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ABSTRACT 

The vectorial shearing interferometer includes a pair of wedge prisms as a shearing system. Perfect alignment of the 
shearing system is crucial for the optimal detection and analysis of asymmetrical wave fronts. This paper describes a 
recognition algorithm for optical misalignment detection and prisms orientation based in the intensity pattern obtained in 
the calibration process. The key of the present algorithm is the comparison of a reference intensity pattern, against a 
sheared interferogram that depends on the wedge prism position.  First, an optimum phase only filter is obtained from a 
set of reference images with the objective to discriminate between different phase changes. Then, the optimal filter is 
used in a digital correlator, which results in a simple and robust calibration system. 
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1. INTRODUCTION
Calibration of an interferometric system depends on the perfect alignment of its optical and mechanical components.  It 
is a systematic work before to perform any physical measurement or optical test.  This process requires of a darkroom, 
stabilized laser, spatial filtering as well as mechanisms and mounts with micrometric adjustments.  Manual adjustments 
require of time and own abilities of the experience of the operator.  In the laboratory, during the calibration process, still 
it is common to use a piece of white paper with a small orifice to help the element by element alignment, it also requires 
of certain skill and experience in experimental work.  In many cases, optical elements are placed within narrow and 
sealed compartments with the purpose of reducing the incidence of environmental light as well as such of avoiding 
reflections spurious generated by the different surfaces from optical elements of the system.  
 
New techniques of fabrication and testing of optical elements involve high precision measurement of wavefront in order 
of achieve the decisive technical requirements of modern optical devices.  Unfortunately, their laborious fabrication and 
testing can become the principal disadvantage.  Normally, traditional interferometric testing produce intensity patterns 
with a high fringe density, due to large optical path differences introduced with the available reference components.  
Shearing interferometry solves most of the problems related with the needed of a reference.   
 
Lateral Shearing interferometers (LSIs) are self-referencing: they compare the wave front under test with itself.  These 
techniques require at least two intensity patterns with orthogonal shear directions in order to discriminate between 
rotationally and non-rotationally symmetric aberrations and, to fit the wavefront polynomial for aberration wavefront 
reconstruction.  LSIs are widely used for wavefront measurement 1,2.  Most of them use a plane parallel plate or wedge 
plates to shear the wavefront in two orthogonal directions.   
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The basic operation of the shearing system is based on an aligned prism pair called Risley prism.  Figure 1(a) shows this 
scanning system that consists in a pair of sequential wedge prisms used to deviate a light beam. Each prism of the system 
is capable of rotating about the optical scan axis at angular speeds, steps or intervals.  A focused laser beam propagated 
through the prisms, along the optical scan axis is deviated in a direction according to the relative orientation of the 
prisms with respect to each other.  The resulting deviation of the prism system has turned into a displacement in the 
detection plane. After the image acquisition by a focusing lens and a CCD camera, an intensity pattern is recorded for 
posterior electronic and computational processing.  Shearing and compensation systems consist in a pair of identical 
prisms individually mounted in a rotary holder, which is perpendicular to the direction of the wavefront propagation.  
When the individual prisms are rotated clockwise or counterclockwise, the combined deviation angle and the orientation 
phase change with time, such that the image spot traces out a vector pattern. These set of wedge prisms has been used in 
many scanning and laser applications where accurate wave front positioning is required. Such is the case also in many 
interferometric systems, like the shearing types, where the shear of the wavefront under test has to be known. 
Advantages and limitations of the Risley prism system in specific applications have been presented and solved for many 
authors prism3-5.  Considering that both prisms have the same refraction index, a fixed refracting angle and rotate at a 
fixed selectable angular speed 1 and 2, respectively. A set of linear and circular scan patterns can be generated 
regarding two cases: when the two wedge prisms rotate in the same direction with selected angular velocities, and when 
the two wedge prisms rotate in opposite directions, always with the possibility of selecting the initial relative orientation 
of the prisms. 
 
