.1. Procedure of 3D object-shape measurebased on single-frame moiré.

Since the phase shifting is performed digitallyjsitnot possible to perform subpixel
shifting of the superimposed synthetic grid. Thbse, constraint on the amount of phase shi#
that it should not require subpixel shifting. Thmadlest amount of phase shift that can be
performed digitally is one pixel. Using this onegi shift gives flexibility in the amount of
phase shift for the remaining images and in thebermof phase shifted images that can be used.
Such an approach of phase shifting and phase &gtraceveloped for conventional shadow
moiré [120], is thus used here for digital moiréuF phase-shifted patterns, required to extract
the phase map, are generated as follows:

The first phase-shifted frame is produced by sumeosing the computer-generated grid

onto the captured frame and is considered to henephase-shift:

L (x, y)=a(x y)+ i x ysin(® (% y) , 3.9)
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where 1,(X,y) is the intensity map,a(x, y) and b(x y) are intensity background and
modulation, respectively(x,y) are the image coordinates, amel is the phase value that

contains object height information. The computanegated grid is then translated digitally by
half of its pitch (period), to generate the sectrache with phase shiftr with respect to the first
frame:

L,(x, y)=a(x y)+ b x ysin(® (% Y+ 7). (3.2)

The third frame is generated by translating the pater-generated grid by a single pixel

with the aim of achieving the smallest amount adigghshift with respect to the first frame:
15(x,y) = a(x Y+ b % Ysin(® (X Y+0) . (33)

The amount of phase shift thus depends on theutssolof the captured frame. For
instance, if the grid pitch in the captured fraraegipixels, the smallest amount of phase shift

generated by translating the computer-generated lgyi one pixel iso =27/6. Finally, the

fourth frame is generated with a phase shiffrofvith respect to the third frame:
L, y)=a(x Y+ K x Ysin(® (x Y+I+m) . (3.4)

The resulting phase-shifted images (Fig.3.1b) aionthe moiré contours generated by
the interference of the projected and overlaidlsgtit grids, as well as unwanted high-frequency
grid patterns. These grid patterns must be remavextder to extract the pure moiré patterns,
from which phase information and object surfacelhiewill be computed.

3.3 Extraction of moiré pattern by wavelet-Fouriergrid removal

To remove the unwanted high frequency periodic gattern and thus extract the pure moiré
patterns from the generated phase-shifted imagesjdf transform [52] and wavelet transform
[113] techniques have been used. Application ofrieoduransform with a low-pass filter (LPF)

[52] can remove the unwanted pattern; however,lapping frequencies of the moiré and grid
patterns cause poor quality of the extracted mpatterns. The Stationary Wavelet Transform

(SWT) was used for noise suppression [121] withexitessive blurring of important image
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details; however, the method was only successfulemoving straight grid lines. SWT was
unable to remove curved lines, especially thosé Wwgher curvature at greater depth gradient.
Increasing the decomposition level can improve geidoval, but at the cost of excessive image

blurring and degradation of the moiré contours.

To improve the ability of the wavelet transform temove curved grid lines from the
generated phase-shifted images, a combination wéletaand Fourier transforms [122] is newly
used here for grid removal. In this wavelet-Foutemhnique, wavelet coefficients are dampened
by multiplying the Fourier transform of the wavetekefficients by a Gaussian functig(, y) :

2
X

g(x y)=1-e 2", 5B.

where the value of damping facioiis based on the amount of grid line deviation frastraight

line. The damping coefficient is applied only te twavelet coefficients that contain the relevant
grid line information. The grid removal techniquasbd on combined wavelet and Fourier
transform are detailed in Chapter 4. Once the utedahigh frequency periodic grid pattern is
removed from the phase shifted images, the exttao@ré patterns (Fig. 3.1¢) can be used for

phase-shift analysis to compute phase.

3.4 Phase-shift analysis

To compute the object surface height from the geedrmoiré patterns, the phase information
must first be calculated. From Egs. 3.1 and 3.Xutractingl, from |, and dividing by 2, the
coefficienta(x, y)can be removed and the computed phase thus bedooegsendent of the

background intensity.

150y) =12 i yysingo (x, ) (3.6)

From Egs. 3.3 and 3.4, for the third and fourtimfes:

1506,y) =B = i ysingo (x, 3y ), (3.7)
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Finally by solving Egs. 3.6 and 3.7 simultaneousig, phase can be calculated as follows:

lo(X, y)sind
1506, )= 1g(x, y)cos

d(x, y) = arctan (3.8)

Eq.3.8 implies that the computed phase is independé the backgrounda(x, y)and
modulation intensitiels( x, y). Because of the arctan function, the computedeplfag. 3.1d) is
wrapped in the rang({s—n,+n] and can be unwrapped by applying a 2D phase unwm@gpp
technique [36].

3.5 System calibration

The main purpose of system calibration (Fig. 3i4d¢d determine the phase-to-height mapping
that will be used during height (depth) reconstorctfor object shape measurement. The
relationship between the computed unwrapped plggaed object heighth depends on the

system-geometry parameters and can be expressaitbas [24]:
h(x y) = Kg(x y). (3.9)

In this research, the moiré wavelength can impjiaciépresent system geometry parameters
[55], and was therefore used in system calibrationhis approach, there is no need to compute

the unwrapped phasg¢ during the entire system calibration. The coeéitiK in Eq. 3.9 is a

function of the moiré wavelength:
K=" (3.10)

where, the moiré wavelength is defined as the distance between two succebsigist or dark

fringes of a moiré pattern on a flat plate, andetermined as follows. A plate is mounted on a
translation stage and moved toward the cameragiaojplane to several known positions (Fig.
3.1e). At each position, the same grid pattern wkethg object measurement is projected onto
the plate and an image is captured by a cameratrdihglation should be performed over the full
depth of the object of interest. The capture oftipld frames is only required during system

calibration, and not during object measurement.
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For each plate position, a computer-generated paitiern, of the same pitch as in the
captured frame, is digitally superimposed onto ¢hptured image to generate a moiré pattern.
Each moiré pattern has a phase shift relativegtbvious frame due to plate translation toward
the camera-projector plane. The generated franoesallf positions) are filtered by the wavelet-
Fourier method to remove the high frequency grid @xtract pure moiré patterns.

The moiré pattern at each position is then usedbtain the moiré wavelength . The
intensity at a single pixel is tracked across Hlgpositions, seen as red nodes in Fig. 3.2. For
any pixel, the moiré fringe intensities across @labdsitions follow a near-sinusoidal function of
the plate translation. The moiré wavelengtan be estimated by the distance between two
successive maxima (bright fringes) or two successnmima (dark fringes), respectively. A
coarse measurement of the object height is poss#ifgy this estimated moiré wavelength.

It is common to assume that is constant between successive moiré fringes [3é\vever,
the moiré wavelength decreases with increasingpredion depth. This means that during object
measurement, the value of the moiré wavelength adveaty for different object heights. The
determination of the moiré wavelength as a functibheight should therefore be included in the
calibration process, to allow refinement of the ghéi reconstruction later during object

measurement.
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For each pixej=1,2,..n, wherej is the pixel index, and is the total number of pixels in an
image, the intensities are tracked over plate jpositand a multi-quadric approximation function

is fitted to the intensity-position nodes (Fig. )3.2he moiré wavelength, j is computed at each

pair of successive peaks (wherel,2..m-1 is the peak number, and is the number of

successive peaks), for all pixels. The average énwiavelength over all pixels;Ti is then

computed at the different peak pairs corresponthirdjfferent positions (heights).
- 18
A;(h) :—ZAi (h) . (3.11)
Nz .

Finally, the moiré wavelength as a function of i approximated by a line fit to am (h),

i=1,2..m-1.
The entire process to determine the moiré waveteragt a function of heighith) is

summarized as follows:

1) Project grid pattern onto plate.
2) Translate plate toward camera-projector plarsete@ral known positions.
For each plate position:

3) Capture frame and overlay synthetic grid on ezgitured frame to generate moiré pattern
(containing grid).

4) Remove high frequency grid to extract pure mpattern from each generated frame.
For each pixel:

5) Track pixel intensities over all plate positions
6) Fit an approximation function to the intensitysgion nodes extracted in Step 5.

7) Compute moiré wavelength at each paimafuccessive peaks of fitted function.

8) Average extracted moiré wavelength in Step 7r alé pixels, at different peak pairs

corresponding to different plate positions, yiet;imi (h).
9) Determine moiré wavelength as a function of heigh) by fitting a line to aII)_li(h)

computed in Step 8.
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Once A(h) is determined by the above process, the phaseigbthmapping is completed:

(6 ) =22g(x Y (312

The developed system calibration only performs ettasheight mapping (dept#,axis),
and thus requires separatey plane calibration. An object with known geometyyxL, width x
length) in the X-Y plane is used to perforrX-Y plane calibration. The mapping of pixel

coordinates to real world coordinates is computed b

w L
Px = N_x, Py - N_y 3.:(3)

where,N, and N, are the number of pixels in the captured imageesponding to the true
width W and lengthL of the object of known geometry, an8,,(P,) are the scaling parameters,
respectively. The real world coordinates of an cbgurface in theX-Y plane, X,,Y,), are
calculated ax,=x P, and,Y,=y Py, where X, y) are the image coordinates. The reference plate

images, used in phase-to-height mapping, are also for theX-Y plane calibration.

