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ABSTRACT: 
The continued miniaturization and the increased demands on the quality of industrial products 

stimulates the search for new approaches with enhanced resolution, fast response and improved 
reliability. Optical metrology systems often reach their limits in terms of resolution, dynamic 
range or speed. Here active approaches provide a new degree of flexibility with respect to the 
robust solution of identification problems such as the recognition and interpretation of internal 
material faults and the reconstruction of dimensional data from modulated intensity distributions.
Sophisticated light switches, light valves and spatial light modulators have become meanwhile 
key components with respect to an active control of all relevant parameters of a wavefront. This 
contribution describes several types of modern SLMs, methods for their characterization and 
some recent applications. 
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1. Introduction 
`Look but don´t touch` is the guideline for the 
development of new technologies for industrial 
inspection. In this sense modern techniques of 
optical metrology such as holographic 
interferometry, speckle metrology, fringe projection 
and moiré are important prerequisites for the 
derivation of information about the structure of 
objects and their behavior under typical operational 
or environmental conditions. Recent implemen-
tations in optical range and displacement sensors are 
the basis for numerous applications in civil 
engineering, industrial inspection, traffic control, 
remote sensing and medicine. The advantages of 
these techniques are obvious: fast, non-contact, non-
destructive, full-field and last but not least the 
human adapted representation of the results as 
images. However, the information content of the 
generated images is very high but in general not 
sufficient yet to permit the reconstruction of reliable 
data from one single shot. Consequently the current 
trend in image evaluation is to consider more 
complex situations like image sequences where the 
information content of every single frame is 
systematically changed by the manipulation of 
selected parameters which are relevant for the image 
formation process [1-2]. Sophisticated light switches 
and valves such as modern spatial light modulators 
allow more advanced manipulations of light fields 
than just the action of turning on and off light. The 
capability of spatially resolved intensity modulation, 
phase shifting, beam steering or wave front shaping 

enables a more advanced adaption of light fields and 
an almost total control of complex wave fronts. 

Following the current trend in image analysis 
more flexibility in the analysis strategy is obtained 
by combining the classical data driven bottom-up 
strategy with the so-called expectation driven top-
down strategy. The first strategy has proved very 
efficient but extra effort must be paid to obtain a 
high image quality and in most cases a-priori 
knowledge has to be added by operator interaction. 
The image formation process is considered as a 
rather fixed/passive data source and is not actively 
involved in the evaluation process. In contrast to this 
the second strategy includes the image formation as 
an active component in the evaluation process. 
Dependent on the complexity of the problem and the 
state of evaluation new data sets are actively 
produced by driving a feedback loop between the 
system components which are responsible for data 
generation (light sources, sensors and modulators) 
and those which are responsible for data processing 
and analysis (computers). Support from other 
sensors at different positions, recordings from 
different time instances or the exploitation of 
different physical sensor principles, i.e multisensor 
data, are considered in that concept. The strategy 
which supervises the image analysis is connected to 
and controlled by the information gathered by 
sensors and by a knowledge base. 

For this new way of thinking with respect to the 
solution of vision tasks a paradigm has already 
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arisen, known under the various names active, 
purposive, animate, etc. ..., vision [1]. In the 
following we use the term active vision because it 
describes the new quality best. There is an important 
difference between the active and the classical 
passive approach. When we work in passive mode, a 
set of images is given which have to be processed 
with the algorithms we are going to develop. On the 
other hand, when we work in active mode we do not 
want prerecorded data since we include the image 
acquisition as a component of equal importance into 
the complete evaluation process. Active vision offers 
a new approach for building intelligent and more 
flexible systems especially for optical metrology [2-
4]. Such an active system is not only able as just to 
„see“. It is designed to do something, i.e. to make an 
action, which is anything that changes the state of 
the system and/or the environment. Similar to 
human perception as an active way to explore a 
natural scene by changing the view or the focus, the 
role of the observer and the observation system is 
defined as an active component for gathering data. 