Figure 1 (b) shows our implementation of the vectorial shearing interferometer based on the Mach-Zehnder 
configuration6. Light from a laser source is expanded and filtered before illuminating the optical element under test, in 
this case a positive lens, producing a collimated beam. The beam splitter B1 separates the collimated beam in two equal 
intensity beams. One wavefront is directed through the shearing system, while the other passes through the compensation 
system. Both collimated beams preserve their states of polarization. The superposition of the both wave fronts generates 
a modulated interferometric intensity pattern, by the action of the beam splitter B2.   
 
Figure 1 (c) shows the original and displaced wave fronts leaving the vectorial shearing system. The quantities x and y
in the detection plane are the components of the net wave front displacement along the x and y axes, and also 
corresponds to sagittal and tangential shears in traditional lateral shearing interferometers. The translation of the sheared 
wave front results in a new origin of coordinates. The coordinates (0,0) correspond to the center of the non-displaced 
wave front  Cu, and the coordinates (– x, y) correspond to the center of the displaced wave front, Cd. Every point on 
the sheared wave front is shifted by the same amount in a given direction. Therefore, the net displacement of the sheared 
wave front is the distance between the two centers Cu and Cd, given by magnitude of the vector  
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Fig. 1. (a) Risley prism system: The relative angle between prisms determines the deviation angle and also the position of 
the ray on the plane a circular pattern is generated when one is prism is rotated 360º respect to stationary prism. (b) 
Experimental setup of the vectorial shearing interferometer used in the testing of a positive lens in transmission 
showing the prism arrangements of the shearing and compensation systems.  (c)  Original and the translated wave 
fronts in the vectorial shearing interferometer. The wave front displacement or shear is performed along an arbitrarily 
chosen direction, second quadrant in this case.  
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2. OPTO-MECHANICAL DESIGN 
 
In practice, accuracy in the determination of laser point displacement is limited by the error in the deflection angle of the 
prism system that depends on three essential parameters: (a) the apex angle, which depends on the fabrication process, 
(b) the index of refraction that depends on the quality of the glass, and (c) the relative angle between prisms which 
depends on the accuracy of the rotary holders.  All surfaces of the wedges must be of high quality, e. g. figure error less 
than /20, and apex angles with tolerances on the order of arc seconds.  Nowadays, transparent materials with high 
degree of homogeneity are commercially available, e.g., ultra pure synthetic fused silica.  Therefore, the deciding 
parameter over the net deviation is the relative angle.  Hence, a precise optomechanical design for mutual orientation and 
rotation of the wedges is necessary.  The precision and accuracy of the mechanical system determine the degree of 
control upon the wedge rotation.   

 

Commercial rotary holders perform rotations in the order of minutes or even seconds of arc, however, most of them do 
not permit change parameters freely. Next, we show our proposed to control the wedges by servo motors controlled with 
Adaline Neural Network7.  Several considerations were taken into account in the design of the rotary mounts.  In order of 
minimize the charge effects we use a security factor of 40 %.  According with the servomotor’s specifications 
(Mitsubishi HC-MFS053), it is possible achieve 2.7 degrees per pulse in direct mode.  However, we used a mechanical 
advantage of four, and then we can get until 0.67 degrees per pulse in each prism.  Some of the main specifications of the 
servo motor used are its size down to 40 mm square, fast response with rapid acceleration and mechanical time constants 
down to 2 msecs, maintenance-free 3 phase brushless construction, peak torque ratings up to 7.2 Nm, ratings up to 250 
Nm.  Encoder commutation facilitates sine wave drive technology to provide smooth operation and high resolution up to 
131,072 pulses/rev.  Figure 2 shows schematic drawings of the mechanical rotation system with the servomotor system 
that controls the angular position of the prisms.  Each prism is mounted in a plastic base attached to the tooth pulley that 
is driven by a servomotor. Speed motion and position are controlled by the servomotor software implemented in a PLC. 