3.6 Height computation from phase using pixel-wisgoiré-wavelength refinement

For object shape reconstruction, the phase-to-heigdpping (Eq.3.12), determined during
calibration (Section 3.5), is used to obtain amneste of the object height distribution. A more
accurate height distribution is then computed aténement of the moiré wavelength using the
wavelength-height relation explained below. Thereriteight computation procedure in Steps I-
Il below, is performed during object measuremesihg the moiré wavelength as a function of
heighti(h), determined in Step 9 of Section 3.5(x,y) in Egs. 3.14-3.16 below, is the

unwrapped phase difference between the object asteeence plane. A flat region in the only

frame captured during the single-frame object mesmsant can be used as the reference plane.
I.  Estimate the object height distribution by:

A(x y) = 2; B(%y) (3.14)

where H.. is the entire calibration depth (over which caltiwn is performed).
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II.  a) Determine the maximum object heigfntmax over all pixels.

b) Refine the object height by:
ey
ha(x ) =——2—9(xy) . (3.15)
T

lll.  a) Perform pixel-wise moiré-wavelength refineme/h(ﬁz(x, y)).

b) Perform pixel-wise object height refinement by:

A(Ry(x 9)
2

h(xy) = p(xy) . (3.16)

In Step Ill, the moiré-wavelength refinement isfpened pixel-wise because the object
height will vary across pixels. There is no furthiration beyond Step 1ll, once the height

computation is performed pixel-wise (Eq. 3.16).

3.7 Experiments and results

3.7.1 Experimental setup

To demonstrate the method of single-frame digitahge-shifting shape measurement using
pixel-wise moiré-wavelength refinement, experimewere performed using an optical setup
consisting of a LCD projector (Panasonic PT-AE70Otdonochrome CCD camera (Basler
avA1000-100gm) with 1024 1024 resolution, with approximately 11 deg canmgector
angle, and 2.5 m camera-projector-plane to objstantce (Fig. 3.3).

Camera

Flat plate

Linear translation stage

— i

kR

Projector

Figure 3.3. Optical setup in single-frame digitahpe-shifting moiré.
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3.7.2 Calibration

Calibration was performed as in Section 3.5 usirflataplate, mounted on a linear translation
stage and translated to 81 positions in 1.25 mmements over a 100 mm calibration depth with
0.007 mm translation precision. The grid in alltcapd frames had a 6-pixel pitch. Extraction of
moiré patterns by high frequency grid removal emgtbthe wavelet-Fourier transform with

Daubechies wavelet®B30), three decomposition levels, and damping faeter1s.

The resulting captured frame of the binary gridjgeted onto the plate, the generated moiré
pattern containing the high frequency grid aftgresposition of the computer-generated grid on
the captured frame, and the moiré pattern extrabedhe wavelet-Fourier transform grid
removal are shown in Figs. 3.4a-3.4c, respectivdtyintensity plot of one column of Fig. 3.4c
shows the moiré pattern to be nearly sinusoidd. (&4d). The moiré patterns, phase shifted due
to plate translation toward the camera-projectang) are shown in Fig. 3.5 after grid removal,

for five sample positions of 81 positions.
0 100 200 300 400 500

(O]
c
Pixel position

(@) (b) (©) (d)
Figure 3.4. Generation of moiré pattern during bralion: a) captured frame of binary grid
projected onto plate, b) generated moiré patteagercontaining high frequency grid, c) moiré
pattern extracted by wavelet-Fourier transform gadoval, and d) intensities along middle
column of image in (c).

(a) (b) (©) (d) ()

Figure 3.5. Phase shifted moiré patterns due te planslation to known positions with shifts: a)
0, b) 1.25 mm, c) 2.5 mm, d) 3.75 mm, €) 5 mm.
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The tracking of pixel intensities over 81 plate iioas produced six peaks, from which five

/Ti(h)were computed (Fig. 3.2). The moiré-wavelength fianc of height (plate position)

approximated by fitting a line to the fiVEi(h) is shown in Fig. 3.6. The moiré wavelength

varies from 15.2 to 16 mm, over the calibrationttegdf 100 mm, indicating the potential benefit
of pixel-wise wavelength refinement (using this ei@ngth-height function) when performing a
measurement.

16.2

16.1

16

A(hy (x, y))159
15.8;

i max
)\( - 2 ) 15.7}
A(

=
2 15.6}

A(h Imax ) 15.5}

15.4}

Wavelength A (mm)

15.3

L 10 20 :jc:) 40 50 60 70 80 90 100
/2_)(\}) hlmu.\‘ ﬂ

2 2

Position (mm)

h Imax

Figure 3.6. Moiré-wavelength function of heightg@ position) approximated by fitting line to
five A i () (seen as nodes), for wavelength and object hesfinement.

3.7.3 Measurement

For all object measurements, a single grid patfefth the same pitch used in the calibration)
was projected onto the object and only a singlenéravas captured. The computer-generated
grid pattern of the same pitch (6 pixels) as thetwad frame was digitally superimposed and
shifted to generate four phase-shifted images Wtk0,d,=m7,0,=2m/6, J,=2m/6+m,
respectively. The high-frequency grid removal wasfgrmed using the same parameters as in
the calibration above. The phase calculation amghbheomputation from phase using pixel-wise
moiré-wavelength refinement were performed as ttiGes 3.4 and 3.6, respectively.
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The single-frame digital phase-shifting shape mesmant with pixel-wise moiré-
wavelength refinement was performed on a flat pkttenultiple positions, a hemispherical
object, and a manikin head. All measurement reswépresented with no filtering or smoothing
at any stage.

The flat plate was measured at depths of 5 to 30fram an initial position in increments of
5 mm. For each plate position, computation wasoperéd of the mean depth & %Zﬁ’ﬂ di),

over all measured points (all pixels), standardaten (SD) of the measured depth

SD = \/%Zﬁ’zl(dk - J)Z, and root-mean-square error (RMSE) (over all ixel

RMSE = \/%Z’,Ll(dk —-D)?, (3.17)

where d;, is the perpendicular distance between a measured pnd a plane fitted to all
measured points in the initial positiod is the true depth (height), determined from the
translation stage; aridis the total number of measured points.

The RMSE in measurement of the flat plate at Stefislll (Section 3.6) (Fig. 3. 7) of the
pixel-wise moiré wavelength and height refinemdrtvg improvement in measurement accuracy
at each step. The ranges of RMSE were 0.334 t80r88 at Step I, 0.199 to 0.360 mm at Step
II, and 0.204 to 0.261 mm at Step Il of the meamant. Improvement in measurement
accuracy was generally seen at each step, withgbeimprovements of 0.567 mm from Steps |

to 1l at plate position 30 mm and 0.156 mm frore&t Il to 11l at plate position 25 mm.
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Figure 3.7. RMSE in measurement of a flat platenatvn positions, using the new single-frame
digital phase-shifting moiré method, at Steps |, lll (Section 3.6) of the pixel-wise moiré
wavelength and height refinement.

These improvements demonstrate the benefit of itted-wise moiré wavelength and height

refinement using/l(ﬁz(x, y)) in Step 1ll, compared to using half the maximunjeabheight in

Step Il, and half the calibration depth in Stepetails of the measurement accuracy are given in
Table 3.1 for the final refinement (Step 1ll). Theveloped single frame method achieved RMSE
of 0.20 to 0.26 mm, and mean plate depth measuteacenracies within 0.15 mm at a 2.5 m

camera to object standoff distance.

Table 3.1. Mean depth (height), SD, and RMSE in sueament of a flat plate at known
positions.

True depth +0.007(mm) 5.00010.000 15.000 20.000 25.000 30.000
Mean depth (mm) 4.915 10.096 14.933 20.114 25.045 29.850
SD (mm) 0.195 0.226 0.194 0.174 0.199 0.222
RMSE (mm) 0.213 0.246 0.205 0.209 0.204 0.261
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The hemispherical object was measured by projedtiegsame grid pattern as for the
plate. The single captured frame and four generplese-shifted moiré frames are shown in
Figs. 3.8a-3.8e. The computed wrapped and unwrappade maps and 3D measured surface
represented as a point cloud are illustrated in Bi§. A least-squares fitted sphere to the
measured points had a radius of 50.93 mm compardkettrue radius 50.80 mm, and thus an
error of 0.13 mm, with sphere fitting SD 0.37 mnmeThemisphere measurement RMSE (based
on differences between radius of measured poirdgrae radius) was 0.39 mm. A sample cross-
section of measured points with the true semici(Elg. 3.10), demonstrate the effectiveness of
the proposed single-frame measurement method. Basumed points are close to the true values
for most of the surface. As commonly occurringgéar errors are seen near the edge of the

surface, where the camera and projector optica axenearly parallel to the surface.

(a) (b) (€) (d) (e)
Figure 3.8. Hemispherical object measurement:rglsicaptured frame, and b-e) four generated
phase-shifted moiré frames wak=0,0 = 77,0 =277/6, and 0 = 277/ 6+ 77, respectively.

(b) (c)
Figure 3.9. Hemispherical object measurement:rapped phase map b) unwrapped phase map
(c) 3D measured surface as point cloud.

41



55
+ Measured points

T —True semicircle

i // — T
40 / “
° e \
/ \
20 \\
% 10 20 30 40 50 60 70 80 90 100 110 115
X(mm)

Figure 3.10. Sample cross-section of measuredgpofrhemisphere and true semicircle.
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The manikin head was measured by the single-fragssorement method using the same
grid pattern as for the plate and hemisphere. glsinaptured frame of the projected grid on the
object surface, a sample generated moiré pattantaioing the high frequency grid, and four
phase-shifted moiré patterns after grid removalséie@vn in Fig. 3.11. The computed wrapped
and unwrapped phase maps and 3D measured surfaesarted as point clouds are illustrated
in Fig. 3.12. The measurement shows the abilitghef proposed method to measure surface

features of the object.