In the following chapters we address several 
modern principles of spatial light modulators, some 
approaches to characterize their modulation behavior 
and various application examples. 

2. Active components for optical 
measurement systems 

The registered intensity distribution of an object 
under test can be systematically influenced by 
several components of the set-up: light sources, light 
modulators (beam shaping, phase shifting, beam 
structuring), and light detectors. Several new light 
sources, detectors, and modulators are on the market 
allowing the active control of the illumination of the 
object and the acquisition of the light fields after 
interaction with the object. Some types of 
modulators are described briefly in this chapter. 
With respect to the other components we refer to [5]. 

2.1 Digital Micro Mirror Devices 
During the past decade, new technologies of image 
modulation have made electronic projection systems 
more convenient and widely available for a variety 
of applications. A digital micromirror device (DMD) 
is an array of microscopic mirrors built over a 
CMOS SRAM cell, fabricated with semiconductor 
manufacturing techniques. The DMD chip made by 
Texas Instruments Inc. (TI) is approximately 2x1,5 
cm. Each mirror, 16 µm square, represents one pixel 
within the displayed image. Its resolution is 
1024x768 (XGA) mirrors, or 786.432 mirror-pixels 
per chip. All mirrors on the array are independently 
modulated from the on- (or reflect) position to the 
off- (or light-dump) position by applying an address 
voltage. The amount of time a mirror remains in the 
on- and off-position determines the brightness of the 

projected pixel. Consequently gray value images can 
be projected. For color a three-chip DMD light 
engine uses three static dichroic filters to separate 
the primary colors without any time division 
multiplexing. Each DMD chip within the projection 
system creates a monochrome image for each 
primary color: red, green, blue. The information is 
transferred to the DMD in a 10-bit digital format to 
achieve full color depth. Each DMD creates up to 
1024 shades of gray. The densely arranged mirrors 
provide an on-screen fill factor of greater than 90% 
with a high intrinsic reflectivity greater than 90%. 

 Recently, TI introduced the Discovery 1000 
general purpose board to support new business areas 
in addition to the mainstream application of DMD 
technology in digital projection. Based on this 
Discovery 1000 platform the German company 
ViALUX [6] developed the ALP parallel interface 
controller for high speed DMD operation, Fig. 1. 
ALP is specially designed for use in optical 
metrology and is widely open for numerous 
applications. The key part of the ALP board is a 
Virtex-II FPGA linking the on-board SDRAM 
image memory with the DMD data lines. The user-
PC is connected via an USB1.1 controller. The ALP 
supports both binary pattern sequences transferred to 
the DMD and the display of time averaged grey 
level picture sequences. Data formats can be freely 
chosen for the sequences in the range of 1...16 bits. 
Consequently, for the first time a DMD driver 
electronics optimised for use in optical metrology is 
available. The small footprint enables for compact 
systems and the USB interface will support mobile 
solutions. A significant property is the perfect 
linearity of the time average output recorded by a 
synchronised camera. 

 
Fig. 1: ALP board (with kind permission of Vialux) 
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Other DMD types are the MMA (Micro Mirror 
Array) with 512x2048 mirror elements on a field of 
33x8 mm2 made by FhG-IPMS Dresden, Fig. 2, a 
piston like mirror array having 200x240 elements 
with 40x40 µm pixels each and delivering a 
maximum vertical travel of each element of 380 nm 
for controlled phase shifting also made by FhG-
IPMS Dresden (see § 3.1b) and silicon 
micromachined deformable mirrors MMDM made 
by OKO Technologies Delft having a diameter of up 
to 50 mm and delivering a maximum deflection of 
30 µm, Fig. 3. The use of DMD for shape 
measurement using digital fringe projection, 
aspheric wave front generation, null test and beam 
shaping has been demonstrated within several 
applications and commercialized systems [7,8]. 