 

Experimental results of servocontrol are expressed in terms of its position and velocity performance.  Typically, servo 
systems are first tuned with a step input in order to get a feel for the system response. Once this is done, the user now is 
often interested in how their actual motion will behave. At this point, the user must decide on the nature of the velocity 
profile.  By far, the most common velocity profile is the trapezoid.  This is due to the relative ease of calculating all the 
state variables needed for motion: position, velocity and acceleration.  As the need for smoother accelerations and 
decelerations becomes greater, either "S" profiles or cubic splines are often employed.   
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Fig.2. Photograph of the opto-mechanical device for the prism system: (a) View of the whole system, (b) Cross-section 
showing the prisms position, and (c) Front view. 
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Fig. 3. Curves of position and velocity (a) a conventional P.I.D. control, and (b) the auto tuner Adaline when a step 
function is applied. 

For the purposes of our investigation, we will focus on the use of a simple trapezoidal velocity profile.  The matrix of 
weight is formed applying the conditions before exposed tuning with the Adaline. Figure 4 shows the response to the 
step function applying the auto tuner ADALINE. Note that the velocity does not change, but the position is corrected 
smoothly.  We rotate prisms with incremental steps in the order of degrees to fractions of arc minutes.  In the 
experiments we use a He–Ne laser light source with a wavelength of 632.8 nm.   
 
 

3.  INTERFEROMETRIC ALIGNMENT USING DIGITAL FILTERS 
 
Present development on applied optical software and image acquisition systems has facilitated the automatic 
interpretation of interferograms.  A great amount of data is captured by means of a detection device, usually a camera 
CCD, to be stored and process by a computational electronic system.  Nowadays, an enormous diversity of software for 
the analysis of interferograms exists, which graphically displays statistical information of the surface under study 
practically in real time.  The inclusion of a camera CCD and other electronic elements is common in interferometric 
systems.  Taking in advantage images electronically stored, calculation programs can be applied to obtain data with the 
information of the state of calibration of the system.  Interferograms provides codified information in form of fringes of 
the wavefront of interest.  Ideally, when an interferometric system is already calibrated, the optical path difference is 
zero and interferogram is not generated.  Ideal calibration is very complicated to obtain due to the imperfections of the 
elements, tolerances of the mechanical components, and the intrinsic sensitivity of the interferometers to the thermal 
variations, reason why in practical form, generally, interferograms with a number of fringes are obtained.  When the 
interference of two plane wavefronts takes place, and only tilt is present, patrons of intensity with oriented straight 
fringes are, generated.  This fringe pattern can be used to indicate the degree of alignment of the system.   
 
One option to determine by automatic alignment of the system by means of software techniques is considering the 
direction and the number of fringes applying digital filters and correlation techniques.  When two plane wavefronts 
interfere exactly, there is not a fringe pattern.  If only tilt exist, patrons of intensity with oriented straight fringes are 
generated.  This fringe pattern indicates the degree of alignment of the system.  Form and pattern recognition include all 
those methods which it is possible to detect the presence of a certain image, denominated reference image, within 
another image or scene.  In the case in that the reference image is present in the scene, an exit will be obtained that 
indicates the existence of the image and with some methods in addition, will be able to be determined its position within 
the scene.  This technique has been acquiring in the last years a special relevance within the field of the processing of 
images due mainly to the constant and progressive automatization of the industrial processes, as well as to the 
development of new line of technological innovation, such as the artificial intelligence, the vision by computer and the 
teledetección. 

Exists a great variety of techniques associated to the recognition of patterns and image proccesing8,9.  We can classify 
them in optical, digital and hybrid techniques.  Optical techniques uses a set of optical elements to make the processing, 
which guarantees a high speed of processing, but create problems due to his limited flexibility with respect to the finite 
size of its elements.  Digital techniques fundamentally base their operation on executed algorithms of recognition in a 
computer, although with a cost of computational time.  One option is to work with hybrid techniques, which try to take 
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advantage of both methods and at the same time to diminish the effects of their disadvantages.  Opt5ical techniques 
present a series of disadvantages, for example, that can solely be used to detect forms of  limited size and direction 
which makes its use complicated, although exist methods that solve these difficulties10-13,  digital techniques are more 
versatile and offer new alternatives of solution to a great variety of present problems14-17. 