(@ (b) ©) (d) B) ®

Figure 3.11. Generation of moiré contours on manikead by digital phase shifting: (a)
captured frame of projected grid, b) sample geedratoiré pattern containing high frequency
grid, c-f) generated phase-shifted moiré patteftes grid removal withd =0,0=7m7,0=2m7/6
,and § = 2m/6 + m, respectively.
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Figure 3.12. 3D measurement of manikin head: (apped phase (b) unwrapped phase (c) point
cloud representations of measured points of thaeLr

3.8 Discussion

Direct measurement of optical system parameterigital moiré, and small range of depth
measurement in optical moiré (shadow and projecti@thod) are two main limitations in
previous system calibration techniques in moiréfilprmetry. The moiré-wavelength based
phase-to-height mapping method, developed in tiesi$ for digital moiré, avoids the need for
optical-setup parameter measurement and is thumprovement over previous digital moiré
techniques. The computed wavelength-height fundidees into account the moiré wavelength
variation over calibration depth when measuringoéfect over extended depth. The novel
moiré-wavelength refinement technique, which perfr pixel-wise computation of the
wavelength based on height (depth), improved measemt accuracy compared to measurement
using a single global wavelength across all pixéle new method was able to measure surface
height using only a single captured frame of thgeeabsurface with only a single projected grid
pattern. The projected pattern was a simple bigad;, which avoids problems associated with

gamma nonlinearity.
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Chapter 4

Single-frame grid removal in digital moiré

In this chapter, a new single-frame grid removahteque was developed for application in
single-frame digital-moiré 3D shape measuremente Hpbility of the stationary wavelet
transform (SWT) to prevent oscillation artifactsanediscontinuities, and the ability of the
Fourier transform (FFT) applied to wavelet coeéitis to separate grid lines from useful image
information, were combined in a new technique, SPFT-, to remove grid lines from moiré-

pattern images generated by digital moire.
4.1 Digital generation of phase-shifted moiré pattas

In digital-moiré, phase-shifted moiré patterns gemerated by firstly projecting a binary grid
onto the object surface, using the setup shownidn &1, and capturing a single frame (Fig.
4.2a).

Y
Object

Camera .

. H B:

Z < 7 %

‘ — e §

d 5
X

Projector

Figure 4.1. Optical setup for digital moiré 3D skapeasurement (side view).
The Fourier series expansion of the intensity ihgtion |;of the captured image when a

horizontal binary grid is projected onto a referefiat plate is given by:
= m
e (x,y)=a+) 3, COS(ZTJ y), 4.1)
n=1

wherep is the grid pitch, andx(y) are the image coordinates. The intensity distitioul , of the

captured image when the same binary grid is pregeohto an object surface is:

lo(xy)= hﬁianOS@ y+@(x,y)), (4.2)
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where #(X, Y) is the phase distribution which contains objedieinformation:
P(x,y) = (tan 6)Z(x,y)> 4.3

where g is the angle between the camera and projectorzngy) is the height distribution.
Assuming that the object to camera-projector stHrdistanceH is much bigger than the surface

height,H >>Z(X Y), the relation between the phase and object hidimear:
2, d
P9 = () Z(x Y- 4.4)
p H
EqQ. (4.2) can be rewritten as:
1o (%Y) = IQ,+ancos’2nm 2rrd ZI_(|X )b}
Y

Moiré patterns are generated digitally in a posiepss, by first producing a synthetic

(4.5)

grid Iswith the same pitch (period) as the captured framthe flat plate,
= m
Is(x.y)=a,+> 3 008(27 y). .
n=1

The synthetic grid s is then superimposed over the captured imageeodétfiormed grid
on the object surfacdo. The resultant transmission functidgy upon superimposition is given

by the product ofls and ;.

M :(ao+iancos% y))(tb+ibn cOg?:)m Vv 2rrd z(x Y) )

pH
uzahraS oo™ ye 2ﬂd;<w>+ o3, 4 cos™"y @7
S5 ateosl yycosf Ty T

The first term of the produegh,is the background intensity, and the second and thi

terms are the deformed and straight grids, respagtiThe fourth term represents moiré patterns
that can be expressed as:

15 S cosZMys 2Ty 219203

n=1n¥l p pH (4 8)
V5t sl - 2 2200
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The first and second terms in Eqg. (4.8) represéet d¢onstructive and destructive
interference, respectively, of the captured defarngeid and straight synthetic grid. The
constructive and destructive interference gendregght and dark fringes of the moiré pattern,
respectively (Fig. 4.2b).

In order to extract phase information froroim@ patterns to compute height, phase shift
analysis [24] can be used with at least three pbhhstd moiré patterns. To generate phase-

shifted moiré patterns (Fig. 4.2c), digital tratisia of the synthetic grid bg, , a fraction of the
grid pitch, is performed by:

£(xy) =Y acosC T (+4,) @9)

whered, = p((k=1)/ j), 1£ is the synthetic grid for thith shift (k=1,...) ,andj is the number

of phase shifts. In comparison to optical moiré,[26], the amount of phase shift in digital
moiré is independent of the system geometry paemmend object height. The generated phase-
shifted moiré images in Eqg. 4.7, contain useful Mhaiontours (fourth term) with encoded
surface-height information, as well as unwantediiigquency deformed and undeformed grid

lines (the second and third terms).

Figure 4.2. Generation of moiré contours on maniiead by digital phase shifting: (a) single
captured frame of projected grid, b) generated énpattern containing high frequency grid, c)
generated phase-shifted moiré pattern with phase shift respect to (b) containing high
frequency grid.

This grid lines must be removed without degradatdrthe moiré patterns to allow
accurate phase extraction from the moiré pattemnshject height calculation. The grid removal

techniqgue must be single-frame, to maintain theentethod single-frame.
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4.2 Grid removal
The Fourier transform has been used in grid remfmraimoiré patterns; however, it has been
found to blur and smear the fine moiré patterns iatrdduce artifacts in the de-noised images
[52]. The wavelet transform has been successfuemoving the undeformed (straight) lines;
however, it is unable to remove the highly curvetbdned lines. A successful single-frame grid
removal technique should completely eliminate tighly curved grid lines without blurring and
smearing the moiré patterns and without introduairigacts in the de-noised image.

The stationary wavelet transform (SWT) [123] has #hift-invariant property, which
suppresses pseudo-Gibbs oscillations near diseotis such as edges when performing noise

reduction. A 2D wavelet transform of an imatg, y) with MxN dimensions vyields four

coefficients: approximation coefficientA , and horizontakD/ , vertical cD; and diagonal

cDP, detail coefficients. The image can thus be deam®g into four sub-bands and expressed
by [20]:

I(x.y)= ZZC/W (> y)+ZZZcD W (% Y)

+§§%‘FD| Wy, (% y)+ IZ;%:%:CDD‘“DN XY, (4.10)

where ®, (X, y) is the scaling functiontV, |, W, , andW¥p, are wavelet functions, andis the

decomposition level. The approximation coefficieah be iteratively decomposed at each level,
while the horizontal, vertical and diagonal detaiéfficients will remain unchanged. In applying
SWT, there is no coefficient decimation at eachodgmosition level that occurs with other
wavelet methods. Thus, the size of all coefficiaatequal to the size of the analyzed image for
all decomposition levels. At each decompositiorelethe scaling function is the low frequency
component of the previous scaling function. The el@tv function is related to the order of
applying filters. Since the wavelet transform ipa@ble, scaling and wavelet functions can be
written as follows:
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P (x,y) =P(X)®(Y),
Yy (X y) = W(X®(y),
Wy (X y) = P()¥(Y),
Wo (X y) =¥ (XW(Y),

(4.11)

where ® and W are signals with low-pass and high-pass frequespectra, respectively (Fig.

4.3). Daubechies wavelets [124] are the most conynased mother wavelets for image

denoising and are classified by their number obzeoments or vanishing moments (zero

crossings of wavelet). The wavelets with fewer ghimg moments smooth less, preserve more

detail, and are therefore preferred for image de@ngi Wavelets with more vanishing moments

cause more smoothing and produce border distortans are therefore less preferred for image

denoising. Scaling and wavelet functions for twaiBechies mother wavelets are shown in Fig.

4.4, where the number of vanishing moments forsttading functiongib5 anddbl12, are 5 and

12 respectively.
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Figure 4.3. Decomposition of image using Statignafavelet Transform (LPF: Low-pass filter,

HPF: High-pass filter).
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Figure 4.4. Scaling and wavelet functions of twdfedent Daubechies wavelets: scaling
functions: ajdb5, b)db12; wavelet functions: b5, d)dbl12.

Applying wavelet transform to a noisy image effeely condenses the horizontal grid
lines (the second and third terms in Eq. 4.7) te torizontal detail coefficientcDf) and

approximation coefficientgA ) and separates the grid lines from useful imagepoments. The

amount of grid information imD/! at each decomposition level depends on the sgedi@ency

of the captured grid on the object surface, whildirectly related to the pitch of grid lines.
Removal of thicker grid lines (greater pitch) reggia higher decomposition level than removal
of thinner grid lines. For a large and adequateonosition level, the impact of grid lines on

the approximation coefficientc@y ) will be insignificant. To remove the grid lineseveral

approaches are possible. Settingcalf! at each decomposition levetg, ..., L) to zero and

applying the inverse wavelet transform removes g¢jnds; however, it also removes useful
image information, and thus yields a poor qualgynbised image. Hard thresholding of wavelet
coefficients related to the grid introduces art$ad¢o the reconstructed image, and soft
thresholding blurs the reconstructed image [12%5, 126]. Furthermore, both hard and soft
thresholding of SWT coefficients are unable to reengrid lines completely in regions of large
changes in depth, where the deformed lines on thecb surface have greater curvature.
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Increasing the decomposition level to remove higblyved grid lines could improve grid
removal, but this would smear the useful moirégyatinformation.

