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ABSTRACT

Nilsson, Bengt, Interferometric 3-D camera for shape & deformation
measurements using ultra short laser pulses, PhD Thesis (Departmentof
production engineering, Royal institute of technology, Stockholm, Sweden)
TRITA-IIP-02-04, ISSN 1650-1888

In today's competitive world modern manufacturing, industries have to
produce and develop high quality products at low cost and at high

production rates. The increasing demand of quality calls for more efficient
use of metrology equipment and new in-line measurement systems. Fast,
interactive shape and deformation measurement techniques are therefore
becoming vitally important, where experimental data can be compared with
virtual models and evaluated by computer software.

I

In this thesis we present a 3D-camera demonstrator fulfilling these
demands. It is based on the recent development of the Digital Light in
Flight recording by holography technique, and can simultaneously measure
3D-shape and deformation by utilising interference of pico-second light
pulses. Absolute distance measurements are obtained by tracing the limited
region of interference, and accurate measures of deviations in the micron
range can be obtained by phase sensing techniques. By incorporating
deformation analysis with the camera, material parameters may also be
evaluated providing data for a fourth dimension, the haptic feeling of the
object.

Examples of displacement measurements are presented, both in the
millimeter and the micrometer range. Measured data are transformed to a
Computer-Aided-Design format by least square fitting the measured point
cloud into splines. A comparison is also made between experimental and
simulated data.

Keyword: Interferometry, Industrial Metrology, Form measurement,
Deformation measurement
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deformation using digital Light-in-Flight holography" Optical-
Engineering.vol.39, pp. 244-53 (2000)
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6 a discussion is given about this paper.
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[E] T.E. Carlsson, B. Nilsson and J. Gustafsson, "A system for
acquisition of 3D shape and movement using digital light-in-flight
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The article describes how DLiF can be used for integration to a virtual
environment, i.e. Computer Aided Design and Finite Element Model
-software. Section 9 gives a discussion about this article.
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2 Introduction

2.1 Background
"Without eyes man is blind

Measuring instruments are the eyes of industry
Without measuring instruments industry works in the dark
The laser throws new light on the measuring technique"

Nils Abramson

The quotation of Nils Abramson emphasizes the importance of measuring
technology for the manufacturing industry and the new opportunities given
by laser-based measuring techniques. As the verse says, measuring
technology is the eyes of the industry. Without measuring technology it is
impossible for the industry to validate the quality of their products. It is also
impossible to evaluate testbeds for new products and improving existing
products. With optical measuring techniques based on laser sources new
quantities can be measured e.g.

� long distance measurement with time of flight ( a laser radar technique)
[1], 

� measurement of soft surfaces, which would be deformed with a
mechanical probe. 

� deformation fields by holographic interferometry [2].

One of the first measuring tools used by craftsmen (e.g. shoemakers and
blacksmiths) were different kind of gauges, due to the simplicity of directly
comparing the object with a gauge. However, the number of gauges needed
increase rapidly if a complicated product is manufactured. To increase the
workability of gauges combinational gauges were invented, thereby
increasing the work rate in the workshop. A combinational gauge [3] dated
from the days of Polhem (18'th century) was used to some extent in Sweden
to simplify the production of e.g. watches and rifles. The measuring
accuracy was in the range of 0.3-1.0 mm. The accuracy was however not of
primary importance at that time, since all parts of a product were
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Introduction

manufactured in the same workshop. As the industry progressed the number
of different measurements needed escalated and thereby the number of
gauge blocks. The manufactured parts became also more advanced, which
had to be made in special workshops and were finally assembled together to
a final product. This requires higher precision in the production and thereby
improved measuring instruments. At the middle of the 19'th century several
measuring devices where developed, e.g.:

� a measuring machine constructed in 1851 by Sir J. Whitworth with high
accuracy.  

� J.R.Brown invented a calibration machine in 1851 with an accuracy of
25 µm. 

� in 1848 the first handheld micrometer was invented by System Palmer
which was further developed and manufactured in 1869 by Brown &
Sharpe. 

An important step for measuring technology was taken in 1896 when C.E.
Johansson [4] invented a combinational set of minimum number of high
precision gauge blocks, which could be combined to a maximum numbers
of lengths. Only a few gauge blocks were thereby used which were easy to
calibrate and document. Due to problems with the Swedish patent and
registration office, C. E. Johansson did not received patents for his ideas
until 1904 [5] and 1909 [6]. In order to be competitive with other gauge
block inventors, e.g. Ludw. Loewe & Co. [7], he calibrated his gauge
blocks against the international meter prototype in France. Accordingly, he
became one of the first who introduced traceability into the manufacturing
industry. The combinational set of gauge blocks, with its validated
accuracy, made it possible to manufacture parts in different factories and
countries and assemble them to products with high precision. The invention
by C.E. Johansson is one of the most important milestones in industrial
measuring technology. Its consequences for the industry can be summarised
as:

� the set of gauge blocks was relativily cheap (i.e. compared to having a
number of gauge blocks for each length) and had a high accuracy, which
simplified the introduction of micron precision in the production
process.

� every gauge block was calibrated against the same normal (the
international meter prototype). This means that one micron was exactly
the same in all factories which used the gauge block set of Johansson.
Parts manufactured in different factories in different countries could be
assembled to a final product.

It is also important to mention that in parallel to the work of C.E.
Johansson, the science of tolerances and threshold values was treated
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Introduction

fundamentally (1903-1904) by Georg Schlesinger, which is considered to
be the father of the Deutsches Institut für Normung (DIN) standard.

The workability of Johansson gauges was improved even more, when in
1931 the engineer Hugo Abramson [8] invented the mikrokator [9]. This is
a low cost mechanical dial length indicator which measures a relative
distance with an accuracy down to a hundredth of a micron with a minimum
measuring force. This instrument also facilitated the calibration of gauge
blocks with high accuracy. Despite its unquestionable merits, the
mikrokator has nowadays been replaced with inductive measuring devices
which directly stores measured data into computers. In modern industry the
documentation is stored in the computers to be easily available.  

In the following years, the precision in the production increased and more
complex products were made, which lead to tighter tolerances. Geometrical
properties, such as distance, diameter and shape were also interesting to
measure in order to verify manufactured products against drawings. One of
the first measuring machines, which was able to do this was invented by
SIP- Société Genevoise d'Instrumentation de Physique in 1909 [10]. The
measuring machines were further developed with increased workability and
accuracy. In the end of the 1950:ies the first CMM- coordinate measuring
machines were presented, based on linear grating length scale systems. This
made it possible to control the measuring machine from a computer and by
that measure with a constant contact force. Together with the development
of computers, the CMM has progressed to a highly effective measuring tool
where measurements can directly be controlled from CAD- Computer-
Aided Design tools. It has, however, some drawbacks.

� The CMM is a heavy and bulky system.

� The CMM measures pointwise and is subsequently a slow shape
measuring instrument.

� The CMM is not suitable for on-line measurements.

� The CMM must have a priori knowledge about the shape.

Optical methods have gained interest due to their ability of non-contact
measurements. Two dimensional co-ordinate measurements have been
possible by profile projectors where the profile is projected on a screen.
Measuring microscopes have been available where three dimensions of an
object is measured without touching the measured object.

At the end of the 19'th century an important invention was done by A.A.
Michelson, the Michelson interferometer. It was used to measure the (non-
existing) relative motion of the earth to the ether, but also to measure
lengths with high accuracy, e.g. the international meter prototype.
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The laser has truly thrown new light into measuring technology. New
opportunities have been achieved as mentioned in the beginning of this
section. The measuring ability of the CMM has also been increased by
combing laser technology with the CMM. Triangulation and structured light
techniques [11] are common laser based techniques for shape and distance
measurements in the industry today. A point, line or pattern is projected on
the object surface to be measured. The pattern is captured by a sensor or a
camera. An important drawback for these techniques are however that they
are not based on the comparator principle of Abbe which states that the
measuring scale should be colinear with the measurement axis. This
principle is a fundamental rule for measuring instruments in order to
achieve a high accuracy. Measuring techniques based on interferometry
usually follow this principle and reach accuracies down to hundredths of
microns. Interferometric methods are based on the wavelength of the light
and measure the number of interference fringes, separated by half of the
wavelength. These measurements are usually not absolute in the sense that
if the interference is lost e.g. by vibration or obstruction, the reference is
also lost and the system has to be re-set in order to get a new reference.
This problem can be circumvented by a special type of interferometer, the
white-light interferometer. It has two options, which can be combined:

� Absolute measurement, when the occurrence of interference between a
reference and the measurement beam is measured.