  

 

Fig. 2: MMA made by FhG-
IPMS 

Fig. 3: MMDM made by 
OKO Techn. Delft 

2.2 Liquid Crystal Display Units 

The elongated molecules of liquid crystals LC tend 
to have ordered orientations that are modified when 
the material is subjected to mechanical or electric 
forces. Because of their anisotropic nature, LC can 
be arranged to serve as wave retarders or 
polarization rotators. In the presence of an electric 
field, their molecular orientation is modified, so that 
their effect on polarized light is altered. Therefore 
LC can be used as electrically controlled optical 
wave retarders, spatial light modulators, and 
switches [9]. 

Several LCD based active elements for fringe 
projection and optical filtering are on the market 
such as the free programmable LCD projector 
MiniPro developed in a joint venture of BIAS and 
VEW [10, 11]. The heart of the projector is a 
modulator with a TFT-LCD having a spatial 
resolution of 832x624 pixels specifically designed 
for applications requiring a flexible dynamic pattern 
generation. This LCD spatial light modulator (SLM) 
can be used for configuring intensity distributions of 
any desired shape such as inverse fringe projection 
[8]. The projector can thus be matched to the 

particular metrology task in a perfect manner. Every 
individual pixel can be controlled digitally by 256 
different grey values. In this way, the projection 
pattern can be adapted by local variation of the line 
frequency, the pattern type, and the intensity until 
the best possible evaluation is achieved. An 
important feature of the panel is also the high 
contrast (>0,9). 

In contrast to DMD that have a high fill factor 
as well as a high intrinsic reflectivity, transmissive 
LCD projection panels have pathways for control 
traces between each pixel. This creates a panel that 
typically uses as much as 80% of its surface area for 
the creation of images and transmission of light. 
Modern developments use C-MOS based reflective 
liquid crystal light valves [12] denoted as LCOS 
elements (liquid crystal on silicon). In contrast to 
most transmissive LCDs that use horizontal liquid-
crystal alignment, most reflective liquid-crystal light 
valves use an active-matrix LCD with a vertical 
liquid crystal alignment, providing a constant 
aperture ratio that allows reflective LCD projectors 
to achieve higher-brightness and higher resolution, 
while the vertically aligned crystal allows higher 
contrast and faster response time. A very flat, high 
reflective metallic mirror is implemented for the 
pixel electrodes, Fig. 4. 

 
Fig. 4: Schematic design of a LCOS 

 
The latest LCOS elements are the WUXGA LCOS 
made by 3-5-Systems having 1920x1200 pixels with 
a 9,5 µm pitch and a 92% fill factor and the XGA 
LCOS X97R3F0 made by Philips having 1024x768 
pixels with a 19 µm pitch and a 93% fill factor. Such 
elements are very well suited for different 
applications in active metrology such as HNDT [13] 
and comparative digital holography [14]. 

 Although LCDs are used mainly for intensity 
modulation, they can be used for phase modulation 
of the incident light field. Liquid crystal variable 
phase shifters for a uniform phase modulation of the 
incident wave are commercially available [15] and 
are used e.g. for phase shifting interferometry and 
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digital holography [16]. Meanwhile highly resolved 
pixelized phase modulators enabeling a controlled 
and reproducable modulation of the field in the 
region of 0...2π are available [17]. Such devices 
open a broad variety of metrological applications by 
active wavefront control. 

Most LCDs are addressed electrically. 
However, LC based optically addressed spatial light 
modulators (OASLM) are attractive for applications 
involving image and optical data processing. Light 
with an intensity distribution IW(x,y), the so-called 
„write“ image , is converted by an optoelectronic 
sensor into a distribution of electric field E(x,y), 
which controls the reflectance R(x,y) of a LC cell 
operated in reflective mode. Another optical wave of 
uniform intensity is reflected from the device and 
creates the „read“ image I(x,y)∝R(x,y). 