To improve the ability of the stationary waveletrtsform to remove curved lines without
increasing the decomposition level and without singathe useful moiré contours, a
combination of stationary wavelet and Fourier tfamas (SWT-FFT) was used. The Fourier
transform of the wavelet coefficients provides lfigrt grouping of the coefficients into the useful
details of the image and the grid lines. Waveledfiocents are dampened by multiplying the
Fourier transform of the wavelet coefficients b§aussian functiory(u, v) [122]:

ul

g(u,V)=1-e 20% (4.12)
whereu andv are the horizontal and vertical spatial frequetiagnain coordinates, respectively,
and the value oty (damping factor) can be selected based on the mnudigrid line deviation
from a straight line. The damping coefficient ipkgd only to the wavelet coefficients that
contain the grid. Since the generated moiré im&ge 4.7) contains only horizontal grid lines,
the Fourier transform of the horizontal waveletfioent includes high frequency components
only in the vertical direction (-axis) in the frequency domain. Therefore, dampaigthe
Fourier transform of the horizontal coefficientslyomeeds to be performed on theaxis to
remove the grid without losing useful image infotma (Eq. 4. 12). The other wavelet
coefficients, which are not related to grid lingemain unchanged. After grid-coefficient
damping, inverse FFT is performed, and the imagdh wiid lines removed is reconstructed by
inverse SWT of the dampened and unchanged codificiApplying the above SWT-FFT
results in further separation of the grid linesnfrthe useful image information, compared to
applying SWT only, and permits easy filtering oé thoise in the frequency domain.

The SWT-FFT method has two important parameters, dacomposition level and
damping factor. The decomposition level dependtherpitch of the captured grid on the object
surface and the damping factor depends on the wuwevaf the grid. For example, narrow-pitch
grids require a low decomposition level to decraageloss of valid information. Straight grids
(undeformed lines) require zero damping=f 0), and the value of damping factor required
increases as the curvature of the grid increases & straight line. The damping factor and
decomposition level have to be as small as possiblkeep the useful information unchanged,

but large enough to remove the high frequency grids
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4.3 Assessment of grid removal performance

While common quantitative image de-noising assessmethods, such as peak signal-to-noise
ratio (PSNR) and root-mean-square error (RMSE)ireca reference image without noise, and
since such an image is not available for the géeéremoiré images, a reference-free quality
metric is required. The roughness index [127] estia® the amount of high spatial frequencies
associated with the remaining grid lines in a diseéw image. The roughness ingezan be
expressed as:

[hE X
IX]

o= , (4.13)

whereX is the output image after grid removal, is the 2D convolution operatdr,is a vertical

edge-detector filter, angix| is thel norm of X. A low pindicates better grid removal in the

output image. It is preferred to use the roughiredsx and visual inspection together to evaluate
different grid removal techniques, since the rowgsnindex cannot detect excessive smoothness
and other imperfections (artifacts) in the moiréera.

4.4 Experiments and Results

To demonstrate the method of SWT-FFT grid remavaimgle-frame digital moiré, experiments
were performed with the optical setup shown in Eid., using a LCD projector, monochrome
1024 x 1024 CCD camera, with 11 deg camera-pragjeantgle and 2.5 m camera-projector to
object distance. Digital moiré images were gendrdtg the method of Section 4.1 for three

objects: a manikin head, a crowned mask, and alddabed mask (Fig. 4.5).

Figure 4.5. Original images with moiré patterns dmgh-frequency grid lines generated by
digital moiré: a) manikin head, b) crowned masld endouble-faced mask.
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The generated images contain useful moiré patteitis unwanted high frequency grid lines.
This grid lines must be removed without degradatibrihe moiré patterns to allow accurate
phase extraction from the moiré patterns for objesight calculation. To demonstrate the
effectiveness of the SWT-FFT, the method was coethao other single-frame grid-removal
techniques using Fourier transform (FFT) and discveavelet transform (DWT) separately, as
well as combined discrete wavelet and Fourier faans (DWT-FFT).

The Fourier transform using low-pass filtering (DR¥#th different bandwidths was applied
to the original crowned mask image (Fig. 4.6a). Therow bandwidth LPF causes blurring of
the moiré pattern (Fig. 4.6b) while the wide bardiwiLPF leaves residual grid lines (Fig. 4.6d).
The medium bandwidth LPF was found to be the radetoff between removing the grid lines
and preserving the moiré pattern (Fig. 4.6¢c). Hmveeven using the medium bandwidth, the
LPF Fourier transform does not allow complete eimtion of the high-frequency grid lines
without removing useful fine detail of the moirétjgan, which should be retained. Furthermore,
because FFT is not localized in the spatial domaitifacts are introduced in the de-noised
images.

Figure 4.6. Images of the crowned mask zoomed-irthenchin: a) original image containing
moiré pattern and grid lines; de-noised imagesdyiEr transform using low-pa#tering with
b) narrow bandwidth, ¢) medium bandwidth, and djeMdandwidth.
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The discrete wavelet transform (DWT) was used toonee the grid lines and preserve more
moiré information than by FFT. The number of vaimghmoments in the Daubechies wavelet
has to be high enough to remove the grid lineddwtenough to prevent artifacts at the borders.
In the experiments, Daubechies wavelet2 was used as it was found to be best in prelimina
experiments. The crowned mask image containingntb&é pattern and grid lines (Fig. 4.7a)
was wavelet decomposed into 2, 3, and 4 levelsguBaubechies waveletbl2. The results
(Fig. 4.7) show that using three decomposition Iy e=3) with dbl2 and applying soft-
thresholding to the horizontal wavelet coefficiemtas partly successful in removing grid lines
and preserving the moiré pattern (Fig. 4.7c); hawein the bottom chin region, boundary
artifacts appear. The lower decomposition letel?) was unable to remove the grid (Fig. 4.7b)
and the higher decomposition levekE@d) removed the grid lines but smeared the moitéepa
(Fig. 4.7d). Even for the best case=8) (Fig. 4.7c), DWT was thus not able to fully r@ve the

highly curved grid lines without smearing the m@eadtern or introducing boundary artifacts.

e 8P b et v s b V0 bttt s v vy

A R

Figure 4.7 Images of the crowned mask zoomed-in on the chiariginal image containing
moiré pattern and grid lines; de-noised imagesibgrete wavelet transform (DWTIl§12, soft
thresholding) with different decomposition levdly: (b) L=2, c)L=3, and d)L=4.

Combined discrete-wavelet and Fourier transformgV/{BFFT) was used in the current
experiments to remove highly curved grid lines with increasing the decomposition level,

which tends to smear the moiré pattern. The crowmmegk image (Fig. 4.5b) was wavelet
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decomposed into three levels=@) using Daubechies wavelet®5, dbl2, db24, anddb45,
which have different number of vanishing momentsj damping factoto =180. Image de-
noising bydbb5 (Fig. 4.8a) was unable to remove grid lines, etiii24 (Fig. 4.8c) andb45 (Fig.
4.8d) introduced artifacts (stripes in the chinisagndicated by the red oval). These artifacts
would appear as ripples in the reconstructed serfdaveletdbl2 was best in removing the grid
lines while preventing artifacts (chin region irgF4.8b). DWT-FFT is able to remove the highly
curved grid lines; however, the method introduceanlary artifacts in the de-noised images
(Figs. 4.8a-d).

Figure 4.8. Images of the crowned mask zoomed-itherchin, de-noised by combined discrete
wavelet and Fourier transforms (DWT-FFT) usltw3, o =180, and Daubechies wavelet with
different vanishing moments b5, b)db12, c)db24, and ddb45.

Combined stationary-wavelet and Fourier transfor(88VT-FFT) was used to remove
highly curved grid lines without introducing arttta in the de-noised image. SWT decomposes
images without decimating the wavelet coefficigascimation would decrease the resolution of
the wavelet coefficients). This property allows SWA suppress oscillation artifacts near
discontinuities (including borders) in comparisanQWT. Daubechies wavelet with different
vanishing momentdh2, db5, dbl12, db24, anddb45 were applied to the crowned mask (Fig. 4.
5b) using SWT-FFT with three decomposition levelss3) and damping factow =180.
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Waveletdb5 (Fig. 4.9b) was found to be best in removingghid lines and preventing artifacts.
Image de-noising bgb2 (Fig.4.9a) was unable to remove grid lines evéang in the image
(best seen in the chin region), while a higher neimdf vanishing momentsiif12, db24 and
db45) increased artifacts (in the chin region indadaby the red oval) as seen in Figs. 4.9c, 4.9d,

and 4.9e, respectively.

Figure 4.9. Images of the crowned mask zoomed-ithenchin, de-noised by SWT-FFT with
L=3, 0 =180 and Daubechies wavelet with different vanishingmments a)b2, b) db5, c)
db12, d)db24, and epb45.

SWT allows the use of Daubechies waveleb, which has a low number of vanishing
moments, to suppress smoothing and distortion endétrnoised image in comparison to DWT
(dbl2). This property would decrease ripples in theonstructed surface. To determine the
damping factorg, a coarse-to-fine approach was used, starting=atc0 and increment of 50
until moiré-contour loss occurred in the de-noisedge. Finer increments of 30 were then used

to finalize the damping factor, to best remove dieéormed and undeformed grid lines without
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moiré-contour loss. Different damping factays=50, 100, 18( with decomposition levels= 3
applied to the crowned mask image (Fig. 4.5b) 8M(T-FFT are shown in Fig. 4.10. Damping
factor o =180 achieved the best compromise between grid remandl preservation of the

moiré pattern (Fig. 4.10c). Lower damping factars=50,10C were unable to completely

remove the grid lines (Figs. 4.10a, 4.10Db).

