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Abstract. The paper reports the design, development and characterization of an electro-
optical equipment suitable for distance measurements and three-dimensional gauging of
surfaces of industrial interest. The equipment comprises a dual-wavelength heterodyne
interferometer for absolute distance measurements with a range of 20 m and an accuracy

of 0.1 mm, that is integrated with a macroscopic scale, adaptive profilometer for three-
dimensional measurement of the shape to 1 mm. The performance of the equipment is
well suited for effective operation in industrial metrology. The equipment has been
developed by three pariners, namely the Dipartimento di Elettronica per ' Automazione of
the University of Brescia, the Sezione Diagnostica Elettroottica of CISE, Mifan, and the
Institut fr technische Optik of the University of Stuttgart, in the framework of a European

Project partially funded by the Community Bureau of Reference.

1. Introduction

In modern industrial metrology there is a growing need
for non-contact, accurate instrumentation to monitor
the distance of a target in an absolute way, as well as
to gauge the target profile and to provide a three-
dimensional reconstruction of its shape. Quality control
of a product, carried out either in- or post-process, and
the possibility of tracking a robot arm during operation
for error compensation, are typical areas of interest for
this instrumentation.

Absolute interferometry, that makes use of multiple-
wavelength operation and heterodyne detection, is a
rapidly emerging technique for remote measurement of
target distance with an extended non-ambiguity range
{vAR) [1-10]. This technique can be used on both
cooperative targets (retroreflectors, ‘scotch-lite’ ribbon)
and non-cooperative targets (diffusive surfaces). Several
laser sources can be used to build up an absolute
interferometer. Among them, semiconductor lasers are
appealing for their performance-to-cost ratio.

Three-dimensional profilometry can be developed
using projection of fringes and successive deconvolution
of the deformed pattern [11]. The ability to change the
pattern topography yields further enhancement to the
technique. Liquid crystal projectors [ 12, 13] are particu-
larly suitable for adaptive fringe projection on a macro-
scopic scale.
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Profilometry operated on a whole-field basis effec-
tively integrates profilometry operated on a scanning
basis. Availability of an absolute measuring technique is
essential to sample the surface of interest at a convenient
number of peoints with sufficient accuracy, while per-
forming profilometric measurements on the whole
surface.

The present paper gives an outline of the results
obtained from the activity carried out by our laboratories
in development of the combined electro-optical equip-
ment within the framework of the European Project
‘Metrology for Automated Manufacturing Processes’
funded by the Furopean Community through the
Community Bureau of Reference (BCR). The paper deals
with the design, development, characterization and inte-
gration, of (i} an absolute distance meter, based on a
dual wavelength interferometer with heterodyne detec-
tion (DHI); (ii) a three-dimensional profilometer based
on the above dual-wavelength interferometer, able to
provide absolute measurements at convenient points of
the target; and (iii} a three-dimensional macroprofilo-
meter based on the projection of light patterns by means
of a liquid crystal projector.

The specifications of the items developed are: (i) a
measuring range of up to 20 m; (ii) a depth resolution
of 0.1 mm; and (iii) a data acquisition rate of up to ten
measurements per second.

A detailed description of the activities carried out in
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the course of the project is made in the final report,
which has been submitted to the Community, and which
shall be published in due time by the Community itself
[14]. The researchers involved in the project are listed
in the appendix.

2. Development of an absolute laser distance meter

2.1. Optical layout of the o set-up

The principle of operation of a dual-wavelength hetero-
dyne interferometer has been discussed in the recent
literature [9,10]. Two beams of different wavelength
feed the interferometer. Each beam is, in turn, hetero-
dyned by means of an acousto-optical modulator. All
four bearns feed (i) a measure interferometer, and (ii) a
reference interferometer. The former contains, as one of
its arms, the distance to be measured. The latter is used
to compensate for all phase errors arising from the
common optical paths.

