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Two-step interferometry by a regularized
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A two-step phase-shifting method, that can demodulate open- and closed-fringed patterns without local sign ambiguity is presented. The proposed method only requires a constant phase-shift between the two interferograms. This
phase-shift does not need to be known and can take any value inside the range (0, 2π), excluding the singular case
where it corresponds to π. The proposed method is based on determining first the fringe direction map by a
regularized optical flow algorithm. After that, we apply the spiral phase transform (SPT) to one of the fringe patterns
and we determine its quadrature signal using the previously determined direction. The proposed technique has
been applied to simulated and experimental interferograms obtaining satisfactory results. A complete MATLAB
software package is provided in [http://goo.gl/Snnz7]. © 2011 Optical Society of America
OCIS codes: 100.5070, 100.2650.

Phase-shifting interferometry (PSI) is a useful technique
in optical metrology for measuring the modulating phase
of interferograms [1]. Typically, in standard PSI, we obtain a sequence of N interferograms with known and constant temporal carrier. A minimum of three phase-shifted
interferograms are need to retrieve the phase. Other wellestablished phase-shifted methods are the 4-, 5-steps, for
example. A good general overview of the phase-shifting
algorithms can be seen in [2]. As a general rule, the use of
few interferograms simplifies the computation process
and reduces the processing speed in PSI. Moreover, it increases the robustness against uncontrolled mechanical
vibrations, air turbulence, or temperature changes that
are typical problems of interferometric setups. In the
case of high-frequency open-fringe interferograms, there
are well-known solutions as the Fourier transform
method [3] but in the case of closed-fringes, we need at
least-two frames to solve the local sign ambiguity if we
do not have additional a priori information.
In the past, there have been reported works about
phase reconstruction with only two frames [4,5]. [4]
presents the standard technique for obtaining the phase
map from two phase-shifted interferograms. This method
is based on applying the Fourier transform demodulation
approach to both interferograms. After that, the phasestep value is calculated for every pixel using a direct
algebraic expression. Because the phase-step has to be
constant along the full image, it is possible to solve the
local sign ambiguity and then retrieve the phase map. In
[4], the authors recommend using the method when the
phase-step is inside the range ½π=3; 2π=3 ðradÞ. Additionally, this method is very sensitive to noise. In [5], a twostep method has been recently presented. This method
consists of a self-tuning (ST) approach that first retrieves
the phase-step between interferograms looking for the
minimum of a merit function. Then a quadrature filter
is constructed and the phase is determined. This method
produces good results when the phase-step is close to
π=2 ðradÞ, but the accuracy decreases when the phasestep moves away from this value. Additionally, the
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method requires that the interferograms were previously
normalized.
In this Letter, we propose a two-step phase-shifting
method that is capable of retrieving the modulating phase
in the whole (0, 2π) range in a robust and fast way. Our
method, as any two-step method, cannot retrieve the
phase when the phase-shift is exactly π ðradÞ. In this
singular case there is not enough information. The method first obtains the fringe direction using a regularized
optical flow method. After that, the sign ambiguity
problem is solved and the modulating phase can be obtained from one interferogram using the spiral phase
transform (SPT).
The optical flow approach is a standard method used
in computer vision for obtaining the distribution of
apparent velocities of objects, surfaces, and edges in an
image set [6]. The optical flow method calculates the
motion field at every pixel position between two image
frames that are taken at times t and t þ Δt. An arbitrary
pixel at time t given by ðx; y; tÞ and with intensity Iðx; y; tÞ
will move between two consecutive frames to the position ðx þ Δx; y þ Δy; t þ ΔtÞ with intensity Iðx þ Δx; yþ
Δy; t þ ΔtÞ. Assuming the movement is small, we can
expand the intensity map at t þ Δt as
Iðx þ Δx; y þ Δy; t þ ΔtÞ ≅ Iðx; y; tÞ þ I x Δx
þ I y Δy þ I t Δt;

ð1Þ

where I x , I y , and I t represent the derivatives of I with
respect to x, y, and t. We suppose that the brightness
of an object does not change along time; therefore, we
have Iðx þ Δx; y þ Δy; t þ ΔtÞ ¼ Iðx; y; tÞ and Eq. (1)
can be rewritten as
I x u þ I y v þ I t ¼ 0;

ð2Þ

where u ¼ xt and v ¼ yt corresponds to the velocity
components. Equation (2) can be used to determine the
components of the movement in the direction of the
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intensity gradient, but we cannot, however, obtain these
components in the direction of the isointensity contours.
As a consequence, the flow velocity ðu; vÞ cannot be computed locally without introducing additional constraints
[6]. One possibility is to impose smoothness in the u
and v fields so we can develop a regularized optical flow
method. Suppose that we define an energy map as
E 2 ¼ ðI x u þ I y v þ I t Þ2 þ λðu2x þ u2y þ v2x þ v2y Þ;

ð3Þ

where E is the energy to be minimized and λ is the regularizing parameter that weighs the smoothness of u
and v. From Eq. (3), it is possible to obtain an iterative
solution using the Gauss–Seidel method [6] as
 k þ I y vk þ I t =ðλ2 þ I 2x þ I 2y Þ;
 k − I x ½I x u
ukþ1 ¼ u
 k þ I y vk þ I t =ðλ2 þ I 2x þ I 2y Þ;
vkþ1 ¼ 
vk − I y ½I x u