 Thus the „read“ image is controlled by the 
„write“ image. If the „write“ image is carried by 
incoherent light, and the „read“ image is formed by 
coherent light, the device serves as a spatial 
incoherent-to-coherent light converter. The 
wavelengths of the „write“ and „read“ beams need 
not be the same. OASLMs are commercially 
available in different versions. One version with an 
active area of 30mm is offered by JENOPTIK [18]. 
The modulator consists of a thin-film sandwich 
structure with photosemiconductor, liquid crystal, 
dielectric mirror and transparent electrodes on glass 
substrates. The voltage applied to the electrodes is 
controlled depending on the illumination intensity 
between photo-semiconductor and liquid crystal 
layers, enabling 2D-image modulation of the 
refractive index of the liquid crystal. The 
specification considers write light spectral sensitivity 
between 550 nm and 700 nm, a read-out wavelength 
between 450 nm and 630 nm and a switching time in 
the region of 20ms ... 50ms. Such an OASLM can be 
used as incoherent-coherent interface within an 
optical correlator for pattern recognition in HNDT 
[5]. In the next section we concentrate on the 
characterization and systematic modification of 
available spatial light modulators for optical 
metrology and wavefront adaption. 

3.  Characterization and modification of 
spatial light modulators 

By characterization we understand the measurement 
of the relevant parameters of the SLM such as 
− the amplitude modulation,  
− the phase shifting,  
− the contrast, 
− the surface flatness and 
−  the frame rate. 
Modification does not imply any change of the 
hardware but the systematic fine tuning of the 

characteristic curve of the SLM and/or the 
illuminating wavefront. 

3.1 Characterization of DMD 
a)  Texas Instruments XGA chip 

We investigated the DMD Discovery 1100 board 
extended with the ALP interface controller made by 
ViALUX for the fast DMD control. We investigated 
the rise and decay time and the frame rate for a 
binary pattern: 

TABLE I: DMD Time response 

Parameter Result 
rise time 8,8 µs 
decay time 5,4 µs 
frame rate (data sheet) 6.918 frames/s 
Frame rate (measured) 8.064 frames/s 

Further investigations were directed to the 
measurement of the aberrations of the DMD. 

 

Fig. 5a: Corrected and uncorrected spot image 

The intrinsic grid structure and the surface shape of 
the DMD causes an aberrated spot image, Fig. 5a. 
For the compensation we calculated a correction 
hologram, Fig 5b, that was written in a transmissive 
Sony XGA1 Miniature LCD for the illumination of 
the DMD. 

 

Fig. 5b: Calculated correction hologram 
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The image marked with a circle in Fig. 5a shows the 
corrected diffraction limited spot. 

 

b)  FhG-IPMS piston mirror chip 

The applicability of spatial light modulators in 
adaptive optical systems is a function of many 
characteristics. Liquid crystal displays have a high 
pixel density and are therefore often used as 
diffractive elements. For high diffraction efficiency, 
however, a pure phase shifting capability with up to 
one wavelength is required, which is not given for 
most LCDs. Furthermore the strong polarization 
influence might be disturbing in some applications. 
Therefore as often seen in astronomical applications 
for the compensation of air turbulence deformable 
membrane mirrors having high reflection efficiency 
and fast response are applied. However, they have a 
very limited number of degrees of freedom 
according to the number of electrodes for the 
deformation of the mirror, typically in the range of 
tens, and it is impossible to generate phase steps. 

The subject of investigations is a new type of 
spatial light modulator, an array of individually 
addressable micro mirrors supplied by the 
Fraunhofer Institute for Photonic Microsystems [18]. 
This MMA, as opposed to most other MMAs on the 
market that have mirrors with two stable angular 
positions, contains mirrors that move piston-like, i.e. 
perpendicular to the mirror surface. The 200x240 
elements with 40x40 µm pixel pitch each deliver a 
maximum vertical travel per element of 380 nm. 
That way a pure phase modulation of the reflected 
light is achieved. Furthermore the mirrors' deflection 
is in a quasi continuous manner (division into 256 
deflection levels, maximum deflection adjustable to 
wavelength) allowing an arbitrary phase shift. A 
small section of the array surface is depicted in 
Fig.6. 