In the dual-wavelength heterodyne interferometer,
the distance ALis measured using, as a unit of measure,
the synthetic wavelength A,,,,, given by the combination
of the two primary laser. frequencies as
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Two configurations have been developed for the
generation of the two primary wavelengths feeding the
distance measurement system. These are (i) the combi-
nation of a single semiconductor laser and a high-
frequency acousto-optical modulator, and (ii} a set of
two semiconductor lasers, locked in frequency.

The optical breadboard of the D interferometer is
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shown in Figure 1. A semiconductor laser (single-mode,
index-guided) peaked at 780 nm is used as the primary
wavelength for the interferometer. The laser beam,
shaped by a pair of anamorphic prisms, enters an
acousto-optical modulator for generation of the second-
ary wavelength shifted by 500 MHz with respect to the
primary wavelength. An optical isolator is used at the
output of the laser diode to prevent refiections
re-entering the laser,

As an alternative source of the two wavelengths, a
set-up consisting of the two frequency-locked diode
lasers is also shown in figure 1. Et will be described in
detail in the next subsection. Either wavelength-pair
generator (both generators share the same light path by
using a couple of beam splitters) feeds the interferometer,
Each wavelength is in turn split into two parts by two
beam splitters. One half of the beams at the two wave-
lengths is sent into a single-mode optical fibre trunk,
whereas the other half is sent to two intermediate
frequency acousto-optical modulators (80 and 80.1 MHz
respectively) to provide shifted wavelengths, and enters
another optical fibre trunk. At the exit of the fibres, the
two wavelength pairs, after polarization-control by
means of the //4-4/2 combination, exhibit a 45° polariz-
ation. They are subsequently split by polarizing beam
splitters, and each feed one arm of the measurement
interferometer and one of the reference interferometer.

The beams in the measurement arm are expanded
and, in the case of a non-cooperafive target, focused
onto the target by an aberration-free camera lens.
Immediately before leaving the interferometer, the beams
are circularly polarized. The light scattered by the target
(or reflected if the target is cooperative) interferes with
the beams in the reference arm of the measuring interfer-
ometer at the detector by means of a polarizer.
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Figure 4. Optical layout of the dual-wavelength heterodyne interferometer breadboard set-
up. UHF-ACM, ultra-high-frequency 500 MHz acousto-optical modulator; AOMs, acousto-
optical modulators (80 and 80.1 MHz respectively); BS, beam splitter; PBS, peolarizing beam

splitter; and A/2 and 4/4, retarding plates.
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The outputs from the photodiodes of both the refer-
ence and the measurement interferometer are sent to the
two input channels of a digital phase meter with AGC
conirol and demodulation stages. Recalling that the
signals at the output of the demodulator are at a
frequency of 100 kHz (the difference between the low-
frequency acousto-optical modulators) and given the
specification that the phase should be measured to one
part in 3 x 10%, a phase meter has been expressly devel-
oped by one of the partners.

2.2, Synthetic wavelength generation using frequency-
locked diode lasers

The detailed lay-out of the generator of wavelength A5,
using two locked diode lasers is described in figure 2.
Two laser diodes operating on a single transverse mode
at 780 nm have been selected. A fundamental feature,
for application to the pHy, is the dependence of the laser
operating wavelength on the injection current. A typical
value for the diode laser optical frequency modulation
as a function of the injection current is about
3GHzmA™L,

The output beams of the two semiconductor lasers
are sent to two beam splitters (90%—10%). The fractions
of the two beams are then recombined at the 50%—-50%
beam splitter, and sent to the detector. Optical isolators
are used to obtain a degree of optical isolation (40 dB)
high enough to avoid source instabilities due to optical
feedback.

For preliminary testing and characterization of the
generator of wavelength A, one of the two outputs of
the beam splitter cube is sent to a polychromator and
then to an optical multichannel analyser (0Ma), while
the other one is sent to an avalanche photodiode (aPD)
and then to a spectrum apalyser. The oma resolution is
30 GHz; the aprD is a Telefunken BPW 28 with a band-
width of 0-2 GHz. By adjusting the temperature and
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Figure 2. Lay-out of the dual-wavelength generator based on
two frequency-locked laser diodes.