ð4Þ

where ukþ1 and vkþ1 are the velocity components ob and v corresponds
tained in the iteration k þ 1 and u
to the mean value of u and v in a defined neighborhood,
typically of size of 5 × 5 px. Once we have obtained u and
v maps at every pixel we can obtain the direction map as
η ¼ arctan

 
v
:
u

ð5Þ

In two-step PSI we have two patterns of the form
I t ¼ a þ b cosðΦ þ ω0 tÞ;

t ¼ 0; 1;

ð6Þ

where a is the background illumination, b is the modulation term, Φ is the modulating phase, and ω0 is the
instantaneous temporal frequency.
[7] introduced the SPT, which permits to transform a
cosine signal into its quasi-quadrature signal. If we suppress the DC component of I t in Eq. (6) by using a high
pass filter and apply the SPT operator, we obtain
SPTf~I t g ¼ i expðiηÞb sinðΦ þ ω0 tÞ;

t ¼ 0; 1;

ð7Þ

with ~I t ¼ b cosðΦ þ ωo tÞ and SPTf·g the SPT that
corresponds to
9
80
1
=
< ω þ iω
x
y
SPTf·g ¼ FT−1 @qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃAFTf·g ;
;
:
ω2x þ ω2y

ð8Þ

Fig. 1. Two fringe patterns used in the first simulation.

Fig. 2.

Theoretical phase map of the simulated fringe patterns.

where η is the direction map, FT means 2D Fourier transform, ωx , and ωy are the coordinates in the Fourier
space. Note that, if only there are one or two fringes in
the interferograms we can always subtract the DC component normalizing the interferograms [8]. In our case,
we propose to calculate the direction map from two interferograms using the regularized optical flow method
outlined above. From Eq. (7), if we know the direction
map, we have
b sinðΦ þ ω0 tÞ ¼ −i expð−iηÞSPTf~I t gt ¼ 0; 1;

ð9Þ

from which, we can obtain the modulating wrapped
phase as

Φ ¼ arctan


−i expð−iηÞSPTf~I t g
t ¼ 0; 1:
~I t

ð10Þ

We have compared the results obtained by the proposed
optical flow (OF) method with the results obtained by the
standard Kreis [4] and the ST [5] methods. Figure 1 shows
two sample fringe patterns with a phase-shift between
them of 0:5 rad. The images’ size are 256 × 255 pixels.
The noise is Gaussian and additive and the signal-to-noise
ratio (SNR) is 20%.
Figure 2 shows the reference theoretical phase map
and Fig. 3 shows the obtained phases by the OF (a), the
Kreis (b), and the ST methods (c). Note that in Fig. 3 the
wrapped phase retrieved by the Kreis and by the ST
method are highly affected by noise.
The rms (root-mean-square) error of the difference between the theoretical and obtained wrapped phases are
0:53 rad, 0:66 rad and 0:84 rad for the phases computed
by the OF, Kreis, and ST methods, respectively. In this
example, the processing times are respectively 0:53 s,
0:20 s, and 0:72 s using a 2:67 GHz laptop and MATLAB.
In order to compare the robustness of the proposed
method to different phase-shifting values between the
fringe patterns, we have obtained the rms errors and

Fig. 3. Reconstructed wrapped phases by the proposed OF
(a) by the Kreis, (b) by the self-tuning, and (c) methods.
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Fig. 6. Reconstructed wrapped phases by the proposed OF
(a) by the Kreis and (b) by the least-squares method using nine
interferograms (reference phase).

Fig. 4. Obtained rms errors by the proposed OF, Kreis, and
self-tuning method for different temporal frequencies.

Fig. 5.

Two real phase-shifted interferograms.

processing times for different phase-shifting values. The
fringe patterns to process are similar to the ones shown
in Fig. 1 in terms of SNR and theoretical phase map.
Figure 4 shows the obtained rms errors for different
temporal frequencies. As can be seen from Fig. 4, the obtained rms are always lower with the OF method than
when using the Kreis or ST methods. Additionally, from
Fig. 4, we see that the rms obtained by the OF method is
practically constant along the full range.
We have applied the proposed algorithm to real interferograms. We have compared the retrieved phase from
the proposed OF and Kreis two-step methods with the
phase obtained by the AIA method [9] using nine phaseshifted interferograms. We denote the phase obtained
by the AIA method as the reference phase. Figure 5
shows the used interferograms. In Figs. 6(a)–6(c), we
show the obtained wrapped phases by the OF, the Kreis,
and the least-squares method (reference phase). From
Fig. 6, we can see a good agreement between the OF
phase (a) and the reference phase (c). The rms error

of the difference between the reference and the OF
phases is 0:81 rad and the processing time is 1:1 s. On
the other hand, the rms error obtained by the Kreis
method is 0:84 rad and the processing time is 0:65 s.
In conclusion, we have proposed a two-step phaseshifting method based on a regularized optical flow algorithm that does not need to know the phase-shift between
interferograms. Additionally, the retrieved phase error
is practically independent of the temporal frequency or
phase-step. We have tested the proposed method with
simulated and real interferograms for different values of
the phase-step. We have compared our algorithm with
the Kreis [3] and ST [4] methods and we have shown a
very good performance of the proposed method. All the
examples of this work can be reproduced running the
MATLAB package that can be found in [10].
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