. - i

Figure 4.10. Ies of the crowned mask with zoo'rnerdion indicated by red rectangle, de-
noised by SWT-FFTdB5) using decomposition levél=3 and damping factors &)= 50, b)
o0 =100, C)o =180.

To compare the performance of SWT-FFT in grid reahde FFT, DWT, and DWT-FFT
methods, de-noised images and wrapped phase nwpsed-in on the chin, and object heights
calculated by digital-moiré 3D reconstruction afewn for the manikin head (Fig. 4.11),
crowned mask (Fig. 4.12), and double-faced masl. (Fil3). The best parameters of each
method found earlier, were used in the compari§éT. with medium bandwidth LPF; DWT
with dbl2, L=3, and soft thresholding; DWT-FFT witltb12, L=3, and o = 380for manikin
head ando =180for crowned and doubled-faced masks; and SWT-FRh dh5, L=3, and
o = 380for manikin head ando =180for crowned and doubled-faced masks. A higher
damping factor,g = 380, was used for the manikin head, comparedote=180 for the
crowned and double-faced masks, because of theethuggid-line curvature that occurs in the
manikin head due to greater height gradients.

For FFT (Fig. 4.11a), in addition to introducingifacts, blurring of the moiré pattern
occurred with grid removal for the manikin headr BONT (Fig. 4.11b) and DWT-FFT (Fig.

4.11c), artifacts were introduced because of tr@nuion of the wavelet coefficients at each
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decomposition level. The comparison between deedoisnages shows that SWT-FFT (Fig.
4.11d) is best in removing the grid lines (straightl curved) without introducing artifacts.

The advantage of SWT-FFT compared to FFT, DWT, RWdT-FFT methods can be seen
even more clearly in the wrapped phase maps zoamex-the manikin head chin (Figs. 4.11e-
4.11h). The artifacts near the large height gradiame seen for FFT (Fig. 4.11e), and appear
more prominently as ripples for DWT (Fig. 4.11fpdaDWT-FFT (Fig. 4.11g) in the regions
indicated by red ovals. For SWT-FFT (Fig. 4.11hya#er artifacts occur, and they appear only
at the outer boundary, indicating more accurates@lextraction (Figs. 4.11h) with SWT-FFT.

The advantage of SWT-FFT compared to FFT, DWT, @MdT-FFT methods can be also
clearly seen for the object heights calculated frib wrapped phase map by single-frame
digital-moiré 3D measurement (detailed in ChaplerG3oss-sections of calculated heights are
shown in Figs. 4.11i-4.11l, for the middle columihtlee manikin head image. The calculated
heights after de-noising the phase-shifted moiréges by FFT (Fig. 4.11i), DWT (Fig. 4.11)),
and DWT-FFT (Fig. 4.11k), were noisy in the regiamdicated by the red ovals (1, II, IlI, 1V)
with noise amplitude (height measurement error),00218, 0.12, 0.24 mm for FFT (Fig. 4.11i),
0.23, 0.20, 0.17, 0.21 mm for DWT (Fig. 4.11j), an@1, 0.25, 0.15, 0.20 mm for DWT-FFT
(Fig. 4.11k), respectively. SWT-FFT (Fig. 4.11l)eled the best height reconstruction with
minimal noise, 0.06, 0.08, 0.11, 0.10 mm for thensaegions. In comparison to the other
methods, for example in region Il, the noise ampkt for SWT-FFT was approximately 0.10,
0.12, and 0.17 mm lower than for FFT, DWT, and DWHT, respectively.

--
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Figure 4.11Performance comparison of grid removal techniqoesifanikin head: a-d) images
of manikin head (zoomed-in on chin); e-h) wrappbdge maps (zoomed-in on chin); i-l) height
for middle cross-section of object (middle imagduom); after applying: a, e, i) FFT with
medium bandwidth LPF; b, f, j) DWT witthb12, L=3, soft thresholding; c, g, k) DWT-FFT with
dbl2,L=3, ¢ =380; and d, h, ) SWT-FFT witdb5, L=3, g = 380.

For the crowned-mask, FFT (Fig. 4.12a) again causede blurring and FFT (Fig. 4.12a),
DWT (Fig. 4.12b) and DWT-FFT (Fig. 4.12c) causetifacts seen as stripes on the chin in the
de-noised images. SWT-FFT (Fig. 4.12d) was bestrmoving grid lines without stripe artifacts.

Boundary artifacts occurred for all de-noised inswa@ég. 4.12a-d), but was least for SWT-FFT

(Fig. 4.12d). In the wrapped phase maps, artifactke-noised images appear as ripples (regions
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indicated by red ovals) for FFT (Figs. 4.12e), D\W¥Ig. 4.12f) and DWT-FFT (Fig. 4.12g). For
FFT (Figs. 4.12e), the stripe artifacts are mosiceable as ripples on the chin. SWT-FFT (Fig.
4.12h) had smallest artifacts in the wrapped phase. The advantage of SWT-FFT can be most
clearly seen for the object heights. The heightsutated from de-noised images by FFT (Fig.
4.12i), DWT (Fig. 4.12j), and DWT-FFT (Fig. 4.12kjNere noisy especially in the regions
indicated by the red ovals. For example, the narselitude in the chin region (pixels 535-590)
was 0.72 mm for FFT (Fig. 4.12i), 0.55 mm for DWHid. 4.12j), and 0.60 mm for DWT-FFT
(Fig. 4.12k). SWT-FFT (Fig. 4.12l) yielded the bésight reconstruction with noise amplitude
0.23 mm in the same region. In the chin region, tloégse amplitude for SWT-FFT was
approximately 0.49, 0.32, and 0.37 mm lower tharFer, DWT, and DWT-FFT, respectively.
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Figure 4.12. Performance comparison of grid remte@iniques for crowned mask: a-d) images
of crowned mask (zoomed-in on chin); e-h) wrapplealse maps (zoomed-in on chin); i-I) height
for middle cross-section of object (middle imagduom); after applying: a, e, i) FFT with
medium bandwidth LPF; b, f, j) DWT witthb12, L=3, soft thresholding; c, g, k) DWT-FFT with
dbl2,L=3, ¢ =180; and d, h, [) SWT-FFT witdb5, L=3, o =180.

For the double-faced mask, artifacts can be seetriges on the chin, most prominent for
FFT (Fig. 4.13a), but also for DWT (Fig. 4.13b)dadWT-FFT (Fig. 4.13c). SWT-FFT (Fig.
4.13d) was best in removing grid lines withoutpstrartifacts. Boundary artifacts occurred for all
de-noised images (Fig. 4.13a-d), but was leas8WiT-FFT (Fig. 4.13d). In the wrapped phase
maps, artifacts in de-noised images appears atesifpegions indicated by red ovals), most
prominent for FFT (Figs. 4.13e), smaller for DWTigF4.13f) and DWT-FFT (Fig. 4.13g), and
smallest for SWT-FFT (Fig. 4.13h). The advantag8WT-FFT can be also clearly seen for the
object heights. The heights calculated from deetisnages by FFT (Fig. 4.13i), DWT (Fig.
4.13)), and DWT-FFT (Fig. 4.13k), were noisy esp#yiin the regions indicated by the red
ovals. For example, the noise amplitude in the cbgion (pixels 565-595) was 0.65 mm for
FFT (Fig. 4.13i), 0.16 mm for DWT (Fig. 4.13)), a@d.l8 mm for DWT-FFT (Fig. 4.13k). SWT-
FFT (Fig. 4.13I) yielded the best height recongtaicwith noise amplitude 0.06 mm in the same
region. In the chin region, the noise amplitudeSWT-FFT was approximately 0.59, 0.10, and
0.12 mm lower than for FFT, DWT, and DWT-FFT, redpeely.
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Figure 4.13. Performance comparison of grid rema®ahniques for double-faced mask: a-d)
images of double-faced mask (zoomed-in on chirt)) erapped phase maps (zoomed-in on
chin); i-1) height for middle cross-section of otjgmiddle image column); after applying: a, e,
i) FFT with medium bandwidth LPF; b, f, ) DWT witih12, L=3, soft thresholding; c, g, k)
DWT-FFT withdb12,L=3, 0 =180; and d, h, I) SWT-FFT witdb5, L=3, ¢ =180.

SWT-FFT was the most effective in removing the umted grid lines and preserving the
moiré pattern compared to FFT, DWT, and DWT-FFTe Tde-noising ability of SWT-FFT
allowed phase extraction and height computatioh Vaast noise. The effective performance of
SWT-FFT is evident in the raw point-cloud repreaéinhs of the surfaces shown in Fig. 4.14.

Assessment using the roughness index was alsedantit to compare the grid removal
ability of FFT, DWT, DWT-FFT, and SWT-FFT. The logteroughness index and thus best
performance over all tests for each object (Tahlé¢ was for the de-noised images using SWT-
FFT. Although the roughness index is low for desediimages using other techniques, the low
values occur at the cost of introducing artifactd axcessive blurring and degradation of useful

image information (the moiré pattern) which is detectible by the roughness index.