� High accuracy measurement, when the phase difference between two
interfering wavefronts is calculated.

As mentioned in the beginning of this section, new measuring opportunities
are achieved with laser based technology in the form of deformation
measurements by holographic interferometry, which makes it possible to
measure the deformations with similar accuracy as the mikrokator but over
a whole surface at once. This results in a better understanding about
strength qualities of a product for further development and improvement.
Together with new techniques of digital recording media i.e. digital camera
sensors, it is possible to capture fringes directly into a computer rather than
needing to develop exposed photographic plates. This is done either by
capturing the image of a hologram or by capturing the characteristic
granular pattern from a laser i.e. speckles [12]. 

The research group of Metrology and Optics at KTH has a long experience
of industrial measurements [13] and white-light interferometric 3-D shape
and deformation measuring methods. One such method is Light-in-Flight
recording by holography (LiF), which was put forth by Abramson [14-16]
in 1983. LiF has been further developed into a digital shape and
deformation measuring method by Carlsson [17-18], where a digital camera
captured the developed and reconstructed LiF hologram for further
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evaluations by computer tools. With this method the whole object is
measured during one ultra short laser pulse. Closely related to this work is
the development of the Light-in-Flight speckle interferometer [19], where
the occurrence of interference between speckles are detected.

With computerised design, construction and material simulation tools such
as computer Aided Design (CAD) and Finite Element Modelling (FEM),
the research of today make strong efforts to integrate measured data with
these software tools [20-22]. This makes the measuring techniques even
more important not only in the production line but also at the developing
stage, where tests and simulations are combined. In order to to be able to
use FEM methods it is however important to measure shape at the same
time as the deformation measurement. This is usually done with a separate
method which must be aligned with the deformation measurement [23]. As
the capacity of digital cameras is continuously increasing, a new
holographic technique has been developed. It is called digital holography
[24-26] and corresponds to a recording of the hologram directly on to a
CCD-sensor and it reconstruct the hologram numerically.

This thesis work develop white-light interferometric methods [27] into
digital methods, where measured data is directly stored into a computer for
further evaluations in CAD and FEM process. In one of the tested methods
the new digital holographic technique is combined with the LiF method, i.e.
Digital Light in Flight recording by holography (DLiF). By this method the
shape of an object is measured absolutely and simultaneously with the
deformation, and all data is stored directly into a computer. The following
advantages are achieved:

� No special calibrations are needed when a new object is measured.

� Shape and deformation measurements are aligned automatically, since
they are simultaneously measured.

� Several measurements can easily be stored into a computer and
automatically be compared with each other.

The first part of the thesis contains background information and an
overview of the articles presented in the thesis. The experimental methods,
which have been used belong to the family of white-light interferometers
and several interferometric terms will be introduced in the thesis. Section 3
is therefore devoted to readers who are unfamiliar to the field of
interferometry. A description is also given in section 3 of techniques, that
are similar to the non-scanning coherence radar point sensor, which is
presented in section 4 together with lateral scanning techniques for shape
measurements. A 3-D shape and deformation measurement method built on
digital holography and LiF is developed in the thesis work. A short
introduction to conventional and digital holography is therefore made in
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section 5 together with presentations of traditional LiF and the Digital LiF
(DLiF). A more thorough background of holographic interferometry is
given in section 6. The characteristics with digital holographic
interferometry and the special problems for DLiF are also mentioned in this
section. Section 7 covers the technique for how large displacements can be
measured by DLiF. The DLiF method suffers limited spatial lateral
resolution. A method to solve this problem is proposed and presented in
section 8. In section 9 the concept of the 3-D camera is presented with its
applications for reverse engineering and output to CAD, FEM and haptic
devices. A presentation is made of different techniques of combining
measured points to surface readable for CAD-software. Section 10
summarise the equipment used in setting up the 3-D camera demonstrator
and finally a discussion addressing future work is given in section 11.  

2.2 Problem statement
Modern manufacturing industry must satisfy high quality demands.
Reduction of cost and time for development and production are other
factors of importance for an industry to be competitive. This requires an
interactive and integrated development environment and highly automated
manufacturing plants with automatic quality control. The control has to be
based on relevant measuring data. Thus without measurements, it is
impossible for the industry to validate the quality of their products. 

The aim of this work is to develop a measuring technique, which has both
the ability to automatically measure the shape of a product and to be a part
of an interactive development environment where comparison is made
between measured shape and deformation and virtual (simulated) modelling
of deformations.

Important constituents and characteristics for such a method are:

� Ability to capture a large amount of geometrical data in a short time. 

� Measurement of shape and deformation.

� Computer interface for fast and efficient data evaluation.

� Possibility for on-line measurements

Such a method also have applications in virtual reality where haptic feeling
is vital. 

2.3 Overview
The aim with this thesis work is to demonstrate that is is feasible to develop
an automatic measuring device for shape and deformation measurements.
The method may be used in an interactive product development
environment, where measurement results are compared with computer
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simulations. Interferometry with ultra short laser pulses is the basis for the
work, due to the following qualities.

� Absolute measurements, since the occurrence of fringes is measured. 

� High accuracy measurement, since the phase difference of the laser light
is measured.

� Ultra short recording time for a measurement, since the pulse length
limits the record time.

� In the future, cheap light sources may be used, for example laser diodes.

In the first investigation a non-scanning white-light interferometer [28] was
developed and compared with measurements performed by an
autocorrelator and Light-in-Flight recording by holography. The
interferometer can measure the distance between two wave packets without
any moving parts. It is therefore a useful device for the construction of a
point sensor. The sensor works as a radar. A delay is first created between a
reference mirror and an object. The delay is measured with the non-
scanning white-light interferometer. The sensor is called the Non-scanning
coherence radar and is described in paper [A] and section 4.

A point sensor is interesting by itself for high speed quality control in a
production line. The aim is, however, to design a 3-D shape measuring
method. The idea is to scan the point sensor across a surface of an object.
However, because of insufficient power of our illumination system this
3-D shape method has not been developed.

The non-scanning white-light interferometer has been further developed to
a shape and deformation measuring method. This is achieved by combining
Light-in-Flight recording by holography (LiF) to digital holography [24-
26]. The Digital Light-in-Flight (DLiF) method has a similar set-up as the
non-scanning white-light interferometer, where the pathlength of the
reference beam is varied with a minimal angle to the object beam. This is
important since digital holography uses a CCD-sensor as recording media
and the resolution is insufficient for the traditional LiF set-up. The method
is briefly described in section 5 and a more thorough description is given in
paper [B]. Article [C] describes how shape and deformation are measured
simultaneously. This is briefly described in section 6. Estimates of large
displacements has been done by comparing two shape measurements. The
results of this investigation are presented in paper [D]. 

In Digital LiF (DLiF) the hologram is recorded on a CCD-sensor, which has
a very small recording area compared to a photographic plate. The
resolution is therefore quite limited especially in one direction for the DLiF
method. Paper [F] presents a method which improves the resolution for
DliF.

9



Introduction

In order to create an interactive development environment, in, which
experiments are combined with simulations the experimental measurements
must be transferred into Finite Element Model (FEM) and Computer Aided
Design (CAD) softwares. A discussion is given in paper [E] on how a
computer interface for DLiF can be made.

10



3 Interferometry

hite-light interferometers originates from Fourier transform
spectroscopy [29] where the Fourier spectrum of interference fringes

are studied. From a measurement point of view white-light interferometers
are particular useful as they comprise two kind of measurements, which can
be combined. 

W

� Absolute distance measurement utilising the fact that full interference
occurs only when the pathlength difference between object and
reference beam is within the coherence or pulse length. 