The array contains 240x200 square mirror plates 
each hinged to four cantilever beams. The mirrors 
are activated by applying a signal voltage between 
mirror and address electrode, which causes the 
mirror to deform into the air gap due to the acting 
electrical field forces. Operation is currently only 
possible in a pulsed mode with a duty factor of about 
5%, i.e. the nominal deflection is effective for 5% of 
the time. The deflection period is user-adjustable 
from 1 to 100 ms, resulting in a frame rate of 0.5 to 
almost 50 Hz. The supplied ActiveX programming 
interface allows an integration of control elements 
into own software. Thus adaptive optical systems 
with closed loop operation can be built. 

 

 
 

Fig. 6: MMA design (above) and surface profile showing 
shifted and resting pixels measured with white 
light interferometry (courtesy of IPMS) 

 

In our test setup the element's capability to 
compensate wavefront errors by displaying 
continuous or wrapped phase distributions is 
investigated. The phase distribution parameters are 
either a set of Zernike coefficients (modal) or a set 
of localized phase values (zonal). A measure for the 
quality of the wavefront after error compensation is 
the achievable coupling efficiency when coupling 
into a monomode fiber (see § 4.). 

 

3.2 Characterization of LCOS 

In comparative digital holography [14] the test 
object is holographically illuminated with the 
wavefront of the master object. In order to achieve 
an adequate measurement sensitivity a bright and 
undistorted analogue reconstruction of the digital 
hologram of the master object is needed. Because 
the diffraction efficiency of phase holograms is 
much higher than those of amplitude holograms 
especially the phase shifting ability of LCOS 
elements is of interest. With respect to the selection 
and tuning of suitable elements the following 
parameters were measured [20]: 

a) Amplitude modulation 

Because of the exponential sensitivity of the human 
eye displays applied for wide screen projection 
usually show a nonlinear intensity response - the so-
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called Gamma curve. However, in the region of 
higher gray values this curve increasingly drifts 
away from this trend and tends to a sigmoidal 
course. Furthermore, the gray value response shows 
an explicit dependence on the angel of incidence. 
For the projection of an image with linear brightness 
characteristics, the corresponding gray values have 
to be calculated with the measured Gamma curve. 
The linearized gray value response can be stored in a 
so-called look-up table. 

 For the measurement of the characteristic curve 
the SLM is illuminated with collimated and 
polarized light. The measurement of the response is 
done with a power meter after the reflected light 
travels through an analyzer. The used setup is shown 
in Fig. 7. In Fig. 8 the angle dependent gray value 
response is given. 
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Fig. 7: Measurement setup for LCOS testing 
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Fig. 8: Angle dependent gray value response of the XGA 

LCOS D-ILA made by JVC  

 

b) Contrast 

Here the same setup as for the measurement of the 
amplitude modulation is used. Simply, the intensities 
with the gray values 0 and 255, respectively, are 
measured and the contrast is calculated. Fig. 9 shows 
a typical angle dependent behaviour of an LCOS at 
different wavelengths (red 617 nm, green 535 nm, 
blue 455 nm). 
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Fig. 9: Angel dependent contrast response of SXGA-R2-

L1 LCOS made by CRL 

As expected, the contrast is the best for the green 
spectral range because the LCOS elements are 
optimized for that region. 

c) Surface flatness 

If the surface of the LCOS element is not 
sufficiently flat, wavefront aberrations are generated 
which disturb the reconstructed light field. 
Therefore, a consideration of the aberrations is 
useful with respect to their systematic compensation 
in the way already shown in chapter 3.1a. For the 
measurement of the reflected wavefront we used a 
calibrated Twyman-Green interferometer. Fig. 10 
shows the measured wavefront aberrations with a 
pv-value of 75π (λ=632,8nm) which corresponds to 
a maximum topography deviation of 23,7 µm at the 
edges. 