A distance and surface profile measurement system

current of one of the two sources it is possible to obtain
a beat signal that is detected by the apD. A full-width at
half-maximum (FwrnM) of the beat signal spectrum of
about 30 MHz has been achieved.

The centre frequency of the beat signal spectrum is
characterized by a drift of some hundreds of megahertz
over a time of 1s: this phenomenon is due to residual
temperature fluctuations of the sources. Operation of
the locked sources has been achieved and its performance
has been demonstrated by using an Allan variance
meter [15].

2.3. Displacement measurements and traceability

Figure 3 shows a typical long-term stability measure-
ment obtained with the DHI system using a cooperative
target (corner cube retroreflector) placed at 5m. For
these measurements, a single-laser and acousto-optical
modulator generation scheme has been used. The inte-
gration time has been set to 100 ms for each measure-
ment. The duration of the measurements is 5 min and
the corresponding RMs phase deviation is 0.1 mm.
Figure 4 shows a stability measurement on a reflex foil
(3M Scotch lite) at a distance of 25 m. The rRMs phase
value is 0.20 mm, the integration time for one phase
value is 100 ms and the overall measurement duration
is 30s.

A commercial interferometer (HP 55206A single-
wavelength heterodyne interferometer) with a resolution
well below 1 pan has been used to measure the accuracy
of the pea set-up. Traceability is ensured since the
interferometer complies with international calibration
standards, All displacement measurements have been
performed on an optical bench of length 1 m. The object
to be measured {corner cube or rough surface) and a
second corner cube for the HP interferometer, were
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Figure 3, Long-term stability measurements of the dual-
wavelength heterodyne interferometer using a cooperative
target (corner cube retroreflector). Measuring time 5 min,
integration time 100 ms. The root mean square distance
fluctuation is 0.11 mm.
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Figure 4. A 30 s stability measurement of the dual-wavelength
heterodyne interferometer using a rough surface at 25 m. The
integration time is 100 ms. The root mean sguare distance
fluctuation is 0.20 mm,

placed on an optical bench mount. Figure 5 shows a
sketch of the displacement measurement arrangement.
The rays of both interferometers are adjusted to each
other by means of iris diaphragms over a distance of
25 m. The optical bench tilt has been measured with an
auto-collimating telescope and yielded an angular gap
of 4 arcmin. An estimation of the maximum possible
error between DHY and HP measurements yielded
0.02 mm if the visual pin-hole adjustments had an accu-
racy of + 1 mm,.

Figure 6 shows a measurement of a repeated shift of
750 mm of a corner cube. The upper curve shows the
course of the measurement, whereas the lower diagram
shows the corresponding deviations of the mean values
obtained by the prr against HP values. The repeatability
is of the order of 0.1 mm. Each step comsists of 30
measurements. Besides the repeatability, the lower dia-
gram shows a systematic error of 1mm, which also
occurred with other shift measurements at several dis-
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Figure 6. Mean and standard deviations of the errors for
experimental points obtained by operating the dual-wavelength
heterodyne interferometer using the HP interferometer as a
reference.

tances. This systematic error showed no obvious linear
or periodic dependence on the distance. Shift measure-
ments with fixed focusing position of the
transmitting/receiving optics showed a considerably
reduced systematic error.

In order to show the ability of the interferometer to
measure on moving rough surfaces, the corner cube
shown in figure4 was replaced by a rotating shaft.
Figure 7 shows the corresponding displacement
measurement over a range of 30 cm without changing
the focusing position of the optics.
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Figure 5. Experimental amangement of the displacement measurements performed to

ensure traceability of absolute measurements.
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Figure 7. (a) plot of repeated displacement measurement of a distance of 750 mm. (b) the
error bars and circles signify the range and mean values of the dual-wavelength
heterodyne interferometer measurements obtained for each position.