� High accuracy measurement utilising the phase difference between two
interfering light beams.

This section gives an introductory overview of interferometry in general
and  white-light interferometry in particular.

3.1 Interferometry
Interference occurs when waves are overlapping in space. In the simplest
case the interference is due to the phase difference between two waves. If
two identical light waves travelling in the same directions are out of phase
the amplitudes of the combined wave cancels out, and if they are in phase
the amplitudes are enhanced, see figure 1. 

Figure 1 Interference between electromagnetic waves (E): a) The two waves are
out-of-phase (destructive interference) b) in-phase (constructive
interference).
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A common interferometric set-up is the Twyman-Green interferometer,
which is presented in figure 2. A beamsplitter divides a collimated laser
beam into two paths. The beams are reflected back by the two mirrors and
are recombined to an interference pattern at the beam-splitter, provided that
the path length difference is within the coherence length.

Figure 2 Twyman-Green interferometer: 

The coherence length �LC � is represented by the maximum length of a
wavepacket where the wavefronts are in phase. The coherence length
depends on the bandwidth according to equation (1).

LC �
� ²
��

 (1)

where � is the wave length and �� is the bandwidth of the light source. 

3.2 White-light interferometry 
A white-light source is a light source with a short coherence length and
consequently according to equation (1) a wide bandwidth. Figure 3 displays
how the contrast of interferometric fringes depends on the path length
difference between two beams. This 'visibility trace' of the interference
pattern has a distinct position in space (zero path length difference) where it
has a maximum value. The width of the visibility trace depends on the
coherence length �LC � . A short coherence length results in a narrow
visibility trace, which makes it possible to find the position of the
maximum contrast with a high accuracy.

12
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Figure 3 The contrast of the interference pattern forms an
envelope with a distinct maximum point.

Both the point-sensor presented in paper [A] and Digital Light-in-Flight
recording by holography method presented in paper [B] belong to white-
light interferometric methods. Similar techniques are coherence radar [30]
and Light-in-Flight speckle interferometry [31]. These latter two methods
measure the interference between speckles. Speckles form a granular
pattern, due to laser light reflected by a rough surface. Loss of data occurs
due dark speckles, which does not interfere. The main drawback is,
however, that these two methods are scanning methods, that prevents
measurements of dynamically varying objects. The accuracy is, however,
high for both methods.

3.2.1 Coherence radar
The coherence radar is a white-light interferometric method, which has the
ability to make high accuracy absolute measurements by both measure the
occurrence of interference (localisation of visibility trace) and measure the
phase difference between two beams. The coherence radar is based on a
Twyman-Green type interferometer, see figure 2, illuminated with a light
source of short coherence length. One of the mirrors is replaced with an
object and is moved by a linear-translation stage in the laser beam direction.
The other mirror in the reference arm is mounted on a piezo-crystal. A lens
is placed in front of a CCD-camera to get an image of the interference
between the speckles from the object and a reference beam. Each speckle
interfere when the two pathlengths (reference beam and object beam) are
within the coherence length.

A translation stage move the object in the depth z -direction. Three images
are recorded for each step of the translation stage. The piezo-mounted
mirror moves a distance � z between every recorded image. The
displacement � z is selected to correspond to a phase shift
���� zi �2�����2��3 between each image where � is the wavelength

of the light source.
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The intensity I n of the fringes for the n:th step of the piezo-mounted mirror,
becomes:

I n�I 0��� z�n� z�cos�2 k� z�n� z���i � z�n� z�� (2)

where I 0 is the background intensity, � is the coherence function, see
figure 3, and k�2�	


The above mentioned three recorded images are phase shifted in order to
determine the amplitude of the coherence function( �� z�n� z� ), which is
described by the visibility trace in figure 3. The coherence function is
determined by the three phase shifted images according to:

�� z p����
i
�I i�I 0� ² 

1�2

I 0�
�
i
I i

3

(3)

The pathlength difference z p which results in the peak value of the
coherence function is stored. The phase is simultaneously stepped for every
pixel. The lateral coordinate from the image of the object is combined with
the depth coordinate � z p� in order to create an indexed depth map.

3.2.2 LightinFlight speckle interferometer
Another method, which uses a similar set-up as the above mentioned
coherence radar, is the Light-in-Flight speckle interferometer [31]. The
algorithm, which determines the coherence function ( �� z p� ) is, however,
different from the coherence radar. The object is moved forwards by a
translation stage driven by a step-motor. For each step of the object the
mirror is moved in 10 small steps of ��10 . An image is recorded for each
step of the mirror. The maximum and minimum values for each pixel from
the image are subtracted from each other in order to calculate the coherence
function. The position of the stepmotor where the coherence function has
its maximum value is stored for every pixel in an indexed depthmap.
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4 Nonscanning coherence radar pointsensor

he methods mentioned in chapter 3 use scan-techniques to determine
the depth of the object. It is therefore difficult to measure the depth

coordinate on a moving object (i.e. vibrating object). In the progress of the
thesis work the coherence radar has been developed to a non-scanning
coherence radar, where the depth of the object is determined without a
scanning mirror. This chapter gives a short description of this method and a
more thorough description is given in paper [A]. The non-scanning
coherence radar consists of two parts. One which creates a delay and
another which measures the delay without any scanning device. A non-
scanning white-light interferometer, shown in figure 4, was used as a pulse
measurement unit. 

T

Figure 4 Pulse measuring unit based on a non-scanning white-light
interferometer: A Littrow mounted grating creates a
continuous delay across the light beam
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4.1 Nonscanning whitelight interferometer
The pulse measurement unit must be able to measure the path differences
between two wave packets that we refer to as pulses. We use the non-
scanning white-light interferometer for that purpose. The non-scanning
white-light interferometer is based on a Twyman-Green type interferometer
with one of the mirrors replaced with a Littrow-mounted blazed reflection
grating, which creates a delay across the beam profile (see figure 4). Three
interference patterns will appear on the CCD-sensor as shown in figure 4.
The interference patterns correspond to the pulses from the delay unit in the
non-scanning coherence radar. An algorithm described in article [A]
automatically finds the position for the peak value of the visibility trace
(see figure 3). The measurement range depends on the angle and the width
of the grating:

� z�W tan � (4)

where W is the width of the light beam and � is the angle of the grating (see
figure 4).

The width w =20 mm and ß=22° results in a measurement range of
∆z=8 mm. The measurement range is extended by introducing a second
grating put in series as shown in figure 5.

Figure 5 Gratings in series: putting the Littrow mounted gratings in
series increases the optical delay.

An advantage with a CCD-array compared to a line-sensor. i.e a sensor with
a few pixel-rows, is that several pixel-rows are recorded. A mean value for
the recorded rows is determined in order to improve the estimation of the
position 'visibility trace'. The position of the peaks is, however, difficult to
find, due to spurious interference patterns from inevitable reflections on
optical components. 
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4.2 Delay unit
The input to the pulse measurement unit consists of two light pulses
separated by the pathlength difference between the object and the reference
beam. The delay is measured with a correlation method. Three correlation
peaks appear when a distance is measured. The middle peak is caused by
autocorrelation of the pulse from the object and autocorrelation of the pulse
from the mirror respectively. The two side peaks are the crosscorrelations
between the pulse reflected from the object and the pulse reflected from the
mirror. The distance between a side peak and the middle peak is directly
proportional to the pathlength difference between the object point and the
reference mirror in the delay unit, see figure 6.

Figure 6  The delay unit of the non-scanning coherence radar

Only one speckle of the retro-reflected light from the object is used to find
the depth position of that particular object point. In the testbed the laser
illuminates a spot on the object with a diameter of 1-2 mm. The method is
improved if the diameter of the laser spot is decreased, which is done when
the laser spot is focused on the surface with a lens. This limits, however,
the measurement depth range, since the object must be in focus to yield
illumination of a small point on the object. 

4.3 Lateral scanning of the point-sensor across a surface
The non-scanning coherence radar was planned to be developed to a
3-D shape measurement device. The point sensor should scan laterally
across a surface in order to measure the 3-D shape. Two possible scan-
techniques have been studied.