Fourier transform (FT) is the mathematical tool in optical signal processing18.  Correlation is one of the most useful 
properties of the FT applied to the signal processing.  The correlation between two functions can be expressed as: 
 

' * ´
nR

f r g r f r g r r dr .    (1) 

 
 
By means of correlation it would be possible to be determined the class of the object, or better, we could have an 
invariant correlator system that it identifies the object without concerning the point of view in which it is observed.  
(Even presenting lateral displacements, rotations, scaling, or changes of illumination, etc.). Image under test can be 
found immerse by noise, whose statistical characteristics can be similar to those of interest.  Correlation algorithms 
design or create reference signals such that its correlation with the object produces statistics information of these 
questions (noise or degradation in the observed signal).  One of the mean characteristic of Correlation Pattern 
Recognition, CPR, is the inherent robustness that turns out to evaluate the complete signal at the same time. 
Preprocessing is not required.  In contrast to other techniques that extract information in parts then later compare the 
relations between the elements, the CPR is less sensitive to small values of correspondence and obstructions, because the 
entire input image is compared against the reference image.  In addition, several objects within the scene can be detected 
in parallel. The correlation can be implemented as much in the time domain (space domain for the images) or in the 
frequency domain.  The method to implement the correlation in the frequency domain is the reason for which the phrase 
of “correlation filters is used”. Thanks to the Fast Fourier Transform (FFT) algorithm and high speeds digital processors, 
nowadays the correlation between images can be used indeed in digital implementations. 
 
The first filter used in an assembly of optical correlation was the denominated adapted filter classic or Matched Filter, 
MF19.  From an image, represented by a bidimensional function g(x; y) the MF is defined as: 
 

),(),(),(*),( vuievuGvuGvuHMF ,    (2) 

Here ),( vuG is amplitude and (u; v) is the FT phase of the reference image. Although the MF bucket has an optimal 
signal to noise ratio (SNR), it does not happen with other criteria like changes of scale or rotation for example.  This has 
caused that different types of filters has been designed all of them to optimize the final results of the correlation process.  
One modification to the classic filter is the denominated Phase only Filter, POF, introduced in 198420, and defined like: 
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In this case, the filter is generated incorporating only information of the phase of the FT of the image, 

maintaining the amplitude constant and equal to one21.  This filter presents the advantage of being more discriminative, 
its correlation has smaller base, and the value of the peak of correlation is greater.  Its remarkable characteristic is the 
optimization of efficiency, which is equivalent to say that the entire incident light is transmitted to the correlation plane. 
On the contrary, the phase filter is more sensible to distortions and noise that the MF.  
Another modification to the MF is the inverse filter, IF22,23, defined in form similar to the POF only that in this case the 
transformed one of Fourier of the image to detect is divided by its amplitude to the square, 
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The main problem of this filter is the appearance of singularities in those points where the amplitude of the transformed 
is zero, having seted out diverse methods to resolve this difficulty24.  From the three filters before mentioned, IF presents 
greater capacity of discrimination and its behavior is optimal with respect to the peak-to-correlation energy. PCE is a 
parameter used to measure the peak of correlation, and for which the inverse filter presents a theoretical value of one.  It 
is equivalent to say that all the energy that crosses the filter is concentrates in the correlation tip.  Some aspects to 
improve are its sensitivity to the presence of noise and its efficiency is lower than the both previous filters.   
 
Each of these three filters is optimal with respect to one of the criteria previously mentioned: thus, the MF is optimal 
with respect to SNR, whereas the POF is it as far as efficiency, and the IF, with respect to PCE.  Nevertheless, the results 
of each one of them in both other parameters present/display quite poor values. This suggests the possibility of designing 
filters that perhaps do not behave of optimal form with respect to any of the three parameters, but whose results in the set 
of the three are acceptable. 
 