3. Development of a macroscopic profilometer

3.1. Development of a scanning and autofocusing unit for
the pa set-up

The pHI system described in the previous section has
been combined with (i) a scanner unit and (ii) an
autofocusing unit, to provide a non-contact point-by-
point profilometer. The scanning system used is a com-
mercial unit with an angular range of 40°, and a repeat-
ability of 0.05%. The developed autofocus unit is shown
in figure & A small fraction (approximately 10%) of the
light back-scattered by the target is taken out from the
majn path through beam splitter B and is sent to an
optical system composed of a spherical and a cylindrical
lens. The optics focus the laser spot at the target onto a
four-quadrant detector. The distance between the astip-
matic optics and the detector is adjusted so that the
image on the detector is a circular spot when the DI

measurement beam is focused onto the target. This
distance defines the so-called best focus plane. When the
measurement beam focuses before or behind the target,
the image on the detector is an elliptical spot, whose
principal axes are oriented along the horizontal or
vertical direction respectively. The output signals from
the quadrant detector are digitized by a personal com-
puter by means of a plug-in A/ID> acquisition board. A
computation is performed in order to evaluate the
amplitude and the sign of the error signal and to drive
the stepping motor, which in turn drives the objective.

3.2. Development of a macroprofilometer based on
structured light projection

Macroprofilometry using projected fringes is an estab-
lished optical technique, although not fully exploited in
industrial metrology due to some as yet unresolved
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Figure 8. Experimental set-up for the autofocusing device.
WP, wave-plate and BS, beam splitter.

technical problems. In structured light projection, the
projection of a grating onto the surface to be measured,
and the observation of the resulting pattern from a
different perspective, produce a deformed pattern,
according to the topography of the object. In order to
extract the three-dimensional topographic information,
the two-dimensional deformed image has to be acquired
by a video camera and properly elaborated [16].

The complexity of the target to be analysed, and the
presence of shadow regions along preferred directions,
suggest the use of adaptive patterns. This holds true
particularly whenever phase-shifting or frequency modu-
lation of the grating are accomplished. Problems related
to the shift of the grating to be projected (precision of
motion and speed of elaboration) may be solved by the
adaptivity of the projected patterns. Furthermore, adap-
tivity decreases the limit in resolution due to the slope
of the object, connected to the pitch (period) of the
grating, '

A schematic diagram of the profilometer is shown in
figure 9. Both the video camera and the projector are at
distance L from plane R, on which the object to be
measured is placed. This plane represents a reference for
the profile measurement of the object. The projection
and imaging units are at distance d from each other,
and W is the width of the illuminated area. Use of a
Lcp projector allows one to project flicker-free, long-
term stable and well-contrasted gratings of variable
period. The projector is directly controlled by a personal
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Figure 9. Whole-field macroprofilometer lay-out using the
liquid crystal projector unit.

computer: this enables one to adapt the grating to the
shape of the object (by modifying its period on-line).
The prejected pattern is acquired by a black and white
ccp video camera. It acquires images with a resolution
of 512 x 512 pixels. The images are grabbed and stored
by dedicated boards plugged into the personal com-
puter (PC).

Evaluation and testine of image wore-elaboration
algorithms have been performed. In particular the effec-
tiveness of morphological algorithms {such as erosion
and dilation) in enhancing the recorded image has been
evaluated. Noise reduction by means of averaged acqui-
sition, background subtraction and gray-level normaliz-
ation to the projection intensity have been developed
[17]. Profile reconstruction is performed by a suitable
demodulation algorithm [18].

3.3. Performance evaluation of the macroprofilometer

To test the profilometer, a flat surface has been used as
a reference plane in the profile measurement. A special
surface treatment guarantees a light gray-painted, uni-
formly diffusive surface, which results in good-quality
images. Moreover, reduced weight simplifies the system
assembly.