In the first study the measured surface is scanned by means of a Liquid-
Crystal-Display (LCD) -screen as a transmission mask (see figure 7). The
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whole LCD screen is illuminated with a light beam and only a small
number of pixels on the LCD-screen are set for transmission at the same
time. A disadvantage is that most of the intensity from the light is blocked
out with non-transmitting LCD-pixels. The intensity on the CCD-sensor is
therefore low. 

The other scan-technique is shown in figure 8 A mirror is placed on a
rotating table. A diameter collimated beam is incident at the rotation centre
of the mirror, where a lens has its focus. By rotating the mirror the exit
beam will create a line scan across the lens aperture. This is a standard
technique for line-scanning devices where e.g. the width of an object is
measured.

Figure 7 LCD-scanning: A light beam illuminates a LCD-screen,
one pixel or a cluster of pixels are open at a time.

Figure 8 Line scanning: A light beam is reflected by a
rotatable mirror. A lens with its focal point on the
center of rotation of the mirror, redirects the light
beam to a vertical scan of parallel beams when the
mirror rotates.
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4.4 Conclusion and remarks on the non-scanning coherence
radar 

The non-scanning coherence radar has in this stage only been developed to
the point of being a point sensor. The main problem of this sensor to find
the position of maximum contrast of the fringes, since:

� The contrast of the interference fringes are not sufficient due to the low
intensity of the reflected light from the object. 

� The background intensity varies, since it is difficult to limit the
recording to a single speckle. Usually one part of the CCD-sensor is
illuminated with a bright speckle and another with a dark speckle. The
CCD-sensor saturates on some pixel areas at the same time as there is no
signal on other pixel areas. The camera used in the testbed had a
dynamic range of 8-bits. A 10- or 12-bit dynamic camera improves the
method.

� Spurious interference patterns occurred on the CCD-array, due to
multiple reflections in optical components. Even if the components in
the set-up have antireflection coatings.

The proposed methods for the development of the the non-scanning
coherence radar point sensor to a 3-D shape measurement method are built
on scan-techniques, which need a pulsed laser with a high repetition rate. It
is therefore not possible to measure the 3-D shape of a rapidly moving
object with one single pulse. This can, however, be done when Light-in-
flight recording by holography and digital holography are combined. That
issue is discussed in the next section. 
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5 Conventional and Digital Holography in
Metrology

Holography traditionally refers to the recording of interference patterns in a
holographic plate, which is developed by wet chemistry. In recent years
digital recording media, e.g. Charge-Coupled-Device (CCD)-sensors, has
been developed in a rapid speed with improved resolution (pixels/mm) and
dynamics (number of grey scales) to a level which makes them useful as
recording media also for holography. Holograms can therefore now be
recorded directly into a computer by means of a CCD-sensor. This is
especially interesting in measurement applications where the appearance of
the holographic image is of less importance compared to the advantage of
automatically store holograms. However, conventional holography, i.e.
holograms recorded on a photographic film, is still unbeatable in resolution,
but with constant progress of digital recording media and computers digital
holography definitely has a future in modern measurement techniques.      

A hologram is usually a photographic plate where an interference pattern
has been recorded. Figure 9 shows the interference pattern between
reflected light from a point p on an object and a plane reference wave. Both
the object light and the reference light are from the same light source.

Figure 9 A Fresnel pattern occurs when an illuminated point (p) on
the object (spherical wavefront) and a plane wavefront
interferes with each other.
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The pattern in figure 9 is called a Fresnel pattern. The fringes are more
densely packed on the side of the plate, where the angle between the object
beam from point (p) and the plane reference beam is large. When the
hologram is reconstructed it function as a grating. The narrower the fringes
are, the more they will bend the reconstruction beam when the pattern is
illuminated, i.e. reconstructed. The Fresnel pattern acts as a lens if it is
illuminated and focuses the beam to one point. Normally, interference
patterns from several object points are superposed on a holographic plate
and make up a very complex pattern. A holographic image in space is
formed when a reconstruction beam, similar to the reference beam is
focused by the hologram to the object points, as from several Fresnel lenses
or as from a complex grating. The process for recording, developing and the
reconstruction of conventional holograms is shown in figure 10.

Figure 10 Process for conventional transmission holography. 

The conventional hologram procedure for computer aided measurements
can be divided into four steps:

1. An interference pattern obtained from the overlap of a reference beam
and an object beam is recorded on a glass plate with a photo-emulsion. 

2. The recorded pattern on the hologram is developed with a developer and
fix-liquid or a developer and a bleacher. 

3. A holographic image is reconstructed when the developed hologram is
illuminated.  

4. The holographic image is recorded with a digital camera in order to
store the reconstructed image in a computer for further evaluation. 

In the new digital holographic technique the photographic plate in figure 10
is replaced with a high resolution CCD-sensor. The principle is shown in
figure 11. The reconstruction is made numerically with a Fourier-Fresnel
algorithm [24-26], which computes the diffraction pattern, i.e. the
holographic image from the recorded interference pattern. A description is
given in paper [B] of the Fourier-Fresnel algorithm. 
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An advantage with digital holography is that the hologram is directly stored
into a computer, and therefore:

� Dark room work is not needed.

� It is possible to evaluate the quality of the hologram in real time, since
holographic fringes are displayed on the monitor. 

� The hologram can be enhanced before it is reconstructed. For instance,
diffraction patterns from dust on optical components can be filtered out. 

Figure 11 Process of digital holography

There are, however, some disadvantages with digital holography compared
to conventional holography:

� The limited spatial resolution of a CCD-sensor (pixels/mm) limits the
maximum size of a recorded object.

� The size of the recording area is small, which negatively affects the
image resolution. 

A CCD-sensor thus has difficulties to resolve narrow fringes, which occur
when the angle between the object and reference light is large, as in the
sides of the Fresnel pattern in figure 9. This limits the possibility to record
images of large objects. However a small virtual image of the object can be
recorded if a negative lens is put in front of the CCD-sensor [32]. This will
however decrease the spatial resolution of the image.

5.1 LightinFlight recording by holography
"Light-in-flight recording by holography", (LiF) [14-18] is a holographic
method, which measures the 3-D shape of a surface within the duration of
one single ultra short light pulse. The pathlength of the reference beam
varies along the hologram, since the reference beam has a grazing angle to
the holographic plate. A sketch over the set-up is shown in figure 12 where
the interference between a reference beam and the object beam of a light
bulb is recorded in a hologram. A distinct interference pattern is recorded
only where the pathlength difference is within the coherence length, i.e.
within a limited band along the x-axis. In figure 12 three bands (1, 2, 3) are
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indicated, representing interference from different depth levels on the
object. 

The pulse length used for recording the interference pattern affects the
method in following ways:

� Moving objects can be measured. The exposure time is the pulse length,
which is in the picosecond range.   

� A short pulse length increases the depth resolution. 

� A short pulse length decreases the lateral resolution.

Figure 12 conventional "Light-in-flight recording by holography" set-up.

After development of the holographic plate, one part of the Light-in-Flight
hologram is reconstructed at a time with a reconstruction beam. The beam
propagates as a delimited illumination band along the hologram in the x-
direction. Each position of the reconstruction beam results in a contour line,
which represents object points from a certain object distance as shown in
figure 12. The position of the reconstruction beam which yields the
maximum intensity value of each reconstructed image point is stored in an
indexed depth map into a computer. 

Figure 13 shows four holograms of one object point recorded in a LiF
version of the set-up shown in figure 9, where the pathlength of the
reference beam has varied in the x-direction. For each of the four
holograms the object point has been stepped forward (towards the
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holographic plate). The LiF-hologram is therefore recorded on different
positions on the recording plate where the reference pathlength coincide
with the object pathlength. The pattern on the hologram represents different
parts of the Fresnel pattern which is the same for all four recordings, shown
in figure 9.
The contradiction between depth and lateral resolution can be explained by
figure 13, which shows the hologram of one object point. As seen, only a
certain band is recorded by the point. A short pulse length decreases the
width of the recorded band on the hologram. The lateral resolution is
therefore poor in the one direction, due to diffraction limitation, but the
depth resolution is improved since the position of the reconstruction mask
which reconstructs the maximum intensity value is more distinct if a short
pulse is used.

