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Using both high dynamic range (HDR) and normalization methodologies, we show a method to improve the
fringe pattern contrast in interferometric measurements normally used for phase recovering. In a simulated
interferogram that mimics the main effects that can be found in an interferometric process (stray-light, pho-
ton noise, electronic noise, scattering phenomena, etc.) it was possible to improve the contrast of the fringes

and to decrease the root mean square error by more than 35%. The method proposed is applied to experimen-
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tal interferograms to measure wavefront error and retardance changes on liquid crystal (LC) devices. It is
done by using a Mach-Zehnder set-up in which we used different polarization areas. The proposed method
increases the quality of the phase recovered and decreases the root mean square error by 50%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

A limited dynamic range can be a problem, and increasing it is a
strong tool in many interferometric applications [1-6] or in other sci-
ence areas such as computer vision [7,8] or astronomy [9], although,
increasing the dynamic range is done through software, it cannot be
done without CCD knowledge.

The most common CCD characterization parameters are spectral
response, minimum and maximum signals, dynamic range, pixel-to-
pixel uniformity, output conversion gain, noise floor, charge transfer
efficiency, spectral quantum efficiency and signal-to-noise ratio [10].
As the parameters mentioned above are interdependent, if the dy-
namic range is extended, signal-to-noise ratio improves.

The response function or characteristic curve is the slope of the
output-input transformation. The maximum input or the saturation
equivalent exposure is the input that fills the charge wells. The satu-
ration equivalent exposure is used to define the dynamic range [10].
The response function depends on the light source characteristics
and the spectral quantum efficiency. The spectral quantum efficiency
varies by device.

In the case of film photography, the film response to variations in
exposure is a non-linear function, which is the product of the irradi-
ance the film receives and the exposure time. The CCD sensors are
designed to produce electrical signals, which are linearly proportional
to the sensor exposure up to some saturation level [11]. However, the
CCD imaging process usually deviates from this ideal linear model
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[12] due to convert 12-bit output from the CCD's analog-to-digital
converters to 8-bit values commonly used to store images and other
error sources in the sensor. As with film, the most significant nonli-
nearity in the response curve is its saturation point, where any pixel
with a radiance above a certain level is mapped to the same maxi-
mum image value [13].

To obtain a high dynamic range radiance image (HDR), a set of im-
ages in different exposure times can be fused into a single radiance
image with wide dynamic range, but the response function of the im-
aging system must be computed before [14]. All methods' essential
information to radiometric calibration and its response function re-
covery is how brightness gray-levels in one image correspond to
brightness gray-levels in another one [11-16]. The algorithm devel-
oped by Debevec and Malik [13] to response function recovery and
HDR radiance map construction, was used for this work due to the
easiness of the implementation.

Intensity I(x,y,t) could be defined as the relationship between ir-
radiance E(x,y) and exposure times At(t) as film photography,
where intensity is obtained in an 8 bit range (0-255 gray scale),
and it is expressed as:

I(x,y,t) = f(E(x,y) - At(t)), (1)

where fis the response function and it is assumed to be monotonic
and invertible, Eq. (1) can be written as:

In f_](I(x,y7 t)) =In E(x,y)+In At(t), (2)

as exposure times At(t) and intensities I(x,y,t) are known, the
calibration technique is only a regularization method that allows
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Fig. 1. The most under-saturated interferogram simulated. (a) Interferogram with 5% of noise. (b) Profile of interferogram, line on (a).

knowing the response curve of the sensor f and the irradiance E(x,y);
This function is solved by least square minimization.

Once the response curve is recovered, HDR can be computed in
three simple steps. First, each measurement I(x,y,t) is mapped to its
scaled radiance value E(x,y), using the recovered response function
f. The response curve can be used to determine radiance values in
any images acquired by the imaging process associated with f, and
not only the images used to recover the response function. Second,
the scaled radiance is normalized by the scaled exposure At(t) so
that all radiance values end up with the same effective exposure. Fi-
nally, the radiance value at a pixel is then computed as a weighted av-
erage of its individual normalized radiance values. In the Debevec and
Malik algorithm [13], the weighting function is a simple hat function
based on the assumption that mid-range pixels are more reliable.
However, we used the signal theory as it was proposed for Mitsunaga
and Nayar [14]. Any of these methods will yield a satisfactory result,
although the latter weighting function is better supported by the sig-
nal theory [16]. Eq. (2) can be rewritten to convert pixel values to rel-
ative radiance values assuming that the integration time is known.

In E(x,y)=1In f_l(I(x,y7 t)—In At(t). (3)

Assuming that the problem is an interferometric measurement with
over-saturated and under-saturated areas, increasing the dynamic
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range, as mentioned before, it is not enough for a quality phase recov-
ery. The following step would be to suppress background and to equal-
ize modulation.

