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Abstract

In Fourier Transform Profilometry, a filtering procedure
is performed to separate the desired information (first order
spectrum) from other unwanted contributions such as the
background component (zero-order spectrum). However, if
the zero-order spectrum and the high order spectra compo-
nent interfere the fundamental spectra, the 3D reconstruc-
tion precision decreases. In this paper, we test two recently
proposed methods for removing the background intensity so
as to improve Fourier Transform Profilometry reconstruc-
tion precision. The first method is based on the twice piece-
wise Hilbert transform. The second is based on Bidimen-
sional Empirical Mode Decomposition, but the decompo-
sition is carried out by morphological operations In this
work, we present as a novel contribution, the sequential
combination of these two methods for removing the back-
ground intensity and other unwanted frequencies close to
the first order spectrum, thus obtaining the 3D topography
of the object. Encouraging experimental results show the
advantage of the proposed method.

1. Introduction

Fringe projection is a widely used technique based on
structured illumination for optical three dimensional (3D)
shape measurement. It provides a 3D topography of objects
in a non-contact manner, with high resolution, and fast data
processing. 3D shape measurement is commonly applied in
production automation, robot vision, medical image diag-
nosis, industrial and scientific applications, cultural heritage
and preservation and other fields. Among the existing tech-
niques, Fourier transform profilometry (FTP) is one of the
most used techniques [11]. In FTP a filtering procedure is
performed to obtain the fundamental frequency spectrum in
the frequency domain. This means that frequency aliasing
between the zero-order spectrum and the fundamental spec-
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trum has great influence on the measurement accuracy and
measurable slope of height variation. If the zero frequency
component and the high order spectra component interfere
the useful fundamental spectra, the reconstruction precision
of FTP will decrease greatly.

To overcome this difficulty various time-space-
frequency analysis techniques based on Fourier analysis are
often used to filter out background intensity from a single
pattern. These techniques include windowed Fourier [6]
or Gabor transform [13], wavelet transform [14], and
smoothed space-frequency distribution [I]. A major
restriction of these methods is their non-adaptive nature. A
priori knowledge of parameters like filter window width and
basis function is necessary for generating desirable outputs.
Other authors have proposed quasi-sinusoidal projection
and m-phase shifting for suppressing the zero frequency
component and high-order spectra component [9] and
composite stripe projection technology for eliminating zero
frequency component [3]] for improving the accuracy and
measurement range of FTP. These techniques have their
own applications according to the property of the measured
objects. For instance, the m-shifting technique needs to
capture two fringe pattern images with m-phase difference
to eliminate the background intensity by a subtracting
operation. This improves the accuracy and measurement
range but is a clear drawback when measuring dynamic
objects and scenes.

In this paper we test two recently proposed meth-
ods, Morphological-Based Bidimensional Empirical Mode
Decomposition (MOBEMD) [15] and the Hilbert Trans-
form [7]], for removing the background intensity so as to
improve FTP reconstruction precision. In identifying the
shortcomings of these two methods we propose the use of
both methods sequentially in order to obtain the most accu-
rate 3D reconstruction.



2. Fourier Transform Profilometry

A sinusoidal grating image is projected onto the object
surface (Figure [I). The deformed fringe pattern captured
by the CCD can be expressed as

9(z,y) =a(z,y) + b(z,y) cos 27 fox + p(z,y)] , (1)

where a(x,y) represents the background illumination,
b(x,y) is the amplitude of the cosine function and relates
to the contrast of the fringes, fj is the carrier frequency,
and o(z, y) is the phase that contains the shape information
of the tested object. Equation (I]) can be rewritten as

9(z,y) = a(z,y) + c(z,y)e?™ " + *(z,y)e ™o,
)

where
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and superscript * is the complex conjugate of ¢(z,y). The
phase of the fringe system is calculated using the Fourier
transform method. Using one-dimensional notation for sim-
plicity, we can express the Fourier transform with respect to
x as

G(fwy) = A(fmy) +O(fub _f07y) +O*(f.1/ +f07y) >
4)

where A(f,,y) and C(f, — fo,y) are the 1-D Fourier trans-
forms of a(x,y) and ¢(x,y). A(f:,y) represents the zero
spectra corresponding to the background component and
C(fz— fo,y) contains the shape information from the mea-
sured object. ¢z, y), a(z,y), and b(z, y) vary slowly com-
pared to the carrier frequency fy. A properly designed filter
is applied to select C'(f, — fo,y). Equation () shows the
complex signal obtained by calculating the inverse Fourier
transform of C'(f, — fo,y) [44[7] as

1 .
C(.’b, y) = ib(x’ y) expl(tp(w,y)-‘r%'rfow) ) (5)

The phase ¢(x, y) can be extracted by computing the loga-
rithm of ¢(x, y), and then isolating the imaginary part as

¢(z,y) =Im {log (;b(w,y)>+i(<ﬁ(%y))} O]

The obtained phase is wrapped in the range of 7 to
—m. A phase unwrapping process is applied to remove the
27 discontinuity. This process is carried out by compar-
ing the wrapped phase at neighboring pixels and adding
or subtracting multiples of 27 thus obtaining the continu-
ous phase. This obtained phase can be affected by local
shadows, irregular surface brightness, fringe discontinuities
and under sampling [10]]. In order to overcome these prob-
lems, pre-processing strategies are carried out such as bi-
nary masks, interpolation techniques and filtering to remove
noise, among other.