4.  IMPLEMENTATION OF THE FILTERS 

In order to determine the vectorial shearing interferometer alignment based on a fringe pattern of  reference, all three 
filters described in previous paragraphs, MF POF and IF were implemented.  POF and IF e.  Before applying the real 
filters interferograms, first, we use simulated interferograms with purpose of determining the characteristics of 
discrimination to the changes of phase of each of these filters.  The reference image corresponds to a fringe pattern with 
a low number of straight fringes.  Figure 4 shows the synthetic generated interferograms using as a reference the figure 
4(a). Next interferograms are obtained increasing the value of its phase, one two and 3g degrees as is shown in figures 
4(b), 4(c), and 4(d) respectively.  These images would correspond to small misalignments of the interferometric system.  
Here, it is complicated to identify these small displacements at first glance; this suggests the application of independent 
techniques that not involve subjective appreciation.  In this case, is useful to apply the digital filters and to observe which 
of them offer the better discrimination to these small changes.   
 
From the figure of reference 4(e), which is identical to figure 4(a), figures 4(f), 4(g), and 4(h) show the variations respect 
to the phase changes of 30, 90 and 180 degrees respectively?  Figures with greater displacement of phase show with 
clarity the displacement of fringe.  It is directly related to the inclination of the front of wave under study and the lack of 
calibration of the displacement system.  The information of these fringe displacements can help to fit to the exact 
position of the prisms facilitating the calibration of  vectorial shearing interferometer. 
 

 
   (a)                  (b)            (c)    (d) 

 

 
               (e)                  (f)            (g)     (h) 

Fig. 4. Simulated interferograms with small changes in phase: image of reference (a), phase change of 1 degree (b),  2 
degrees (c) and 3 degrees (d).  Simulated interferograms with big changes in phase: image of reference (e),  30 degrees 
(b), 90 degrees (c) and 180 degrees (d). 
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Figure 5 shows the graphics of amplitude variations respect to the displacement of fringes as a function of the phase 
changes from 0 to 180 degrees.  Initially, the normalized values the relative amplitude of the correlation peak due to the 
change of phase were obtained applying the three filters (matched MF, only of phase POF and Inverse IF).  
 
In all cases, the value is the unit, when there is no displacement this is the case of compare the reference with itself or 
autocorrelation.  As we expected, amplitude of the peak tend to diminish as it increases the angle relative of 
displacement, but only when filters POF and IF are used since the position of the fringes changes more respect to the 
reference and therefore the correlation tends to diminish. However this is not observed in the MF where at approximately 
30 degrees, the correlation peak increase its value gradually until 180 degrees.  
 
 
 

 
Phase [Degrees]  

(a) 
 

 

Correlation Peak [Normalized] 

Correlation Peak [Normalized] 

Correlation Peak [Normalized] 

Phase [Degrees]  
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Fig. 5. Graphics of the amplitude variations respect to the relative change of phase using different filters. (a) MF, (b) POF 
and (c) IF.  Mf is not able to identify change between 0 and 180 degrees.  POF and IF have problems to identify phase 
changes in the first 10 degrees. 
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The correlation peak reaches its maximum value indicating the exact similarity between the interferogram of reference 
and interferogram displaced.  Figure 5 (a), shows in addition, that the classic filter is more sensible to the variations of 
phase corresponding to the first 30 degrees because the negative slope quickly decrease because the great differences 
between the amplitude of each image of correlation.  After the 30 degrees, the filter cannot discriminate correctly and in 
180 degrees simply does not detect the difference between images.  Figure 5 (b) and 5 (c), shows discrimination 
problems to small changes of phase, small fringe displacements, but it improves its operation as the difference between 
the interferometric patterns increases.  Being the phase filter the one that displays fewer ambiguities to small changes of 
displacement. 
 
Figure 6 shows the results of applying the three filters (matched MF, only of phase POF and Inverse IF). To three images 
of intensity patterns experimentally obtained from the vectorial shearing interferometer. The reference interferogram is 
shown in fig. 6(a).  The correlation image of each MF, POF and IF respect to the reference is presented in columns 6 (b), 
6 (c), and 6 (d) respectively.  Here, the IF presents the best discrimination to the direction of the strips. Interferograms 
have similar number of fringes but different fringe direction.  Upper row show the case of autocorrelation, middle and 
lower rows show fringe patterns with different directions.  The direction of the fringes can be selected by the rotation of 
the prism system of the vectorial shearing interferometer. 
 