Algorithms used to visualize the HDR image [16] are not useful
to HDR interferometric fringes, because they are not trivial to
equalization of the modulation. However, normalization algo-
rithms used in fringe analysis have been developed for this task
[17-19]. The process of background suppression and modulation
normalization is a denominated fringe pattern normalization [18].
Background and modulation variations are considered a source of
phase estimation errors [17], therefore fringe normalization is a
preprocess step before phase recovery. The fringe normalization
algorithm used in this work was the isotropic n-dimensional fringe
pattern normalization [17], developed by Quiroga et al. and it will
be briefly explained.

If the fringe pattern is assumed a sinusoidal model of the irradi-
ance can be written as:

IHDR(X-,y) = b(xvy) + m(X,y)COSd)(X,y), (4)

where Iypr(X,y) is the HDR fringe pattern irradiance, b(x,y) the back-
ground, m(x,y) the modulation, ¢(x,y) the modulating phase. Iyp(x,y)
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Fig. 2. Image Number vs. RMSE. (a) HDR + Normalization without noise. (b) HDR + Normalization with noise.
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Fig. 3. Interferogram Normalized using HDR 4 Normalization methodology.

is the HDR irradiance filtered for a high-pass filter to suppress the
background. It can be written as:
Iyp(x,y) = m(x,y)cosp(x,y). (5)
After background suppression, to obtain the modulation normali-
zation, therefore Iyp is normalized, and then the simple steps must be
applied.
H, is non-linear operator that can be interpreted as the n-

dimensional generalization of the 1D Hilbert operator [20]. It can be
computed as:

Hﬁmﬂxw}:F”{—ﬁﬂ~Fﬂm@J»}. (6)

lq]

Eq. (6) states that the frequency response of H,{.} can be estimat-
ed by n 1D Reisz filters along each spectral coordinate [20]. where g =
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Fig. 4. Mach-Zehnder set-up. P1, P2 and P3 are polarizers. PZ piezoelectric linear stage.
TVC thermo-vacuum chamber. LC liquid crystal. PA1, PA2 and PA3 Three different po-
larization states.
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(a) Normalized interferogram. (b) Profile of normalized interferogram.

(Uq, ..., 1) is the position vector in the spectral domain. Then, apply-
ing the quasi-quadrature operator as it is shown:

Q {Tup(x.¥)} = [Hy{Iyp (X, )} (7)

Finally, the fringe pattern normalized over HDR interferometric
fringes is written as:

Iy(x,y) = Lyp(x,Y) .
o
U3 + (o))

8)

In summarizing, we propose a method that has two principal steps,
which are to increase the dynamic range and then normalize the over
HDR interferometric pattern. The main objective is o process the mod-
ulation to improve the contrast in a set of interferograms that will be
used to reconstruct the phase. To demonstrate the benefit of this

Phasestepl Phase step 2 Phase step 6 Phase Recovered

Emosure.nmel . . . . > .
Emure.nmez . . e . > .

= 1 kO
v Vv v
TEN B

Fig. 5. Rows are exposure times and columns are phase steps. For each exposure time,
we have one phase recovered and for each phase step we have one synthetic image

(HDR). “Best image” is the set of phase steps and phase recovered at exposure time
1/556s.
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Fig. 6. Interferogram with 3 different exposure times. (a) Interferogram exposure time 1/10,000. (b) Interferogram exposure time 1/556. (c) Interferogram exposure time 1/16.

process, we made a simulation before to apply the methodology to our
experimental case.

In Section 2 a simulation is presented to review some concepts to
quantify the contrast improvement, which are shown graphically. In
Section 3, we applied the mentioned methodology to the experimen-
tal data obtained from a set of interferograms acquired in a Mach-
Zehnder set-up. The experimental set-up is used for routinely testing
the optical quality of a liquid crystal device (LC) under development
in our laboratory. We use different polarization areas in the same ac-
quisition to analyze the optical aperture of the device that produces
areas with very different illumination levels so that the normalization
process is necessary to successfully extract the phase. Finally, conclu-
sions are given in Section 4.

2. Simulation

Using Eq. (4), it is constructed as an interferogram in nine differ-
ent and relative exposure times. A simulated interferogram with a
relative exposure of 0.5 has half of the exposure in respect to the
other one with a relative exposure of 1. Fig. 1(a) shows the most
under-saturated simulated interferogram which, includes 5% of
noise level to incorporate the influence of electronic noise (dark cur-
rent, photon noise, readout, etc.), characterized by pixel to pixel var-
iation. The noise was performed by Gaussian distribution added in the
intensity, being different to each exposure time image. A spatial
distribution created to simulate the main effect of the stray-light
produced in a typical acquisition process was superposed to the
first contribution mentioned. This spatial distribution is also the
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background simulation. It is composed of a squared cosine distribu-
tion and two-dimensional parabolic function. The amplitude modula-
tion is not constant and it is formed by two-dimensional parabolic
function. Fig. 1(b) shows the interferogram profile following the
line in Fig. 1(a).