 
Fig. 10: Wavefront aberration caused by the XGA 

LCOS D-ILA made by JVC 

d) Phase shifting ability 
We implemented and tested several approaches for 
the determination of the phase shift ability of LCOS, 
among them 
- the Ronchi-Grating Method [21] 
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- the Double-Slit Method [22] 
- measurement with the Michelson Interferometer 
- measurement with the Mach-Zehnder Interfero-

meter 
We finally concentrated on the measurement with 
the Double-Slit Method and with the Mach-Zehnder 
Interferometer because 

- the measurement with the Ronchi-Grating 
delivered unreliable results above a phase shift of 
π due to difficulties with the measurement of the 
intensity in the 1st diffraction order, 

- the implementation and application of the Double-
Slit Method is comparatively simple and delivers 
very robust and reliable results, 

- the used beam splitter in the Michelson setup 
caused a change of the polarization direction of 
the light and affected the phase shift, 

- the results achieved with the Double-Slit method 
and the Mach-Zehnder Interferometer coincide 
largely. 

Fig. 11 shows the measurement results for the 3-5 
Brillian WUXGA SLM (see § 2.2) derived with the 
Double-Slit method and the Mach-Zehnder 
interferometer. The mentioned compliance is clearly 
visible. 

 
Fig. 11: Phase shift of the 3-5 Brillian WUXGA 

measured with the Double-Slit method and the 
Mach-Zehnder interferometer 

Further methods for the holistic characterisation of 
LCOS SLM such as the measurement of the Jones 
Matrix are on the way. The knowledge about the 
Jones Matrix is not necessary for the application of 
SLM as phase modulator. However, this is only 
valid as long as the light is linearly polarized after 
the interaction with the LCOS. Otherwise it is 
necessary to consider the additional phase shift 
caused by the rotation of the polarization. 

4.  Application of spatial light modula-
tors for optical metrology 

Here we present two exemplary applications: the 
active compensation of wavefront distortions using 

the piston-type MMA [19] and the controlled 
reconstruction of digital holograms using a phase 
shifting LCOS for comparative digital holography 
[14, 16, 23] 

4.1  Active compensation of wavefront distortions 
Three different control methods are used to find the 
appropriate compensation function: 

- the stochastic wavefront optimisation 
- the closed loop control using the Shack-

Hartmann sensor and 
- the interferometric wavefront measurement. 

In the stochastic wavefront optimisation procedure 
the only measuring quantity is the coupling 
efficiency that is measured while the phase 
distribution of the MMA is modified. The way the 
phase distribution is modified depends on the choice 
of the optimisation algorithm. Three different 
stochastic algorithms are applied: 

Within the simulated annealing algorithm the 
parameters of the phase distribution are randomly 
modified. If the modification results in an increased 
coupling efficiency, the modified distribution is 
taken as the basis for further modifications. In order 
to reduce the risk of being trapped in local coupling 
efficiency maximum in the parameter space, the 
algorithm also accepts some changes that lower the 
coupling efficiency. The probability of accepting 
degradations, however, becomes lower towards the 
end of the optimisation process. 

Using a genetic algorithm, several sets of 
random wavefront parameters are assessed in terms 
of coupling efficiency. Only the best sets of 
parameters are kept to form new sets of parameters 
by inheritance and a certain degree of mutation. 
Analogous to evolutionary processes in nature the 
parameters also undergo a certain degree of mutation 
in order to find the best fit into the environment. 

In the direct search algorithm only a small 
fraction of the MMA is optimised at once. Similar to 
phase shifting interferometry, the phase of the 
MMA's fraction is shifted in at least three steps. In 
each step the overall coupling efficiency is measured 
so that the optimal phase of the MMA's fraction can 
be determined. 

In the closed loop control using a Shack-
Hartmann wavefront sensor (SHS) a conventional 
SHS with a static microlens array is used to measure 
the wavefront after the wavefront error 
compensation by the MMA. A new compensation 
phase distribution is calculated from the remaining 
wavefront error and the cycle starts again. 