Table 4.1. Roughness index for original images ewthgrid-removal and de-noised images
using FFT, DWT, DWT-FFT, and SWT-FFT.
Roughness index

Original FFT DWT DWT-FFT  SWT-FFT
Manikin head 1.471 0.039 0.038 0.037 0.035
Crowned Mask 1.514 0.031 0.033 0.030 0.027
Double-faced mask 1.491 0.041 0.038 0.035 0.031
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Figure 4.14. 3D surface reconstruction shown by pammt-cloud representations after using
SWT-FFT grid removal for a) manikin head, b) croakmeask, and c) double-faced mask.
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4.5 Discussion

The requirement of precise mechanical grid trammsiasind multiple-frame capture are the main
limitations of continuous and discrete averagingl gemoval methods, respectively. Moiré
pattern blurring, introduction of artifacts, andlnlity to completely remove curved grid lines
are the main limitations in previous single-imageefing grid removal technique#\ single-
frame grid removal technique using combined statiprwavelet and Fourier transform (SWT-
FFT) was developed for application in single-frandggital moiré 3D surface-shape
measurement. The technique avoids the need toreapiuitiple frames and perform mechanical
translation of optical components for grid remowamoiré-based measurement. SWT-FFT had
the best performance in removing the grid lineghbstraight and curved lines, minimizing
artifacts in the de-noised image, and preserving mhoiré pattern without blurring and
degradation. Applying SWT to the images contamishatéh grid lines made it possible to use a
Daubechies wavelet with a low number of vanishingnmants to decrease smoothing and
distortion in the reconstructed de-noised imageplitg FFT and damping the wavelet
coefficients related to grid lines improves SWTr@moving highly curved grid lines without
increasing decomposition level and smearing of rig@ré pattern. In comparison to other
techniques, combined SWT-FFT had the lowest naiggliude in the reconstructed height and
lowest roughness index for all test objects. Thétplof SWT-FFT to remove grid lines using
only a single frame makes it possible to apply leiitame digital phase-shifting moiré in 3D

surface-shape measurement.
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Chapter 5

Two-image and three-image temporal phase unwrapping

In this chapter, two-image and three-image digiairé temporal phase unwrapping were
developed to compute an accurate continuous phapeusing projection of two and three grid
patterns of different frequencies, respectivelye Thethod requires projection of only a single
binary grid and capture of a single image for egrith pitch to calculate the wrapped phase map,
while phase-shifting is performed digitally in agp@rocess. The phase-shift analysis results in
phase maps with different moiré wavelengths. Catauh of the moiré wavelength for each
phase map during the system calibration enablesigheof the noisy extended phase map as a
reference to unwrap either of the phase maps Wwélshorter wavelengths. This permits accurate
continuous phase map computation using fewer imtmgesfor fringe projection methods.

5.1 Digital phase-shifting moiré

The method of temporal phase unwrapping using maadtielength digital phase-shifting moiré
involves projecting multiple binary grid patternsdifferent pitch onto the object surface, and
capturing only a single image for each projectettepa. Then, for each captured image (of
different pitch), a synthetically produced (compugenerated) grid of the same pitch as the
captured image is overlaid on the captured image digitally shifted to generate multiple
phase-shifted moiré images, as detailed in Ch&pter

The generated phase-shifted moiré images cont&nmtoiré contours as well as the
unwanted high-frequency grid-pattern. Grid remogathen performed to extract pure moiré
patterns, as detailed in Chapter 4. The intensgiridution of the phase-shifted moiré patterns

after grid removal is described by:

Ii(x' J’) = a(x;)’) + b(x' J’)COS(CD(X' J’) + 51) ’ (51)

where a(x,y) andb(x,y) are intensity background and modulation, respelsti{x, y) are the
image coordinates(x,y) is the phase map that contains object heightrnmdtion, and
6; = 2mi/N are the phase-shifts between images. To calctlatphase ma@(x,y), at least

three imagesN=3) of phase-shifted moiré patterns are required:
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YLy Ii(x, y)sin&-),l. — 12, ..N. (5.2)

Dd(x,y) = —tan‘1<
y >N L(x,y)cosé;

Because of the arctan function in Eq. 5.2, the agegpphase(x,y) is wrapped in the
range[—m, ], and a 2D phase unwrapping technique is requireslitulate a continuous phase
map ¢ (x,y). This process removes the 2mbiguities of the wrapped phase according to the

fringe orderm(x, y).

@(x,y) = ®(x,y) + 2Zm)m(x, ). (5.3)

The relationship between the computed unwrappedepp@r, y) and object heighh depends

on the system-geometry parameters and can be egrgras follows:

h(x,y) = Ko(x,y). (5.4)

The coefficienK is a function of the moiré-wavelength

A
K=—. 55
o (5.5)
EqQ. (5.4) can thus be rewritten as:
h(x,y) = %(Cb(x, y) + 2r)m(x, y)). (5.6)

5.2 System calibration
5.2.1 Computation of the moiré wavelength

Computation of the moiré wavelengthfor each phase map can be performed in a system
calibration process as follows (detailed in Cha@erA flat plate is mounted on a translation
stage and moved toward the camera-projector planseveral known positions (depths or
heights). At each position, the same grid pattesaduduring object measurement is projected
onto the plate and an image is captured. For edtle position, a computer-generated grid
pattern of the same pitch as in the captured imageigitally superimposed onto the captured
image to generate a moiré pattern. The generatagesn(for all positions) are filtered to remove
the high frequency grid and extract pure moiréguatt. The intensity at a single pixel is tracked
across all plate positions (over depth). For eyexel, the moiré fringe intensities across plate
positions follow a near-sinusoidal function of tilate translation. The moiré wavelength can be

estimated by the distance between two successiv@maabright fringes) or two successive
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minima (dark fringes), respectively. It is commom assume thafl is constant between

successive moiré fringes; however, the moiré wangthe decreases with increasing calibration
depth. To determine the moiré wavelength as a iomaif height, the moiré wavelength is first

computed at each pair of successive peaks frornrdbked intensities over plate positions. The
average moiré wavelength over all pixels is themmmoted at the different peak pairs

corresponding to different plate positions (heiphEsnally, the moiré wavelength as a function
of height is approximated by a line fit to all aage moiré wavelengths computed at different
peak pairs. The capture of multiple images is oelyuired during system calibration, and not
during object measurement. To perform heterodymgteal phase unwrapping, multiple phase
maps are required, and the wavelength corresponditite middle calibration depth is used for

each phase map.

5.2.2X-Y plane calibration
To performX-Y plane calibration, the mapping of pixel coordisate real world coordinates is
computed using a method similar to that in Chaftddowever, a modified method is used to

refine the scaling parameters at each height (d&pkis);

w L

(Pe)z = N, (Py)z = @ (5.7)

where, (N,), and(N,,), are the number of pixels in the captured imageesponding to the
true widthWand length_ of the object of known geometry, aG#,), and(P,), are the refined
scaling parameters, respectively, at each deg@th), and (N,), for the reference plate were

determined at multiple height (depth) positionsngsthe same images obtained during the

system calibration for moiré wavelength.

5.3 Digital-moiré temporal phase unwrapping

5.3.1Two-wavelength phase-unwrapping

For two-wavelength digital-moiré temporal phase-tapping, two fringe patterns of different

pitch are projected onto the object surface anéhglesimage is captured for each projected
pattern. Phase-shifted moiré patterns (images) gareerated by digitally phase shifting a
computer-generated grid overlaid on the capturejas, followed by grid removal, described in
Chapter 4. Phase shift analysis is then appliesbtopute two wrapped phase maps @, with
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different moiré wavelengths;, 1, (1, > 4;). In FPP techniques, at least six captured images a
needed to perform two-frequency temporal phase apping, while in this research, only two
captured images are required. The moiré wavelepigtlach moiré patterh,, A, , are calculated

in the calibration stage, as explained in Chapter 3

From phase mapb, and ®,, an extended continuous phase rigp with extended wavelength

MAzy
A1z, Whered,, = m , is then calculated:

q)l(x'y)_ CDZ(X,}/), ch >(I)2

Dy, (x,y) = {CD1(X' y) — @, (x,y) + 2m, otherwise (5-8)

Here, the beat wavelengfy, is large enough to cover the entire range of thieat's depth
h(x,y) (i.e. continuous gray level gradient, no phaseiguity in ®,,). To minimize the phase
error caused by nois@;, can be used as a reference to unwrap the phasedmawhich has

the lower wavelength,, as follows:

@(x,y) = @4(x,y) + (2m)Round (5.9)

21

<(112/11)<1>12(x.y)—ml(x,w)

where ¢ (x,y) is the unwrapped phase map awhnd( ) computes the closest integer value.
This high-SNR unwrapped phase m@fx, y) can then be used during measurement to calculate

the object height:

yl
hCe,y) =2 o(x,y) . (5.10)
5.3.2 Three-wavelength phase-unwrapping

A wrapped phase map with large wavelength has teas@ jumps but tends to be noisy, while a
phase map with smaller wavelength has more phaspsjubut higher SNR. In two-wavelength
phase unwrapping the beat wavelength may not ecisat to cover the entire object depth,
leaving phase ambiguity. Increasing the pitch ofguted patterns to enlarge the wavelengths
and4,, may help the beat wavelength to cover the ewotiject depth; however, this sacrifices
SNR in the extended unambiguous phase map, whidtesnthe phase unwrapping process

unreliable.
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Three-wavelength or multi-wavelength heterodyne sphanwrapping can further
increase the beat wavelength without sacrificingRSIN the extended phase map. In three-
wavelength digital-moiré temporal phase-unwrappthgge fringe patterns of different pitch are
projected onto the object and a single image iducag for each projected pattern. Three
wrapped phase mapb,;, ®,, ®; with different wavelengthsl;, 1,,4; (43 >4, > 1;) are

computed using only three captured images. Threde sfactorgd4,,/1,) ,(4,3/4,), and

_ A12423
andA;,; = T are

M _ Ayhs
A1—221" 723 T |2p-25]

(A123/4;) from three beat wavelengthts, =

used in the phase unwrapping process to produextanded continuous phase map that covers
the entire object range of depth. An extended phaased,, with extended wavelength,, is
computed from phase magg and ®, as follows:

q)l(x'y)_ (DZ(x'y)' ch >(I)2

Dia(x,y) = {@1(x, y) — ®,(x,y) + 2m, otherwise . (5.11)