3. Background Intensity Removal Methods

Frequency aliasing between the zero spectrum and the
fundamental spectrum has a great influence on the measure-
ment accuracy and measurable slope of height variation.
If the zero frequency component and the high order spec-
tra component interfere the useful fundamental spectra, the
reconstruction precision of FTP will decrease greatly. To
overcome this problem, we test two methods and propose
a variant, based on these two methods, for removing the
background intensity so as to improve FTP reconstruction
precision.

3.1. Hilbert transform

The Hilbert transform H(.) of a 1D signal f(z) is de-
fined as

“+oo T
H(fw) -+ | O 1wy, @

T T—T TX
and the Fourier spectra of H(f(x)) is defined as [7]
F{H(f(x))} = —jsgn(w)F(w) , ®)

where sgn(.) is the signum function.

The Hilbert transform can carry out 90 degree phase
shifting for the positive frequency and 90 degree phase
shifting for the negative frequency. In addition, the DC
component is removed.

Luo et al. [7] proposed a piece-wise Hilbert transform
to suppress the background intensity of the deformed fringe
pattern using only one fringe pattern according to the ap-
proximation that the background of the fringes is a slowly
varying function and its distribution in each half period of
the fringe can be considered as a constant.

The algorithm used to calculate the piece-wise Hilbert
transform is the follow:

1. Detect ridges and troughs of the fringes.

2. Calculate the segments of fringe f;(z) between an ad-
jacent local maximum and local minimum.

3. Calculate twice Hilbert transform (TPHT) to each
fringe segment as:
D1=H(f;(x));
DI11=-imag(D1);
D2=H(D11);
D22=-imag(D2);

3.2. Morphological-based BEMD

The deformed fringe pattern is not periodic stationary
because the projected sinusoidal pattern is modulated by the
tested object. For analyzing non-stationary signals, Bidi-
mensional Empirical Mode Decomposition (BEMD) can



decompose the deformed fringe pattern into Intrinsic Mode
Functions (IMF) [5/8] varying from high frequency to low
frequency. Thus, removing the background is a simple op-
eration. However, the decomposition is time consuming.
To overcome this problem Zhou et al., [[15] proposed a fast
algorithm for empirical mode decomposition based on mor-
phological operations and 2D convolution.

After finding the ridges (troughs) by morphological op-
erations the envelopes are estimated by a weighted moving
average algorithm and calculated by 2D convolutions to in-
crease the speed of the estimation. The sifting procedure
concludes when two modes are extracted, namely, a single
IMF and a residue. The IMF corresponds to the fringe pat-
tern without the background.

3.3. MO-BEMD and Hilbert transform

The previous two methods often fail to completely re-
move the background intensity. MOBEMD estimates the
illumination by regions to obtain a global illumination dis-
tribution, but it fails to remove all local low frequency com-
ponents associated with the DC level of each Fringe. In
contrast, the Hilbert transform can eliminate these local
DC components, but is susceptible to errors when there are
global illumination variations, which does not allow a suc-
cessful maxima and minima detection in the signal.

We propose to use both methods to suppress the
background intensity of the fringe pattern. First, with
MOBEMD, we obtain a global compensation illumination
and then with twice piecewise Hilbert transform a local il-
lumination compensation.

4. Experimental Details

The experimental setup consisted in two parts: a projec-
tion system and an observation system (Figure[T). The pro-
jection system used was an LED pattern projector (Opto-
engineering LTPR36-W) that contains a stripe pattern of
400 lines with line thickness 0.0lmm. A objective lens
of 75-mm focal length was used to project the fringe pat-
tern onto the tested object. The observation system con-
sists of a CMOS camera (Basler Ace with 1280 x 1024 pix-
els) that captures the distorted pattern. The captured pat-
tern was analyzed to extract the topographical information
of the object. A calibration process was executed to convert
the resulting phase map to (z, y, z)-coordinates [2,{12]]. The
tested object is a dented steel pipe. A dent is a permanent
plastic deformation of the circular cross section of the pipe.
The dent was produced by means of a Rockwell hardness
test, penetrating the pipe with a diamond cone indenter.