Having the simulated set of nine images, the response function
was computed as it was explained in Section 1. Then, the HDR inter-
ferometric pattern was constructed. Clearly, this response function is
not the real one as that of a CCD.

The HDR algorithm basically joins a set of images with different
exposure times, and creates only one synthetic image, which has a
high dynamic range of the radiance map in the scene [16]. Although,
the HDR radiance map carries the information of all areas of the
image, it still shows different amplitude levels that do not allow
phase recovery. Thus, it is necessary to normalize to take advantage
of the digital resolution achieved with the HDR process. In the exper-
imental case (Section 3), the difference of the amplitude levels after
applying the HDR process will be clearly explained and illustrated.

The minimal number of images needed to increase the dynamic
range is two [13]. Building the HDR image with more than two
would allow a better sample of over-saturated and under-saturated
areas. To understand that advantage, Fig. 2(a) shows how the root
square mean error (RMSE) decreases when there are more images
to build the HDR image. Theoretically, the curve should be asymptot-
ic, however due to the typical simulation artifacts, an increase in the
error when the normalization algorithm is applied after the eighth
image is noted. Also it is noted, after a certain number of frames
that there is no advantage.
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Fig. 7. Improvement of the signal-to-noise applying HDR process. (a) Best image logarithm. (b) HDR radiance map logarithm.
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Fig. 8. Phase reconstruction. Phase modulo 2m. (a) Reference image. (b) Best image. (c) HDR.

The RMSE is calculated as:

(won (X, ¥) —Iupr (%, )12

M=
M=

X 1

RMSE = \| =1

nxm ©)
where Iyon(X,y) is the target (a simulated image without noise and
background), Iypr(X,y) is the synthetic image. In Fig. 2(a), the dotted
line, or best-simulated image, is the smallest error compared to the
target of the nine simulated images. It is evident that this error is sub-
stantially higher than the one of the HDR images, represented by the
continuous line.

Fig. 2(a) shows how the error decreases in the absence of pixel-to-
pixel noise. Note that when this noise is introduced in Fig. 2(b), the
error is amplified.

The final fringe pattern after process (HDR and normalization)
with the lower RMSE is shown in Fig. 3(a), and its profile in Fig. 3(b).
The error reduction achieved is more than 35%. Note in Fig. 3(b),
how the background is supressed, the amplitude is normalized and
the information in over-saturated and under-saturated is recovered.

3. Experimental

Liquid-crystal variable retarders (LCVRs) are an emergent tech-
nology for space-based polarimeters [21,22]. They provide many ad-
vantages to both ground- and space-based instrumentations with
respect to more traditional modulators, in particular low voltage
and power requirements, low mass, low volume and large clear aper-
tures [21,22]. However, they have some characteristics that should be
taken into account and, if necessary, addressed during the instrument
design. One of the more important properties of any polarization
modulator is its homogeneity retardance.

Homogeneity retardance value and the wavefront error are closely
related. Mechanical changes that stress the glasses produce changes
in the wavefront error. Therefore, in homogeneity retardance, the
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inhomogeneity becomes more evident in certain polarization states
[21,22], and having them in one single shot produces a more efficient
measure.

The arrangement used is a Mach-Zehnder interferometer, where
P2 and the object beam polarize the reference beam, is propagated
through P1 and then through a thermo-vacuum chamber (TVC).
Within the thermo-vacuum chamber is placed the LC device, and
then both beams are recombined and propagated through a third
polarizer (P3), with three polarization states (PA1, PA2, PA3), before
getting to the CCD, as shown in Fig. 4. With P1 is selected a deter-
mined polarization, with P2 the contrast is maximized, and with P3
are obtained three different polarization states in one single shot.

The monochrome CCD used in this experimental case, has
1280 x 960 pixels and a pixel size of 4.65 um. The LC used was nemat-
ic, with the following properties: LC MLC-6204-100, Dn=0.1479 at
525 nm and viscosity of 38 mm?/s (at 20 °C).

As it was mentioned before, the main objective of HDR technique is
to acquire a series of images of the same scene, taken at different expo-
sure times. This is a complicated task in interferometry because differ-
ent agents can cause changes in the phase of the wavefront to be
recovered. Air temperature, differential humidity, vibration of moving
parts, and other error sources, can produce instabilities on the ac-
quired fringes. However, it is assumed that there are no changes in
the scene, as the error sources are controlled in a clean environment.