Figure 7 shows the results of applying the three filters (matched MF, only of phase POF and Inverse IF). To three images 
of intensity patterns experimentally obtained from the vectorial shearing interferometer with different fringe density but 
maintaining the same. The reference interferogram is shown in fig. 7(a).  The correlation image of each MF, POF and IF 
respect to the reference is presented in columns 7(b), 7(c), and 7(d) respectively.  Here, there is not a good discrimination 
by any of three filters.  Nevertheless, the phase filter presents modifications not only in the amplitude of the correlation 
peak, but in the displacement of the peak in the plane of the shear direction of the fringes. It is no appreciable on this 
graph due to the scale used. 
 
 

 
 (a)  (b)                (c)                (d) 

 
(a)  (b)            (c)                  (d) 

 
(a)  (b)            (c)                    (d) 

 

Figure 6.  Graphic of correlation respect to the image of reference (a), when the direction of fringes changes and is used the:  
MF (b), the POF (c), and the IF (d) respectively.   
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Figure 7.  Graphic of correlation respect to the image of reference (a), when the density of fringes changes and is used the:  

MF (b), the POF (c), and the IF (d) respectively.   

 
In order to clarify the changes in the correlation peak due to POF performance, we have redrawing figure 7(c) (upper and 
middle) considering only the values along the axis xc and yc.   This filter is applied to the sheared images of such form 
that the information of the change of phase is proportional to the displacement of the correlation pattern.  Fig. 8 (a) 
shows the three-dimensional graphic of autocorrelation of the reference image here, it is observed that the peak of 
correlation in xc and yc direction have their center at peak of correlation.  Figure 8(b) shows the bidimensional profile 
considering the direction of the displacement of fringes that is null in this case.  Figure 8(c) shows the three-dimensional 
graphic of the correlation peak with a phase change of 30 degrees.  In this case the correlation peak does not agree with 
the maximum of autocorrelation but is relocated in a new coordinate throughout the direction of the fringe displacement.  
The bidimensional profile that is in figure 8(d) shows the difference of location between the correlation peak and the 
local maximum, it is directly proportional to the value of the change of phase. 
 

5.  CONCLUSIONS 

We have presented a general description for the alignment of the vectorial shearing interferometer having used three 
filters of correlation (classic MF, only of phase POF and Inverse IF).  POF and IF filters showed a good level of 
discrimination when they analyze interferograms whose fringes have different directions.  Nevertheless, they are not a 
good option when the detection is based only on the amplitude of the correlation peak.   
 
The phase filter showed a good discrimination on phase differences (shift the position of the fringes in the intensity 
interferometric pattern).  The use of POF in combination with the MF increases the resolution for the alignment by 
means of the system of prisms of Risley of the vectorial shearing interferometer when small changes of phase are 
introduced.   This correlation filters show the advantage of being of easy implementation in automatic systems.    
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At the moment, we are working in the automatization of the system of rotation of the interferometer, where the 
correlation filters can be applied improving the detection of the misalignment and facilitating the general calibration. We 
have already developed a high precision servo controller that defines the position and angular rotation in a shearing 
system.  The system improves its performance by the inclusion of neural network adaline.  Tuning P.I.D does not need 
the calculation of constants as is the case in the traditional P.I.D. systems. The system is able to perform angular 
displacements in the order of arc seconds degrees to some centimeters.  The system performs in continuous or step by 
step rotations.  The continuous mode achieves radial or linear scanning paths useful in some shearing interferometry 
techniques.  Step by step rotations allows accurate wavefront displacement. 
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Tridimensional graphic of the peak correlation 
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Figure 8. Tridimensional graphic of the peak correlation  along the coordinates xc and yc: (a) case of autocorrelation; (b) 
profile in the autocorrelation case (c); Tridimensional graphic of the peak correlation  along the coordinates xc and yc 
with a change of phase of 30 degrees; (d) profile in the case of 30 degrees change of phase.   
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