A three-dimensional surface to be used as a master
for the calibration of the whole-field profilometer has
been prepared. The master has been designed to be
manageable, dimensionally stable and lightweight. To
be used as a reference this surface has been gauged using
a traceable contact measurement machine (cMM). It has
been verified that the object deformations are below
0.1 mm. A coordinate system has been chosen for the
object. This has been used to evaluate both the measure-
ments performed by the cMM system and those resulting
from the whole-field profilometer. Measurements from
both the cmm and the optical profilometer have been
evaluated and compared with respect to correspondence
of 36 selected points on the master surface. A statistical
analysis of the measurement errors has been performed.
In the case of maximum grating contrast, the system



accuracy is 0.09% in depth with a precision of 0.1% in
measurement range.

In order to merge DHI profilometer measurements
with whole-field profilometer measurements, a suitable
procedure has been implemented to measure the relative
position and orientation of the coordinate frame of the
two systems. The procedure is based on the following
steps.

(i) The pHi profilometer sets its Z axis perpendicular
to the reference plane of the whole-field profi-
lometer (therefore parallel to the Z axis of the
whole-field profilometer); the procedure is auto-
matic and based on triangulation.

(ii) The pH1 spot is directed towards a series of
points on the reference plane: for each point the
spot is recognized by the whole-field profilometer
camera. A simple elaboration of the data gives
the relative shifts as well as the relative orien-
tations of the X and Y axes of the two coordi-
nate systems.

(iii) The absolute distance of the reference plane is
measured by the DHI system and stored as the
zero quote: the subsequent Z quotes are then
measured with respect to this zero.

(a)

A distance and surface profile measurement system

Following identification of the relative position and
orientation, the two systems are ready to measure surface
profiles in a cooperative way. A connection procedure
has been performed, whereby the whole-field profilom-
eter acts as the master and the pH1 profilometer as the
slave. Thus, data coming from the DHI profilometer can
be easily integrated with those from the whole-field
profilometer.

As a first step, the DHI profilometer, obtained from
the combination of the single-point DHI, scanner and
autofocus system, has been tested. Figure 10 shows the
result of a session of test and characterization of the
integrated combined equipment. Figure 10(a) shows the
two-dimensional lay-out of a target which consists of a
portion (250 mm x 250 mm) of the plane used as the
reference, with a sequence of traceable Johnson blocks
of different heights superimposed on it. The target was
measured using the DHI profilometer alone. Figures 10(b)
and (c) show, respectively, the three-dimensional plot of
the measured height values and of their standard devi-
ations. It is evident from comparison of figures 10(b)
and (c) that the accuracy of the measurement remains
within the specified limits.

Finally, the combined distance and surface profile

'
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Figure 10. (a) Lay-out of the target designed for characterization of the equipment. (b) Measurements of the absolute heights in
correspondence to the sections drawn in (@), () Measurements of the standard deviations of the measured heights in

correspondence with the sections drawn in ().
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Figure 11. Three-dimensional profile of a target obtained with the projected fringe
macroprofilometer. Standard deviations of the height measurements from the dual-
wavelength heterodyne interferometry profilometer are 0.12 mm at (x =60, y =25),
0.099 mm at (x =100, y=25) and 0.11 mm at {x =150, y =25).

measurement system has been characterized and tested.
Figure 11 shows a three-dimensional plot of the profile
of a combination of Johnson blocks similar to that of
figure 10(a) in correspondence with selected points within
the surface scanned using the projected fringe macropro-
filometer. Standard deviations of the height measure-
ments from the pHr profilometer are 0.12 mm (the height
is 30 mm at x=60, y=25), 0.099 mm (the height is
20 mm at x=100, y=25) and 0.11 mm (the height is
10 mm at x=150, y=25).

4. Conclusions

A combined electro-optical system has been described
for long-range, high-accuracy, absolute measurement of
distance and pronles. FIom ine measurements periormea
on individual subsystems, and from those performed on
the integrated equipment, it has been shown that the
combined distance and surface profile equipment fulfills
the specifications agreed with the Community at the
beginning of the project, and is potentially very useful
for the industrial applications envisaged, although
further developments need to be performed to achieve a
lay-out sunitable for industrial purposes.
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