For the interferometric measurements the 
wavefront is superposed with a reference wave in 
order to make the wavefront errors visible. Phase 
retrieval is accomplished with one of two techniques 
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that don't require an additional phase shifter in the 
test setup. Using the fourier transform method [24], 
the reference wave is tilted so that the interferogram 
mainly consists of more or less parallel stripes. The 
information about the wavefront shape is in the 
deformation of the stripes and can be retrieved by a 
mathematical filtering in the Fourier space. 

Phase shifting interferometry (PSI) can be 
performed using the MMA istelf as a phase shifter. 
In this case the reference wave is flat. The MMA 
phase distribution is in at least three steps provided 
with an increasing offset and the intensity 
distribution is recorded. Standard PSI algorithms are 
then applied for the phase retrieval. 

The breadboard design seen in Fig. 12 was 
designed to accomplish all three measurement 
methods mentioned above. 

 
Fig. 12: Breadboard design for active compensation of 

wavefront distortions 

Laser (L), spatial filter (SF) and collimation lens 
(CL) form the unit generating a collimated beam that 
is split into two beams by the first beam splitter 
(BS1). One of the beams serves as reference beam 
only for the interferometric wavefront measurement 
and follows the optical path via BS4, the adjustable 
mirror (AM), BS4, telescope (T2) towards the CCD. 
The other beam is directed via the telescope (T1) 
onto the deformable membrane mirror (DMM) that 
merely serves as a wavefront error generator in our 
setup. It makes its way towards the MMA, where the 
wavefront error compensation is done. The corrected 
wavefront is then directed towards the focussing lens 
(FL) for the coupling into the monomode fiber (MF). 
Part of the intensity is coupled out by BS3, after 
which the telescope T2 makes a beam diameter 
adaption. T2 is also the optics that images the MMA 
onto the CCD. For the Shack-Hartmann 
measurement a microlens array must be placed in 
the image plane, where the CCD chip is usually 
placed for the interferometric measurements. 

Recently, the first measurements were 
performed with the described setup. The type of 
wavefront error determines which wavefront control 
method is best suitable for the maximisation of 

coupling efficiency. Small and smooth wavefront 
errors in the order of λ/10 could be handled very 
well with the genetic algorithm, whereas the direct 
search algorithm was the better choice fortronger 
aberrations in the range of λ. Phase steps as well, 
generated by introducing the edges of microscope 
cover plates into the optical path, could be handled 
best with the direct search algorithm. Going to even 
stronger but smooth aberrations (without phase 
steps) in the range of λ and more, the Shack-
Hartmann sensor performed the best. Interferometric 
measurements could cope best with very strong 
aberrations (up to 8λ) and with phase steps. Fig. 13 
shows some typical optimization results. The 
efficiency jump in the last step of the direct search 
optimization is caused by a smoothing algorithm. 

 

 

 

 
Fig. 13: First: Typical progression of the coupling 

efficiency against the number of generations 
using the genetic algorithm. Middle: Typical 
progression of the coupling efficiency against 
the number of zonal optimizations using the 
direct search algorithm. Last: Corrected 
wavefront error with the Shack-Hartmann 
approach. Achieved coupling efficiency in this 
example: 30% 
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4.2 Optical reconstruction of digital holograms 
for comparative digital holography 

Comparative digital hologaphy is a new method for 
the direct holographic comparison of the shape or 
the deformation of two nominally identical but 
physically different objects [14]. Using this method 
it is not necessary that both samples are located at 
the same place. Consequently, remote shape or 
deformation comparison between a master and a 
sample is possible [25]. In contrast to the well 
known incoherent techniques based on inverse 
fringe projection [8] this new approach uses a 
coherent mask that is imaged on the sample object 
having a different microstructure, called holographic 
illumination. The coherent mask is created by digital 
holography to enable the instant access to the 
complete optical information of the master object at 
any place wanted. The transmission of the digital 
master holograms to the relevant places can be done 
with a broadband digital telecommunication 
network. The availability of the complete optical 
information of the master object as digital hologram 
offers two ways of comparing its shape and/or 
deformation with those of a sample object having a 
different microstructure: digital comparison of the 
respective phase distributions of the relevant digital 
holograms and optical comparison of both 
holograms/interferograms by digital comparative 
holography [25]. 