In Figure [2] we show the acquired image of the tested
object. This image presents a non-uniform illumination dis-
tribution and poor contrast of the fringes. Figure[3(a)|shows
the area of interest for 3D reconstruction. The projected
fringes on the edges of the pipe dent exhibit discontinuity
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Figure 1. FTP measuring system arrangement.
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Figure 2. Acquired image of the dented pipe.

problems in some regions that impede an accurate 3D re-
construction.

5. Results and Discussion
5.1. Background Removal

The spectrum in Figure was obtained using the FTP
method. The unwanted background intensity is mainly rep-
resented by the central peak, i.e, the zero-order or DC com-
ponent. The desired shape information is represented as two
peaks centered at the carrier frequency value and its conju-
gate. A Hanning filter is applied to perform the filtering
procedure. The size of the filter was designed to cover most
of the frequencies associated with the object, however often
leakage frequencies related to illumination or discontinu-
ities in the image lead to incorrect phase information. To
overcome this problem, we processed the images for back-
ground intensity removal. The results of applying TPHT,
MOBEMD and the proposed method (TPHT+MOBEMD)
to remove the background intensity are shown in Fig-
ures D)} In the second line of Figure [3] we show a
profile of the Fourier spectra of the corresponding figures.
Figure [3(f)|shows the resulting spectrum after applying the
TPHT method. This method removes the background in-
tensity variation, however it has problems on compensating
illumination in the pipe dent and in addition to generating
irregularities at the edges as is shown in Figure 3(b)]

Processing the image with MOBEMD provides a more



accurate estimation of the illumination distribution, espe-
cially inside the dent, but the overall background is not
adequately removed as can be seen in the corresponding
Fourier spectrum (Figure [3(g)). Our proposal, of process-
ing the image with MOBEMD+TPHT, leads to an overall
uniform intensity with hardly any artifacts in the dent. Fig-
ure[3(h)|shows the spectrum of TPHT+MOBEMD in which
the background is not completely removed but it is negligi-
ble.

5.2. Phase Maps and 3D Reconstruction

Accurately retrieving the phase map from the dent is
most likely a problem due to the poor contrast and disconti-
nuities of the fringes in the border. The 3D reconstruction is
obtained subtracting the estimated linear phase from the ref-
erence plane from the continuous experimental phase map.
In Figure ] we show the four 3D reconstructions of the pipe
dent. Notice the artifacts in the first three reconstructions
(Figures a)—(c)), whereas the reconstruction from the im-
age processed by MOBEMD+TPHT is artifact-free.

To overcome this difficulty, often a binary mask is used,
as the one shown in Figure[5a). The phase unwrapping pro-
cedure is carried out without considering the pixels inside
the mask. After the continuos phase has been obtained, the
phase values of the pixels inside the mask are obtained by
interpolation. In Figure[5(b) we show the 3D reconstruction
using FTP plus the masking procedure. While this is always
a possibility, this leads to inaccuracy in the 3D reconstruc-
tion and may altogether fail if the mask is too large relative
to the image size.

In Figure [6fa) we show the profiles from the 3D re-
constructions along the y-axis passing through the dent.
There is a minor offset from the profiles because the ref-
erence linear phase is estimated from the experimental im-
age. The preprocessing produces this offset, but it has no
influence on the relative z values and the topography. Due
to the phase unwrapping problems the profiles from FTP,
MOBEMD, and TPHT have reconstruction errors that man-
ifest as spikes. For the sake of comparison, in Figure [(b)
we show the profiles from the 3D reconstruction by FTP,
FPT+Mask, and the proposed method. Notice that because
of the masking and interpolation, the relatively high slope
at the right-side of the spike is much more smooth. This
topographical characteristic is preserved with the proposed
method.

6. Conclusions

In this work we have presented a typical problem that
arises in Fourier Transform Profilometry dealing with un-
even illumination and poor contrast of the fringes. This
leads to problems in the phase unwrapping stage that pro-
duce artifacts in the 3D surface reconstruction. We pre-
sented results on real images from a dented pipe using
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Figure 5. (a) Binary mask used to avoid phase unwrapping artifact.
(b) 3D reconstruction after masking and interpolation.
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Figure 6. Profiles from the 3D reconstructions along the y-axis
passing through the pipe dent.

three methods for removing the background intensity and
improving fringe visibility. The methods MOBEMD and
TPHT showed a significant enhancement of the input im-
age, but fail either to adequately compensate the local or
overall intensity distribution. For this reason, we proposed
to use both techniques, first MOBEMD and followed by
TPHT to enhance the images. The proposed method clearly
improves the phase unwrapping stage and avoids the use of
masks and interpolation which lead to inaccurate 3D recon-
struction.
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