Figure 13 The interference pattern from a single object point at different
distances and plane reference beam with varying pathlength in the
x-direction.

5.2 Digital LightinFlight recording by holography
Light-in-Flight recording by holography can be used as an ultra fast
3-D shape measurement method. One goal with the thesis work is to create
an electronic shape measurement method using ultra short pulses. This goal
is achieved when the LiF-method is combined with digital holography, i.e.
the recording photo emulsion is replaced with a CCD-sensor. A short
description is given here about the Digital Light-in-Flight recording by
holography (DLiF) shape measurement method. A more thorough
description is given in paper [B]. 

The set-up for conventional "Light-in-Flight recording by holography",
showed in figure 12, can not be used, since the angle between the reference
and the object beam is too large. A large angle between the object and
reference beam creates dense fringes as for the sides of the Fresnel pattern
in figure 9, which are difficult for the CCD-sensor to resolve.
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Pomarico et al. [33] has created a DLiF method by introducing a delay
across the reference beam with three glass flats. The glass flats have
different thicknesses and cause thereby constant pathlength steps across the
reference beam profile when the light passes them. This thesis works out
further improvements of this concept. A continuous delay across the
reference beam profile is created by means of a grating in a Littrow
mounting position, see figure 14. The interference between the object and
the reference beam is in our case obtained by a Twyman-Green type
interferometer, provided with the grating instead of a reference mirror. The
grating retro-reflects the light in the same direction as the incoming light
but with a continuous path length difference across the reflected beam
profile.

Figure 14 The digital Light-in-Flight recording by holography
set-up: A Littrow mounted reflection grating makes a
continuous change of the path length across the
reference beam profile.

A Fourier-Fresnel algorithm reconstructs the hologram for a limited number
of CCD-columns at a time (see article [B]) with a Gaussian reconstruction
mask. The position of the reconstruction mask where each of the
reconstructed object points have their maximal intensities are stored in an
indexed grayscale image. 
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6 Holographic Interferometry  

With holography it is possible to study a deformation field over a whole
surface at once. This is similar to the results achieved by a Finite-Element-
Modelling (FEM)-system. An interactive product environment can thereby
be constructed, where virtual tests walks hand in hand with experimental
tests. Holographic interferometry measures only the deformation in one
direction, If not special arrangements, such as multiple observation and/or
Illumination directions are used. It could therefore be very valuable to
measure the shape at the same time in order to compare the measurements
with FEM-results. "Digital Light-in-Flight recording by holography"
(DLiF) directly store shape and deformation measurements simultaneously
into a computer. Experiments are presented in paper [C], where holographic
interferometry has been used. In this chapter a short description is given
about the basics of holographic interferometry and the Digital Light-in-
Flight recording by holography deformation measurement method.

In holographic interferometry two recordings are made, one before and one
after a deformation of an object. If the object only has been deformed by a
small amount of the wavelength ( � ) of the recording beam, the recorded
interferometric pattern, (e.g. The Fresnel pattern in figure 9), on the
holographic plate will only displace slightly between the two recordings. A
bright (unexposed) fringe on the holographic plate from the first recording
can thereby be erased by a dark fringes from the second recording. Points
which have been recorded will thereby disappear from the holographic
image forming dark fringe on the image, when the hologram is
reconstructed. The displacement of the recorded interferometric pattern on
the holographic plate caused by a deformation creates a moire like pattern
on the reconstructed holographic image. This moire pattern is a measure of
the deformation of the object between the two recordings and will be
referred as holographic fringes in the rest of the thesis. 
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A common description of holographic interferometry, which is useful in
order to illustrate the relation between numbers of holographic fringes and
the deformation builds on following  characteristics of holograms:

� A hologram stores a wavefront and the wavefront is restored when the
hologram is reconstructed. 

� Two recorded wavefronts are coherent with each other if the surface
structure of the recorded object are the same for the two recordings. The
wavefronts can therefore interfere with each other. 

The wave fields from two holographic recordings are:

E1�E0exp� i�� t�k�r1��

E2�E0exp� i�� t�k�r2��
  (5)

where E1 and E2 denotes the wave field before and after a deformation,
respectively, E0 is the amplitude of a wave field, ( r1 , r2 ) is the pathlength
to the object beam, ��2� f and k�2��� , where f is the frequency and �
is the wavelength of the light. 

The wave fields can be added by double exposure (two exposures are made
on a holographic plate before the hologram is developed). The
reconstructed holographic image is the absolute value of the wave fields,
which is:
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(6)

Where I 12 is the intensity of the wave field recorded on the hologram i.e.
the holographic image, � denotes the complex conjugate and
	
�k�r1�r2� is the phase difference between the two wave fields.

Equation (6) shows that the intensity of the image will fluctuate between 0
and 4E0

2 . The distance between two maximum intensity values is:


��
2�


�r1�r2��2���r1�r2��                                              (7)

The equation shows that a bright fringe appears when ever the pathlength
difference to the object beam, before and after a deformation, is equal to � .

By counting the number of fringes a displacement causes, an estimate of the
deformation can be done with an accuracy of 0.1 µm. 
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Holographic interferometry is a powerful and accurate deformation
measurement method, since:

� The deformation measurement covers a large object surface in one
single recording.

� The accuracy is high.

� Deformations can be measured in real-time by comparing a hologram of
the undeformed object with the real object subject to dynamic
deformation. 

There are, however, some drawbacks of holographic interferometry, which
are important to point out: 

� It does not give information about the sign of a deformation, i.e. towards
or backwards the recording media. 

� It is difficult to evaluate a deformation on a complex surface. 

� Large deformation results in dense fringes with a high spatial frequency,
which are impossible to resolve. 

In conventional holography only the image is reconstructed, which
mathematically is the absolute value of the image wave field, see equation
6. It is therefore only possible to determine the phase difference between
two holographic images and not the sign of the deformation, see
equation (7).

6.1 Digital holographic interferometry
The main advantage with digital holographic interferometry is that the sign
of the deformation is determined, since the complex value of the wave field
of the reconstructed holographic image is calculated. The phase ( � ) for
each wave field, i.e. from the recording before and after a deformation, can
be calculated from the wave fields[34, 35] by:

��arctan2 �
��E�

��E�
�                                                                   

(8)

where ��E	 denotes the real part of the image wave field, 
�E	 denotes
the imaginary part of the image wave field and the arctan2 function is used
to find the phase modula 2� instead of modula � as for the arctan function.

The phase of the wave field before the deformation is subtracted from the
wave field after the deformation. The results is a modula 2� phase
(wrapped phase) image (see figure 15). The modula 2� phase image looks
like a sawtooth, since the phase value restarts from zero when the phase
value reaches 2� . There are, however, algorithms which create a
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continuous (unwrapped) phase map. An unwrap algorithm searches for
places where the phase has changed around 2� in one step. There it adds or
subtracts 2� to the phase depending on the sign of the sawtooth. The phase 
2� is finally converted to length by the wavelength � .

Creating an unwrapping algorithm is a very difficult task, since the
deformation of a surface can be very complex. The software "Fringe-Pro"
[36] was used in this work to unwrap the sawtooth image.

Figure 15 The modula 2π phase image at the left side has
sawtooth fringes which varies from 0 to 2π. At the
right side is an unwrapped phase image where the
phase is continuos

6.2 LightinFlight recording of deformation by holography
Light-in-Flight recording by holography (LiF) measures shape and
deformation simultaneously [37]. The deformation is measured by
holographic interferometry as described in the beginning of this section and
the shape is simultaneously measured by the occurrence of fringes as
described in section 5.1. This combination makes it possible to measure
deformation on a complex surface. The measured deformation can be
projected to any direction of the surface by the surface gradients which is
determined from the shape measurements stored in a computer as a grey-
scaled image. The gradients are determined by Sobel-operators ( Gx,Gy ).
[38] (see equation 9).