To minimize the noise inb,,, ®;, is used as a reference to unwrap the phase map

®, with wavelengtht,, which results inbj, (x, y) with higher SNR thad, ,:

(5.12)

21

127 o ()2 (xy)
(D’12(X, y) = ®,(x,y) + (2m)Round <( /,12) 12(xY)—P2(xy >’

An extended phase map,; with extended wavelengty;, is computed from phase maps

@, and @5 in a similar manner t®, ,:

_ [ Da(x,y) — O3(x,y), D, > Oy
Dz3(x,y) = {CDZ(x, y) — ®3(x,y) + 2m, otherwise . (5.13)
Again to minimize noised;;(x, y) with higher SNR thab,; is calculated as follows:
23/ V()2 (x,y)
@55 (x,y) = ®,(x,y) + (2m)Round <( Jio) 232;”1 i ). (5.14)

The extended continuous phase map; with extended wavelength,; that covers the entire
object range of deptt(x,y) (i.e. no phase ambiguity h,,3), is computed from phase

maps®i, (x, y) and®;;3(x, y):

@1, (x,y) — Pos(x,y), D3, > Dy

A
D1, (x,y) — Dy3(x,y) + 2m, otherwise (5.15)

Dyp3(x,y) = {
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Finally, the phase unwrapping d@f, is performed using the extended continuous phase

map®d,5(x,y) as follows:

(5.16)

21

A123 D123 (x,7) - D3 (x,)
¢(x,y) = D,(x,y) + (2m)Round <( /3,)P123(xy)=Pa(xy ))
This high-SNR unwrapped phase m@&fx, y) can then be used during measurement to calculate

the object height:

h(x,y) = ;—ft p(x,y) . (5.17)

5.4 Experiments and Results

5.4.1 Experimental setup

To demonstrate the method of digital-moiré multvelength temporal phase unwrapping,
experiments were performed using an optical satefuding a LCD projector (Panasonic PT-
AE7000U) and monochrome CCD camera 2048 x 2048utssio, with approximately 11 deg

camera-projector angle, and 2.5 m camera-projgiéore to object distance.

5.4.2 System Calibration

To calculate the moiré wavelengths, system caltmavas performed using a flat plate mounted
on a linear translation stage and translated to@i¥tions in 1.25 mm increments over a 250
mm calibration depth with 0.007 mm translation B®n. Three binary grid patterns with
different grid pitches were projected onto the fidte and three images with 10, 12, and 14-
pixel grid-pitches, respectively, were capture atreof the different known plate positioi$e
capture of multiple images at different known posit is not required during object
measurement, but was required during system ctbbrao calculate the moiré wavelengths.
Phase-shifted moiré patterns (images) were gemkeatedigitally phase shifting a computer-
generated grid overlaid on the captured imagesoweld by grid removal, as described in
Section 5.1. Finally, the procedure of moiré wamgtl calculation was performed as described
in Section 5.2.1 and the resulting moiré wavelengtiereA; =21.850 mm,, =26.048 mm
andA; = 30.573 mm for the 10, 12, and 14-pixel-pitch imagespectively.
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5.4.3 Measurement

Object measurements were performed by projecting thre object a single grid pattern for each
grid pitch used in the calibration, and capturingiregle image for each pattern. Phase-shifted
moiré patterns (images) were generated by digifdiigse shifting a computer-generated grid of
the same pitch as the captured image overlaid @cdptured images, followed by grid removal.
Phase-shift analysis was applied to extract thepped phase magp(x,y) for each grid pitch.
The digital moiré temporal phase unwrapping methad performed on a mask with surface
discontinuities, two spatially isolated objectanfask with surface discontinuities and a manikin

head) and a double-hemispherical object.

Two-wavelength temporal phase unwrapping was appt@ the mask with surface
discontinuities by projecting two binary grid patte with the grid pitches used in the
calibration, and capturing a single image for epattern (10- and 12-pixel grid pitch) (Figs.
5.1a, 5.2a). For each grid pitch, a moiré patteith Wigh-frequency grid lines was generated by
digital phase-shifting moiré (Figs. 5.1b, 5.2b)dam pure moiré pattern was extracted by grid
removal (Figs. 5.1c, 5.2¢). Two wrapped phase mapsnd @, (Figs. 5.1d, 5.2d) were

computed with moiré wavelengtils and A, (Section 5.4.2). The extended continuous phase

A1,

——=—=135.567 mm, which covers
[A1-25]

map®,, (Fig. 5.3a) with extended beat wavelength =

the entire range of depth, was computed from wragpbase map®, and &, (Figs. 5.1d, 5.2d).

(@) (b) (©) (d)
Figure 5.1. Wrapped phase map computation: a)raigiaptured image of the mask with binary
grid of 10-pixel pitch, b) generated image with rdgpattern and high-frequency grid lines, c)
moiré pattern after grid removal, and d) wrappeasghmab;.
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(a)
Figure 5.2. Wrapped phase map computation: a)r@igiaptured image of the mask with binary
grid of 12-pixel pitch, b) generated image with rdgpattern and high-frequency grid lines, c)
moiré pattern after grid removal, and d) wrappedsetmapb,.

T T

@ 0) (c)
Figure 5.3. a) Extended continuous phase mbgp with extended beat wavelengiy,, b)
unwrapped phase map and c) point cloud representation of measuredtpaf mask.

To minimize the phase error caused by the noise, jn®,, with no phase ambiguity was
used as a reference to unwrap the phasedqapith smaller moiré wavelength, to obtain the
unwrapped phase map(Fig. 5.3b). The result demonstrates the abilitgpltain an unwrapped
phase map with high SNR to perform accurate 3D oreasent (Fig. 5.3c) of objects with
discontinuities, using only two captured images.

Three-wavelength temporal phase unwrapping waseapf two spatially isolated objects:
a mask with surface discontinuities and a manilkéach To handle the greater depth of the
manikin compared to the mask, the beat wavelength wcreased without sacrificing SNR in
the extended phase map, by projection of anothierpawith greater grid pitch. Thus, three

binary grid patterns with different grid pitchesrerojected onto the objects and a single image
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was captured for each pattern (10-, 12-, and 1ég®d pitch) (Figs. 5.4a, 5.5a, and 5.6a). For
each grid pitch, a moiré pattern with high-frequegcid lines was generated by digital phase-

shifting moiré (Figs. 5.4b, 5.5b, and 5.6b) andusepmoiré pattern was extracted by grid
removal (Figs. 5.4c, 5.5¢ and 5.6¢).

(@) ’ (b) ©
Figure 5.4. Moiré pattern generation: a) originapttired image of objects with binary grid of
10-pixel pitch, b) generated image with moiré patend high-frequency grid lines, and ¢) moiré
pattern after grid removal.

@ ‘ ®) ©
Figure 5.5. Moiré pattern generation: a) originapttired image of objects with binary grid of
12-pixel pitch, b) generated image with moiré patnd high-frequency grid lines, and ¢) moiré
pattern after grid removal.

(a) (b) (©)
Figure 5.6. Moiré pattern generation: a) originapttired image of objects with binary grid of
14-pixel pitch, b) generated image with moiré patnd high-frequency grid lines, and ¢) moiré
pattern after grid removal.
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Three wrapped phase maps, ®@,, and @5 (Figs. 5.7a, 5.7b and 5.7c) were computed with

different moiré wavelengthy , 1,, andi; (Section 5.4.2). The extended phase mbgp (Fig.

A1dz

5.8a) with extended beat wavelength, = R
1—12

=135.567 mm was computed from phase

mapsd, and ®,. To minimize the phase error caused by the naise j, ®,, was used as a
reference to unwrap the phase np with smaller moiré wavelength,, to obtain the phase
map®d’, (Fig. 5.8b) with higher SNR.

Figure 5.7. Wrapped phase mapsg) b) ®,, and c) ®,

A second extended phase mdp; (Fig. 5.9a) with extended beat wavelendth =

Ao
[A2—23]

=175.986 mm was computed from phase mapand ®;. To minimize the phase error

caused by the noise @5, ®,; was used as a reference to unwrap the phasedmapith
smaller moiré wavelengti,, to obtain the phase map,; (Fig. 5.9b) with higher SNR. Using
the method in [54], the extended continuous phaap (f&ig. 5.10a), which covers the entire
range of depth, was computed from phase ndapgFig. 5.8a) and,; (Fig. 5.9a), resulting in

a noisy phase map (Fig. 5.10a). The extended agis1phase map with high SNR ,; (Fig.

A12423
[A12—223]

quality phase map®;, (Fig. 5.8b) andb;; (Fig. 5.9b). Finally, to calculate a more accurate

5.10b) with extended beat wavelength; = =590.269 mm was calculated from high

unwrapped phase map with high SNR);,; was used as a reference to unwrdg with
smaller moiré wavelength,, to obtain the unwrapped phase ngafFig. 5.10c), which has high
SNR. This high-SNR unwrapped phase map enablegaecBD measurement of objects with
discontinuities and multiple spatially-isolated etis (Fig. 5.11) using only three captured
images.
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(b)
Figure 5.8. Extended phase maps®a) with extended beat wavelength,, and b)d;, with
higher SNR.

(b)
Figure 5.9. Extended phase maps®a) with extended beat wavelength;, and b)d5; with
higher SNR.

(a) ) S ©
Figure 5.10. Extended continuous phase maps: ahe&tl continuous phase map based on [54]
calculated fromd,, and®,;, b) ®,,; with high SNR and with extended beat wavelength
calculated fromd}, and®;; , and c) unwrapped phase m@ap
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Figure 5.11. Point cloud representations of measpents of spatially isolated objects, mask
and manikin head.