Fig. 5 shows the procedure to increase the dynamic range to every
phase shift. That means that, for each of the six phase shifts, the inter-
ferogram is obtained in ten different exposure times. Therefore, there
are six HDR interferogram patterns in different phase shifts, and each
one of them are normalized to then recover the phase. The exposure
times selected were [1/10,000, 1/5000, 1/3333, 1/1250, 1/556, 1/294,
1/139, 1/65, 1/32, 1/16] s.

In the following the so-called “best image” and “reference image”
will be explained to understand what comes after the results. The
“best image” is the group of interferograms in the six phase shifts,
the phase modulo 2m, the unwrapped phase and the unwrapped
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Fig. 9. Phase reconstruction. Phase unwrapped including tilt and piston. (a) Reference image. (b) Best image. (c) HDR.
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Fig. 10. Phase reconstruction without tilt and piston. (a) Reference image. (b) Best image. (c) HDR.

phase without tilt and piston. The latter one was obtained in the ex-
posure time 1/516 s (see Figs. 6(b), 8(b), 9(b) and 10(b)). The “best
image” is called like that because it has the smaller RMSE of all expo-
sure times. The RMSE was calculated only with the unwrapped phase
without tilt and piston using Eq. (9), having as a target the
unwrapped phase without tilt and piston, when P3 was removed
and LC was deactivated (“reference image”). Therefore, what is called
“reference image” is the three images, the phase modulo 2m, the
unwrapped phase and the unwrapped phase without tilt and piston
(see Figs. 8(a), 9(a) and 10(a)).

Fig. 6 shows an interferogram in three different exposure times.
Note the three polarization states and the wide difference between
the most over-saturated and the most under-saturated zones. Apply-
ing the not normalized HDR method (Fig. 7(b)), it can be proved that
the missing information from the over-saturated and under-saturated
zones (Fig. 7(a)) is better sampled, and it is possible to recover the in-
formation to have it in only one interferogram. The exposure time
used in Fig. 7(a) is 1/516s. In Fig. 7(a) and (b), the data logarithm
to appreciate the amplitude difference is shown.

Once the six HDR interferogram patterns are gotten, these are nor-
malized using the procedure explained in Section 1. Although, some
algorithms of phase modulo 2m normalized within the process
[23,24], they do not suppress the background. For that reason, nor-
malization algorithms are useful as a pre-process, as variations in
the background and modulation amplitude, produce error in the
phase extraction. The algorithm used in the recovery of the phase
modulo 2m is developed by Wang and Han [23].

The algorithm to phase modulo 2m extraction is to establish con-
vergence of least squares quickly and accurately. Data entry for the
process is low, only three interferograms in different phase shifts,
not necessarily known, are enough to extract the phase. Phase shifts
of the estimated inputs do not have to be very accurate. The algorithm
has three basic steps, the first one is the iteration pixel by pixel to de-
termine the phase distribution; the second step is the iteration frame
by frame where to determine phase shifts as it is assumed that the
background intensity and the modulation amplitude do not have a
pixel by pixel variation, and there are only changes between frames,
and finally the third step, the convergence limit is defined and then
steps 1 and 2 are repeated until it is achieved.

Thus, with the procedure explained above the phase modulo 2 is
recovered for both the “best image” and the HDR image, and the error
is quantified as done in the simulation, taking as “image reference”, as
explained above. Fig. 8 shows the three phases modulo 2m, and their
respective phase unwrapped is shown in Fig. 9, where apparently
the phase is recovered in both cases without high error compared
with “reference image”, but if in the unwrapped phase suppressed
tilt and piston contributions are suppressed, the phase in the best
image is broken and HDR phase is recovered with low error (see
Fig. 10). In HDR image and "best image" polarizer border effect was
suppressed. The RMSE for best image is 10.6 and the RMSE for HDR
images is 1.4.

4. Conclusions

We demonstrated that the proposed method is an efficient tool in
phase recovering for those cases where the intensity differences in
multiple image zones are disproportionate, and that with a single
image, phase reconstruction would be not satisfactory and it would
have appreciable errors.

This method can also be invaluable in speckle interferometry, espe-
cially in the case of studying materials with different reflectances, the
presented method would provide a huge benefit in phase recovering.

Finally the proposed method is easy to implement, it does not
need additional hardware and neither optical set-up change. It can
be used in any interferometric set-up.

Method uses two very well-known tools from different areas of
science, one widely used in image processing and the other one in sig-
nal treatment and fringe interpretation.

In order to solve the environment problem, where they produce
changes in the scene, we propose a solution for the future. It is to ac-
quire in a unique shot the different images using phase shifting tech-
niques. This has been explored in an optical set-up using special light
modulators (SLM) that can suppress the mentioned changes that oc-
curred on the different images. In only one shot it is possible to ac-
quire different relative images taken at different exposure times by
means of dividing the CCD in quadrants. In order to do that we placed
the SLM in a pupil location and it was used as diffraction grating in
order to separate angularly the different images.
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