Gxi,j�1�8 � pi�1,j�2 pi,j�1� pi�1,j�1� pi�1,j�1� pi,j�1� pi�1,j�1�

Gyi,j�1�8 � pi�1,j�2 pi�1,j� pi�1,j�1� pi�1,j�1� pi�1,j� pi�1,j�1�
       (9)

where pij is the value for the pixel with coordinate (i,j). 

The Sobel-operators are sensitive to noise, since they depend on the
difference in intensity between neighbouring pixels. It is therefore
important to smooth the depth map before the Sobel-operators are applied. 
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6.3 Digital LightinFlight recording of deformation by
holography

In article [C] LiF and digital holography are used together for developing a
rapid opto-electronic deformation measurement technique. This technique
is suitable for a system, which combines experimental measurements with
computer simulations.   

The following advantages are achieved with Digital "Light-in-Flight
recording by holography" DLiF:

� The sign of a deformation can be determined in digital holography, i.e. If
the deformation is backwards or forwards the direction of the
reconstruction beam.  

� The deformation can be measured and evaluated on a complex surface,
since both shape and deformation are measured. 

� It is possible to create a deformation "movie" by sequential presentation
of several successive images of a deformation process.

� The deformation can be measured during a very short time, since a
single ultra short laser-pulse can be used as light source to illuminate the
object.

Deformation measurement on a flashlight bulb during cooling is described
in paper [C] as an example of an application. The deformation is in this
case radial and projected to the measured 3-D shape of the object. 

6.3.1 The Digital LightinFlight deformation phase map  
Important consideration must however be made in order to achieve a high
quality phase map from the DLiF-recording, which could be used in an
unwrap algorithm. The phase map must be reconstructed sequentially one
contour line at a time, since phase values outside the contour lines have
random values. If the whole LiF hologram is reconstructed at once all
significant values will be added together with random values, resulting in a
noisy image, see figure 16a. In order to achieve a correct phase map the
reconstructed phase image is masked with the contour lines, see figure 16b.
This is however not the case when the reconstructed holographic image, i.e.
the absolute value of the wave field stored in the hologram, is studied.
Since all contour lines will be added together and all reconstructed image
points which do not belong to a contour line is zero, the whole DLiF
hologram can be reconstructed at once in order to evaluate fringes on the
reconstructed image, see figure 16c.
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                               a                       b                         c

Figure 16 The result from a DLiF deformation measurement., a) The
phase map from the whole recording reconstructed at once b)
The whole phase map filtered with the contour lines. c) The
holographic image reconstructed at once,
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7 Measurements of Large Displacement

n some measurement situations, there is a need for tracing large
displacements over a short time. In paper [D] we present a method which

measures static displacements, but it can easily be used for dynamic
measurements if a single pulsed laser is used. The principle is based on the
fact that the DLiF-method measures absolutely the shape of an object
within a few pico seconds. Two shape measurements can therefore be
recorded at different times and compared in order to determine a
displacement in the millimeter range. A 3-D "movie" can also be made if
several holograms are recorded. The 3-D "movie" can verify simulations of
how an object moves after an explosion or collision for example.

I

Studies of large displacements with the LiF method have been performed
previously by Carlsson [37]. It is possible to determine the direction of the
displacement, since the contrast is lower for the second recorded hologram
than for the first one, due to loss of diffraction efficiency. The dynamics of
a CCD-sensor is not as good as a holographic plate and it is therefore
difficult to double expose a CCD-sensor. It is, however, easier to combine
two CCD recorded images afterwards and correlate them in order to
determine the displacement. 

The correlation is done in three dimensions. The displacement in depth is
first determined by the correlation coefficient between a reference contour
line in the first recording and contour lines from the second recording. The
difference in position for the reconstruction mask, see section 5.2 between
the two contour lines, which results in the highest value of the correlation
coefficient, is proportional to the depth displacement. This algorithm is
demanding for a computer, since it calculates several slices in order to
determine the 3-D movement in depth. The lateral displacement is
determined when two contour lines are correlated with each other. The
relative error of the displacement measurements are around 15%, which is
relatively high, due to the limited accuracy in the shape measurement.
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7.1 Recent development
The method in paper [D] determines the displacement in depth by
reconstructing several contour lines and correlate them with a contour line
from a reference object. A simplification in order to save time is, however,
to use the relation ship between the position of the holographic pattern on
the CCD-sensor and the pathlength difference in a LiF-hologram, see figure
13. It is then possible to calculate the depth displacement without
reconstructing the DLiF hologram. It resembles the task for determination
of the correlation peaks in the "non-scanning coherence radar point-sensor",
(see section 4), where the position on the CCD of the visibility trace, (see
figure 3) is localised. The contrast in the recorded image is increased at the
position of the holographic pattern. The position of the hologram can
thereby be determined by the position of a high contrast value in the
recorded image which is determined by the standard deviation of a NxN
pixel neighbourhood matrix kernel and results in a visibility image. Figure
17a and b shows visibility trace images of an object of two different
distances from the CCD-sensor. The visibility image is determined by:

S �x,y�� 1
N 2

�1
�

i��N �2

i�N �2

�
j��N �2

j�N �2

H �x�i, y� j��H (10)

where H �x,y� is the recorded grey level at position (x,y) in the digital
hologram and 
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Where N is typically 256 pixels.

The depth between the images � z� is determined by the position for
maximum correlation of the two visibility images, see figure 17 c.
However, caution must be taken, since the visibility of the fringes in the
hologram depends not only on the reference-object pathlength difference.
Oversaturation of the sensor decreases the visibility of the fringes, due to
blooming and lack of grey-levels. Another problem is diffraction patterns
from optical components which also have high contrast, but does not
depend on the position of the measured object. It will result in an increased
value in the visibility image. This is illustrated in figure 17a, b, where the
white area in top right corner appears to be due to a diffraction pattern. This
area does, however, not has any effect on the correlation image in figure
17c.
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   a                                  b                                   c
Figure 17 a) and b) displays the visibility image ,i.e. the standard

deviation of the DLiF hologram, at different distances from
the CCD-sensor c) shows the correlation of these two
images.

 

35

z





8 Resolution enhancement

he fundamental drawback of the DLiF shape measurement method as
developed so far is the limited resolution. It is especially poor in one

lateral direction because of the narrow optical aperture in that direction,
Figure 13 illustrate this problem, the area with high contrast fringes is a
vertical rectangle. The width of the rectangle is determined by the
coherence length of the light source and the derivative of the pathlength
difference along the CCD-sensor. The rectangle acts as an optical aperture
when the hologram is reconstructed. The result is a distorted, elongated
image point in the same lateral direction as where the pathlength varied.

T

The resolution of the holographic image is, however, poor over all, due to
the small recording area of a CCD-sensor and there are several approaches
to enhance the overall lateral resolution in digital holography. One method
has been presented by Yamaguchi et al. [39] who used a phase shifting
technique in order to improve the resolution and another approach is
presented by M. Jacquot et al. [40] who studied how sensors with decreased
pixel sizes increase the resolution and object size for digital holography.

The aim with the work presented in article [F] is to improve the resolution
in the poorest direction in DLiF by recording and combining two
measurements. The Littrow mount grating in the DLiF set-up, see figure 14,
is rotated 90° between the two recordings, so that the pathlength varies in
the horizontal and vertical lateral directions, respectively in the two
recordings. The combination of the two recordings results in a star like
image point with high intensity in the center. Deconvolution can be
considered as an alternative to the method presented in paper [F] where the
resolution is improved in already recorded images.

8.1 Standard method: Deconvolution
A common resolution improvement technique in image processing is
deconvolution [41]. This method is usually used when an image is blurred
because of motion, i.e. when an image is recorded from a car or an air
plane. Deconvolution is an interesting approach for the DLiF method, since
it tries to restore the original image point, which is smeared out in the
motion direction. This is similar to the DLiF where the image points are
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smeared out due to diffraction broadening from the recorded area on the
CCD-sensor. 

The deconvolution algorithm assumes the blurred image (BI) to be the
result of a convolution between the sharp image (SI) and a point spread
function   (PSF) plus noise ( N ). It is described as:

BI�PSF �SI�N  (12)

where � denotes convolution.