 

 

 

Fig. 14: Schematic representation of the experimental 
setup for Comparative Digital Holography: a) 
recording of the coherent mask, b) coherent 
illumination of the sample with the conjugated 
wave front of the master 

Comparative Digital Holography uses the 
advantages of Digital Holography. The schematic 
setup is shown in Fig. 14. The digital holograms of 
the master object are recorded at location A, Fig. 
14a. The transmission to location B can be done via 
a data network (e.g. the Internet). At location B the 
holograms are fed into an LCD-modulator. A laser 
reads out the holograms and reconstructs the 
conjugated wave front of the master object, Fig. 14b. 
This wave front illuminates the test object from the 
direction of observation during recording the master 
object. The observation of the test object is 
accomplished from the same direction as the master 
object has been illuminated. It is important that the 
separate storage and recording of all states of the 
objects is automatically delivered by digital 
holography. Therefore an additional reference wave 
for the separate coding of the corresponding 
holograms is not necessary. This property of Digital 
Holography reduces the technical effort of 
comparative holography considerably. 

  

a) master object (alu-
minium, diameter 10 
mm) 

b) sample object with two 
marked dents 

  

c) mod2π-contour lines of 
the sample object 

d) mod2π − difference 
phase of the sample as 
result of the coherent 
illumination with the 
real image of the 
master 

Fig. 15: Shape comparison between a master and a sample 
object by conventional and comparative digital 
holography 

The objects to be compared are two macroscopically 
identical aluminium cylinders with a cone at their 
upper end, Fig. 15a. One of the cylinders has 2 small 
dents of some micrometers in the cone, Fig. 15b. For 
the experiment a synthetic wavelength of Λ= 0,326 
mm was adjusted by the two single exposures with 
λ1=579,41 nm and λ2=580,44 nm. Fig. 15c shows 
the mod2π contour lines of the sample with the dent 
in case of conventional holographic contouring. The 
influence of the dent is hardly recognizable. 
However, after holographic illumination of the 
sample with the respective wavefront of the master, 
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the indicated difference phase δ(P) corresponds 
directly to the difference of the height deflections 
between master and sample in every object point. 
Consequently, the registered phase distribution 
indicates only the deviation between master and 
sample, Fig. 15d. The size of the detected deviations 
depends as well on the resolution of the used SLM 
and CCD, and the size of the synthetic wavelength. 
In the described experiment we detected height 
deviations of several 10 microns. 

A comparison of Fig. 15c and 15d shows the 
advantage of Comparative Digital Holography for 
contouring if only the difference of two nominally 
identical objects with different microstructures shall 
be displayed in an inspection process. The high level 
of noise is justified by the relatively large pixel size 
of the used LCD-modulator compared to the 
available CCD-sensor (CCD 9 µm, LCD 18 µm). 
The adaptation of the space bandwidth product of 
the CCD-sensor and the modulator is a current 
matter of investigation. 

 

Conclusions 
We have presented several principles of Spatial 
Light Modulators for the active and complex 
modulation of wavefronts. For this purpose we have 
implemented and investigated various approaches 

for the measurement of the crucial parameters of an 
SLM such as the amplitude modulation, the contrast, 
the surface flatness and the phase shifting ability. 
Based on this experience we designed several 
applications in active optical metrology. Extended 
information has been given for the active 
compensation of wavefront distortions using the 
piston-type MMA and the controlled reconstruction 
of digital holograms using a phase shifting LCOS 
for comparative digital holography. 
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