To demonstrate the measurement accuracy of thentage digital-moiré temporal phase
unwrapping method, a double-hemispherical objetth wWhown radii of two hemispheres (true
radius 50.80 mm) and known distance between thieke(20 mm) was measured. To increase
the measurement resolution and accuracy, the atbbr was performed by projecting two
binary grid patterns with smaller grid pitches (l&ag in 8- and 10-pixel grid pitch in the
captured images) than for the other objects. Muia&elength calculation was performed and
yielded moiré wavelengths, =16.966 mm and, =21.035 mm for the 8- and 10-pixel-pitch
images, respectively. Two-wavelength temporal phaswvrapping was applied to the double-
hemispherical object by projecting two binary gpdtterns with the grid pitches used in the
calibration, and capturing a single image for epalktern (8- and 10-pixel grid pitch) (Figs.
5.12a, 5.13a). For each grid pitch, a moiré pategth high-frequency grid lines was generated
by digital phase-shifting moiré (Figs. 5.12b, 5.13nd a moiré pattern was extracted by grid
removal (Figs. 5.12c, 5.13c).

(b) )(c

Figure 5.12. Moiré pattern generation: a) origicegbtured image of double hemispherical object
with binary grid of 8-pixel pitch, b) generated iggawith moiré pattern and high-frequency grid
lines, and c¢) moiré pattern after grid removal.

76



(@) (b) )(c

Figure 5.13. Moiré pattern generation: a) origicegbtured image of double hemispherical object
with binary grid of 10-pixel pitch, b) generatedage with moiré pattern and high-frequency
grid lines, and c) moiré pattern after grid removal

Two wrapped phase mapb; and @, (Figs. 5.14a, 5.14b) were computed with moiré

wavelengthsl, andA,. The extended continuous phase map (Fig. 5.15a) with extended

ﬁ:87-720 mm, which covers the entire range of depths
1~ /42

beat wavelengtii,, =

computed from wrapped phase mapsand @, (Figs. 5.14a and 5.14b). To minimize the phase
error caused by the noisedn,, ®,, with no phase ambiguity was used as a referenaevioap

the phase mag, with smaller moiré wavelength,, to obtain the unwrapped phase ngaf-ig.
5.15b). Height measurement was performed using®E#0) and least-squares fitted spheres to
the measured 3D point cloud data (Fig. 5.15c) lagd of 50.833 mm and 50.738 mm, and thus
errors of 0.033 mm and 0.062 mm, respectively (spfiiting standard deviations were 0.146
mm and 0.142 mm). Centre-to-centre distance betlweanispheres was 119.812 mm, thus with

an error of 0.188 mm.

(b)

Figure 5.15. a) Extended continuous phase hap with extended beat wavelengi,, b)
unwrapped phase map and c) point cloud representation of double hphesical object.
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A sample cross-section of measured points withrie semicircles is shown in Fig. 5.16,
The measured points are close to the true valuendst of the surface. As commonly occurring,
larger errors are seen near the edge of the susridmze the camera and projector optical axes

are nearly parallel to the surface.

95— Measured points /‘_.-.‘\‘ ' ! /‘,_-‘\ ! !
45| — True semicircle ; : :

S o NN
oo N
BN

0 20 40 60 80 100 120 140 160 180 200 220 240 260
X(mm)

Figure 5.16. Sample cross-section of measured goihtiouble hemispherical object and true
semicircles.

5.5 Discussion

Two-image and three-image temporal phase unwrapgiegeloped in this chapter for digital
moiré, yields a high-SNR unwrapped phase map arttius an improvement over previous
temporal phase unwrapping for digital moiré. Moivavelength calculation during the system
calibration provides an ability to use the extendety phase map as a reference to unwrap the
phase map with shorter wavelength, and thus acladegss noisy and more accurate continuous
phase map. Only a single pattern has to be prajextd thus single image captured to compute
each phase map with different wavelength to perfeemporal phase unwrapping by digital
moiré. The number of captured images required syrtew method is one third that for three-
wavelength heterodyne temporal phase unwrappinigitiye projection techniques. Decreasing
the number of required captured images would bamtdgeous in measuring dynamic objects,

either moving or deforming.
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Chapter 6

Contributions and Future Work

This chapter summarizes contributions of the thessgarch, and proposes future work. In this
thesis, 3D optical metrology techniques were dgwadiofor accurate high resolution 3D surface-
shape measurement toward minimizing the numberattems projected and images (frames)
captured by camera, using digital moiré: singléguatprojection for 3D measurement of objects
with continuous surface geometry, and two and tipeeern projection for 3D measurement of

objects with surface discontinuities and spatimblated objects.

6.1 Contributions
The main contributions of the research of thisithase as follows:

1. Developed digital moiré for high resolution amturate single-frame 3D-shape measurement

of objects without surface discontinuity:

1.1 A new calibration technique in digital méito compute height from phase without
requiring direct measurement of the system geonpetrgmeters was developed based on moiré-
wavelength phase-to-height mapping in the systdibration stage. This is an improvement
over previous digital moiré techniques by avoididigect measurement of optical system

geometry parameters required by previous methods.

1.2 A new pixel-wise phase-to-height mappiggtam-calibration was developed based on
moiré-wavelength refinement, and permits objecfamer measurement over extended depth,
while maintaining high measurement accuracy. Thapded wavelength-height function takes
into account the moiré wavelength variation ovdibecation depth when measuring an object
over extended depth. The novel moiré-wavelengtineafent technique, which performs pixel-
wise computation of the wavelength based on hgdgpth), improved measurement accuracy
by height refinement, compared to measurement usisingle global wavelength across all
pixels. The new method was able to measure suhiigiat using only a single captured frame of
the object surface with only a single projectedgrat Furthermore, the projected pattern was a

simple binary grid, which avoids problems assodiatéh gamma nonlinearity.
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2. Developed a new single-frame grid removal temivaibased on combined SWT-FFT for
application in single-frame digital moiré 3D shapeasurement that addresses the needs to
remove high-frequency grid lines, without introchgiartifacts, while preserving the moiré
pattern without blurring and degradation.

The ability of the stationary wavelet transform (5o prevent oscillation artifacts near
discontinuities, and the ability of the Fouriernséorm (FFT) applied to wavelet coefficients to
further separate grid lines from useful image infation, were combined in a new technique,
SWT-FFT, to remove grid lines from moiré-patternages generated by digital moiré. In
comparison to previous grid removal techniques @iré) SWT-FFT avoids the requirement for
mechanical translation of optical components artura of multiple frames, to enable single-
frame moiré-based measurement. The measuremenitsreave demonstrated that SWT-FFT
had the best performance in removing the grid Jibhesh straight and curved lines, minimizing
artifacts in the de-noised image, and preserving mhoiré pattern without blurring and
degradation. In comparison to other techniques, btomad SWT-FFT had the lowest noise

amplitude in the reconstructed height and lowesghoess index for different test objects.

3. Developed new temporal phase unwrapping tecksif@r measurement of spatially isolated
and discontinuous surfaces:

3.1. An improved temporal phase unwrappinghoetwas developed using multi-wavelength
digital phase-shifting moiré to address the linnta$ of the high number of projected patterns
and captured images of temporal phase unwrappifid®, and the low signal-to-noise ratio of

the extended phase map of temporal phase unwrappdigital moiré.

Two-image and three-image digital-moiré temporahgeh unwrapping were developed
using projection of two and three binary-grid patteof different frequencies, respectively.
Experiments demonstrated accurate high resolutrs®face-shape measurement of objects
with surface discontinuities and spatially isolatebjects. The number of captured images
required by this new method is one third that foe tommon heterodyne temporal phase
unwrapping by fringe projection techniques. Minimgthe number of required captured images

would be advantageous in measuring dynamic objettteer moving or deforming.
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6.2 Limitations and Future Work

1. For the techniques developed in this researctefexence plate is required during object
surface measurement. Encoding a marker or coloigesin the projected pattern as in [85, 86]

might avoid the need for the reference plate, aod simply the measurement setup.
Recommended future work would be to:

» Devise a new technique or new projection pattermpaédorm absolute measurement of

objects without requiring to the reference platérdymeasurement:

2. The developed grid removal technique based onl-BWI requires adjusting of two
parameters: the decomposition level of the waveketsform and the damping factor of the
Gaussian function in the Fourier transform. Theod&gosition level depends on the pitch of the
captured grid on the object surface and the damigicipr depends on the curvature of the grid.
The damping factor and decomposition level havbeaa@s small as possible to keep the useful

information unchanged, but large enough to rembeéhigh frequency grids.
Recommended future work would be to:

* Make the grid removal technique automatic by detgcthe pitch and curvature of the
image-captured grid lines, and adjusting the deasitipn level and the damping factor
accordingly as described above. This could perumiibraatic grid removal and thus allow

automated measurement.

3. The developed system calibration technique gdyforms phase-to-height mapping and

requires separabe Y plane calibration.
Recommended future work would be to:

 Develop a new calibration technique that combintges-vision [43-45] (using two
cameras and one projector) with digital moiré. Tdusld allow the 3D coordinates of the object
surface to be computed from 2D image coordinatesdan well-known established techniques
for stereo cameras. This combination may allowuses of moiré patterns to aid determination of
the correspondence between camera images and tbheus#rinsic (camera optics) and extrinsic
(system geometry) parameters in measurement asdmo cameras. In another approach, the

system calibration might be performed using a sirgg@mera projector system [45], where the
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projector would be treated as an inverse camekaitizal projector image generated, and the
calibration parameters for the projector and cameed as for a two-camera stereovision

system.
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