Figure 18 illustrates equation (12)

 = �  

Figure 18 The pattern consists of Dirac pulses convoluted with a Gaussian pulse.

In figure 19 we show the same principle applied to real holograms. The PSF
is here represented by the intensity distribution in Figure 19b, minimizing
the effect of the diffraction broadening in one direction. The blurred grey
scale image is shown in figure 19a and figure 19c shows the restored sharp
image point which has more noise than the blurred image, but it also has
smaller image points. The deconvolution has been done with a Lucy-
Richardson Algorithm [42] from the image processing toolbox in Matlab.

The measured object in figure 19 also illustrates the measuring capacity of
the DLiF method. The object has steps with the lengths 4.0, 2.0, 1.0, 0.50,
0.25 0.10 and 0.05 mm, see figure 19d. The measured shape that is shown
in figure 19e shows that all steps which are 0.25 mm or larger are visible in
the image. This shows that the DLiF method can resolve a 0.2 mm wide
line.

8.2 Recent development: combining images
In order to apply the method described in paper [F]. The two reconstructed
contour lines must be aligned and combined with each other. It is, however,
difficult to align the grating in figure 14, so that the two contour lines
appear at the same position, i.e. (x,y,z) in the reconstructed image plane.
The displacement between the reconstructed contour lines is therefore
determined according to the 3-D correlation method described in paper [D].

It is also possible to follow the strategy mentioned in section 7.1, where the
visibility of the recordings are correlated in order to determine the depth
displacement without reconstructing the hologram. The pathlength varies,
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however, in the two orthogonal lateral directions in the resolution
improvement method described in paper [F], horizontally for one recording
and vertically for the other recording. The visibility image is first
determined by equation (10) in section 7. An example of two visibility
images are shown in figure 20a and 20b. These two images are orthogonal
to each other, since the path length varies vertically in figure 20a and
horizontally in figure 20b. In order to achieve a significant correlation the
images are correlated with each other in (NxN) pixel neighbourhood
matrixes with one of the matrixes transposed, see figure 13. 

                         

            a                                           b                                           c

           d                                                    e

Figure 19 Examples of how the resolution can be improved. a) The blurred
image where the image points are diffraction broadened b) PSF in a, c)
deconvoluted sharp image of a, d) 3-D drawing of the measured object

e) 3-D plot of the measured object.   
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The correlation is then:

L �x,y��
�

i��N �2

i�N �2

�
j��N �2

j�N �2

�S 1�x�i, y� j��S 1 ��S' 2�x�i, y� j��S' 2 �

�
i��N �2

i�N �2

�
j��N �2

j�N �2

�S 1�x�i, y� j��S 1 � ² �
i��N �2

i�N �2

�
j��N �2

j�N �2

�S' 2�x�i, y� j��S' 2 � ²
    (13)

where S 1�x,y� and S 2�x,y� is the visibility images calculated from recorded
holograms by equation (10). 

A diagonal intensity line appears in the correlated image, see Figure 20c.
The inclination depends on the angle between the varying path lengths in
the recordings. The angle of the inclination of the line is 45 degrees if the
angle is 90 degree between the pathlength differences i.e. the path length
varied in the vertical and horizontal lateral direction in the image. The
position of the diagonal line is proportional of the displacement in depth of
the two recordings. The lateral displacement is then determined by
correlating the reconstructed contour lines with each other. This strategy is
interesting, since the difference in depth between two recorded holograms
can be estimated without calculation of several contour lines. It is also
possible to verify that the pathlength really varies in the horizontal
respectively in the vertical lateral direction of the recorded hologram, which
is important in order to achieve highest efficiency of the algorithm
presented in paper [F]. 

               

             a                     b                             c

Figure 20 a) and b) show the visibility image of the recordings determined
with a 512x512 pixel neighborhood. c) the result of the
correlation of the two visibility images. 
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9 3D Camera

The development of the 3-D camera demonstrator is our contribution to a
new and flexible way of capturing, exchanging and using measurement
data. It is based on the shape and deformation measurement technique
presented in the previous sections. In particular DLiF is suitable for rapid 3-
D data acquisition of an objects (x,y,z)-coordinates and it measures the
deformation simultaneously with the shape. By applying well defined
forces to an object and measure its shape and deformation, a computer
model of the real object can be achieved if the measured data is
implemented in a reverse engineering process. This model can then be
utilised by CAD and FEM-software programs, for estimation of material
constants and simulations of deformation properties. With parameters such
as e.g. stiffness coupled to a shape measurement, the 3-D camera provides
the necessary data for haptic displays. The latter can be used in haptic
display devices, such as the Phantom [43] and combined with integrated
visualisation systems such as Reachin [44]. In addition to the features,
illustrated in the bottom part of figure 21. The 3-D camera can be an
interactive tool in a manufacturing process by measurement - computer
aided modelling - computer aided manufacturing - remeasurement-etc. until
the best product solution is achieved. It is also possible to go the other
direction and visualise the final result [45] with a hologram. In article [E]
we present the principle use of a DLiF system operating in accordance with
these system concepts and it is illustrated in figure 21. 

In the thesis work a measured cluster of points is combined by a least
square approximation into a b-spline surface [46]. A spline is a
mathematical function, which can be of different degrees. The higher
degree, the higher spatial frequency can be traced. The spline is divided by
knots, which have different constraints. 

An contradiction in reverse engineering is detail resolution versus noise.
This contradiction also applies for a spline surface and can be explained as:

� A low degree of the spline function smoothes the surface but misses
details in the shape while a high degree is demanding for the computer
and more details of the shape (noise included) are brought into the
spline surface.
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Figure 21 Flow scheme of DLiF integrated with computer tools.

� Short distance between knots results in an aggregated surface with
details and noise and large distance between the knots results in a
smoothed surface with few details.   

This contradiction is demonstrated in figure 22.

The b-spline surface is converted and stored into an IGES-format1 in order
to transfer the spline surface into a CAD-system, see figure 23. Figure 24
shows how well the b-spline surface fits  the cluster of measured points. 

1 IGES is a standardised ASCII file format, which describes the b-splines and
other features

42



3-D Camera

The coefficient of determination R² of the fits is given by:

R²�
S tot ²�S e ²

S tot ²
(15)

where S tot is the standard deviation of the 3x3 pixel neighbours of the point
cloud and S e is the standard deviation of the 3x3 pixel neighbours of the
residuals between the cluster of points and the b-spline surface.

a                                             b

c

Figure 22 It is important to sample the splines correctly. The distance between
the knots is decreasing from a to c. 

A perfect fit yields R²=1 and that is displayed in white in the image of
figure 24. From the figure we see that the b-spline surface fails when the
surface slope is too steep, for example on the threads. It is also difficult for
the b-spline to fit the surface at the surface boundaries.

A common technique which is used in order to transform a cluster of points
into a 3-D shape is the Delauny-triangulation. The points are combined to
their closest neighbours. Even here a noisy appearance of the surface is
obtained if too many points are used. 
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Figure 23 CAD-generated surface based on measured data

converted to splines.

Figure 24 The R²-value , which is the difference between spline-surface and
measured points. 

A common problem in reverse engineering is when the points are unevenly
distributed in space. It is usual, especially for optical methods, that some
areas are not captured by the 3-D method, due to reflection problems.
Possible solutions to that problem is given by Karbacher et al. who use a
method to interpolate the holes into a smooth surface [47]. In other cases
the holes exist and are a part of the shape It is therefore important for a
reverse engineering algorithm to identify holes. ´´Alpha-shapes´´ [48] tries
to find holes in the point cloud by erasing Delauny triangles. It is an
interactive software and several parameters can be changed, which results
in different "alpha-shapes". 
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There are several commercial and open source program/libraries which can
convert clusters of points into surfaces, with different accuracy. Some of
these have been specially developed for game development, interfaces
between laser scanners and CAD-software, etc. The triangular meshes are
usually stored in dxf-, stl- or obj- format which are standard formats in
CAD and 3-D modelling software. 

An example of how the 3-D camera concept can be utilised is shown in
figure 25. The leftmost graph shows the experimentally measured
deformation and shape of a cylinder, while the rightmost graph shows the
predicted deformation obtained from simulation. Such a verification makes
it possible to adjust constraints in the model to better fit the reality. 

      

Figure 25 The experimental deformation versus a simulated deformation. The
constraints have been adjusted in order to fit the real experiment.

The combination of simulation and experimental verification opens up a
new field of applications where material parameters can be evaluated[49].
This is especially interesting for synthetic materials where some material
properties depend on shape and tension. The deviation between
experimental and simulated data are minimised in this process by sensitivity
analysis and optimisation.

If this material parameter evaluation method is combined with the DLiF
measurement method we might talk about a 4D-camera system, where the
fourth dimension refer to haptic conception of an object. Such a system
would then provide the necessary input to haptic devices such as the
´´Phantom´´ [43], which helps blind people to feel virtual objects or
enhance the tactile touch of a computer game simulation.  
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10 Equipment

oth the non-scanning coherence radar and DLiF require light sources
with an ultra short pulse or coherence length. Both methods are also

electronic and require a CCD-sensor and computer software in order to
evaluate the measured data.

B
10.1 Light sources
The light sources used in this thesis work were:

� A dye laser synchronously pumped with a modelocked argon ion laser,
both from Spectra Physics, which emits 1 pico second pulses with a
repetition rate of 75 Mhz and an average power of 100mW.

� A cavity dumped Nd:YAG-laser, from Continuum, with 35 ps pulses,
coherence length 6 mm, repetition rate 10 Hz and a pulse energy of 60
mJ.

10.1.1 Dye lasersystem
The dye laser is pumped with a modelocked argon laser, which delivers
pico second pulses. The dye laser increases the bandwidth and thereby
shortens the coherence length. The dye laser is continuously pulsed with a
pulse frequency of 75 MHz. Several pulses are used when a measurement is
performed, since the accumulated energy is to low from one single pulse to
create a good signal to noise level on a CCD-sensor. An advantage with the
low modest power is that the beam can be spatially filtered. 

10.1.2 Nd:YAG laser
The Nd:YAG laser is passively/actively modelocked by a dye and an
acoustic modelocker. The pulses have a repetition rate of 10 Hz, The pulse
energy is high, which makes it possible to record an image with a single
laser pulse, but the beam can not be focused through a pinhole in order to
spatially filter the light. A high dynamic range of the recording media is
preferable since the quality of the laser beam is rather poor and the
recorded hologram therefore contains a lot of noise.
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10.2 CCD-Sensors
The thesis work concentrates on photo electric recording of holograms
rather than on traditional exposures into photographic plates. Therefore
CCD-sensors are an important part of the test-bed. The "Non-scanning
coherence radar" and DLiF method demand different properties of a CCD-
sensor. 

The weak signal from the Non-scanning coherence radar requires a high
sensitivity of the sensor.

The DLiF set-up requires:

� A large CCD-sensor providing a high lateral resolution in the hologram.

� Small pixels for recording of large objects.

� High dynamic range. 

Laser light, especially from the single pulsed laser, which is hard to filter
spatially, varies in intensity across the CCD-sensor. Fringes from objects
without diffuse reflection paint can be recorded if the CCD-sensor has high
dynamics.

The first investigation presented in paper [B] was recorded with a 768x572
CCD-sensor with a pixel size of 8x8 µm. For the DLiF, testbed a Kodak
4.2i camera was used. The camera has a CCD-sensor with 2024x2044
pixels and pixel size of 9x9 µm with a dynamic range of 8-bit (256-levels)
grey-scale.

10.3 Computer and software    
Optimas [50] and Matlab [51] were extensively used in the thesis work.
Optimas is a powerful image processing software which mainly was used
for recording images and for lowpass, highpass and Fourier filtering of the
recorded images. Most of the algorithms for image processing and
recontruction of holograms are written in Matlab. The computer had a 300
MHz Pentium processor with 384 Mb RAM and a large amount of swap
space. The software Fringe-Pro [36] was used for evaluation of
deformation. This program has useful algorithms and filter functions for
robust unwrapping. Pro-Engineer [52] and Pro Mechanica[53] were used in
order to integrate the DLiF method with Computer Aided Design (CAD)
and Finite Element Modelling (FEA). Other software like Paraform P2P
and Alpha shape [48] have also been tested. Both combines cluster of
points into a 3-D shape.

48



11 Discussion

he aim of this thesis work was to develop a 3-D camera demonstrator
for an interactive development environment. With this demonstrator

we have shown that it is possible to integrate 3-D measurement data with
design and analysis tools such as Computer Aided Design (CAD) and Finite
Element Models (FEM)

T

The goal is achieved by the development of a testbed, which measures
shape and deformation simultaneously by means of interferometry using
ultrashort pulses. The method has the following advantages:

� High accuracy is achieved for deformation measurements by tracing the
phase difference in the interferometric measurements.

� Absolute measurements are possible by localising the occurrence of
interferometric fringes.

� Ultra short acquisition time when a single pulsed laser is used.

� No wet chemistry is involved

11.1 Summary of original work
An absolute distance measurement method has been developed. The
distance is measured on dynamic or static objects with a single pulse. Light-
in-Flight recording by holography is combined with digital holography i.e.
capturing of the hologram into a CCD-array, for simultaneous shape and
deformation measurements. The difficulty, with a low resolution recording
media has been circumvented by decreasing the angle between the refernce
and the object beam in the holographic set-up. 

An evaluation of the deformation due to heating from the filament of a light
bulb has been performed. The deformation was projected to the surface and
resulted in a tilting plane. The tilt of the plane is explained by rigid body
motion of the light bulb.  

Displacements of the order of millimetres were measured with a relative
error of 15 %. The estimation was made by correlating two holograms.
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Another technique has also been presented, where the visibility of the
hologram determines the distance in depth.  

We have shown that the resolution in Digital Light-in-Flight recording by
holography can be improved by combining two holograms having their
rectangular recording areas in perpendicular directions. The path length
varies in separate lateral directions for the two holograms. 

The measured data points acquired by the 3-D DLiF camera have been
converted into CAD-readable formats by least square fitting and b-spline
surface formation. 

11.2 Future Work
In order to turn the DLiF test bed into an industrial measurement method,
certain problems and limitations have to be solved, e.g.: 
� The reconstruction demands high processor speed and a large amount of

memory in the computer.

� The resolution is still insufficient for demanding applications, even if
the method described in [F] is applied. 

� Only small objects (20x20 mm) have been recorded, so far.

� Equipment cost has to come down.

The reconstruction needs a large amount of memory, since a large matrix
(2048x2048) is used. Not just one hologram has to be reconstructed, but
several (100-1000 holograms). The algorithm is presently made in Matlab,
which is user-friendly as a development tool, but written in C++ the speed
of the reconstruction process will increase. 

A limitation with all methods based on digital holography is that the
resolution is poor due to diffraction limitations of the small recording area
(size of the CCD-array). A larger area of the CCD increases the demands on
the computer during the reconstruction process.

Large laser systems were used in order to get ultra short pulses with high
power. It would however be interesting to investigate other and cheaper
light sources such as laser diodes. 

The DLiF method has good potential for the future if following progress is
made:

� Cheap diode-lasers with a short coherence length or short pulse length
are developed.  

� Cheap and large CCD-sensors with small pixels are developed.

� Fast computers and efficient algorithms are developed.
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A simple demonstration has been presented, which shows how the DLiF
can be used for comparison of experiments and computer simulations. It is,
however, possible to advance further by measuring deformation from a
given load and determine material parameters. This is especially valuable at
determination of material properties which varies with deformation, such as
for rubber and plastic. A possible application for such a measurement
instrument is as input to a haptic device, which mimics the tactile feeling of
real objects but in fact only in the virtual world.

The Digital Light-in-Flight recording by holography method has a great
potential as a measurement device in an interactive developing
environment, especially due to its many qualities such as applications for
shape and deformation measurements and measurements of large
displacements on dynamic objects. 
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