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Digitization
of optical lever instruments
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Abstract

Some classical old-fashioned instruments {(such as the Wood-Anderson seismometers), as well as some modern
instruments (like the all-quartz made Verbaandert-Melchior tiltmeters), conventionally require an impractical
recording system obtained by a photographic drum recorder in a darkroom. Simple electronic equipment (made
by readily available, low cost electronics) may help in using such kind of instruments allowing a useful digital
recording. This will reduce the time-hour in data acquisition and storage (and the manual error), and will
increase the accuracy. The theory of operations and some results obtained using the described equipment are

shown.
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1. Theory of operation

The described system assumes a mechanical
instrument which outputs the angle to digitize.
The instrument’s history is full of devices of
such kind. Most of them are obsolete (there
were mirror galvanometers exhibiting surpris-
ing sensitivities, characteristic of modern ex-
pensive digital instruments), but some of them
still resist because of their historical importance,
like the Wood Anderson seismometer (Richter,
1935), originally used for estimating earthquake
magnitude. Some of them are unique instru-
ments, like the 100 m long Grotta Gigante Pen-
dulums (Marussi, 1960; Braitenberg, 1999).
Others are still used, like the all-quartz made
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{Verbaandert-Melchior) (Agnew, 1986) tiltme-
ters because they provide an cxcellent measure-
ment quality.

The principle is quite simple. A light beam
hits a mirror tied to the moving part of the
instrument, the reflected beam reaches an elec-
tronic sensor, The sensor measures the displace-
ment of the light spot, which, for small angles
(long optical arm, i.e. large amplifications) co-
incides with the angle under measurement.

Figure la.b illustrates the block diagrams of
the angle meter. The target of the optical lever
consists of a CCD linear array. A CCD optical
sensor (charge coupled device, see Appendix
A3) is an array of photosensors embedding an
interface to allow a sequential transmission of
the array content. The array length (proportion-
al to the physical length of the sensor) repre-
sents the laser target dimension, and the length
of the optical lever must be tuned to allow the
whole system to stay in range. The measure-
ment of the laser spot position is performed by
a DSP connected to the CCD by a flash A/D
converter.

The resolution of the CCD (I/number of
pixels) is increased by one order of magnitude



Giovanni Romeo

interferential 5000 pizels
ilier linear ccd
sensor
moving mirror 1 i |
light beam g bit digital
B & ADC = e e
fRash J Processing
A J ‘
| J
<
<> ,
spreading
shield v A
|__ cutomnatic timing
exposure <
' system generator
laser diode <
interferential 2000 pizels |
ilter linear ccd |
sensor
MoVing Mmirror serial line
to data logger
: 12 bit
Iight beam
g ADC digital
P> —bp——— fash e T >
processing
A v -~
I <
<> tens
spreading
shield 1\
A _J
autometic timing
erposure | g | generator
- systemn
laser divode

Fig. 1a,b. Theory of operation of the optical angle meter. The system uses a visible laser diode with its own
lens. This is the only lens the system requires. An interferential optical filter (5 nm bandwidth) neglects the
environmental light, and lets the system work in an ordinary lit room. The spreading shicld before the CCD
smoothes the light distribution shape on the sensor. This transforms the box-like light distribution shape over the
sensor Lo a symmetrical Gaussian-like form. In this way the processor obtains more information to detect the
center of the distribution. The two prototypes block diagram are very similar. Fundamental blocks are the same,
but they act in different ways. a) Shows the first (simpler) one; b) shows the second one (faster and more
sophisticated).
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using real time data processing which evaluates
the center of the light spot using the information
available over the entire array.

Using a laser instead of an ordinary bulb
helps avoid the focusing task necessary for non
collimated sources; the system does not require
any lens. except the one embedded in the laser
source. The solid state laser allows an easy con-
trol of the beam intensity; it is very common to
have solid state laser sources with a built-in
photo-diode for continuous measurement of the
laser intensity. A feed-back circuit may use the
photo diode and an external control signal to
modify the laser output.

Aninterferential filter (5 nm bandwidth) pro-
vided at the optical input allows the system to
work in an illuminated environment.

Two prototypes were built using the same
basic idea.

— The first (less performing) one used a 5000
pixels CCD, an 8 bit A/D converter and a single
DSP chip (with minimum external hardware} to
calculate the center of the light distribution. The
resolution obtained was 1/40000 at 25 sps; this
means that the system behaved like a 15 bit a/d
converter which outputs (0 when the laser spot is
in the left extremity of the sensor and 40000
when the spot is on the other side. It used a

mixed analog and digital exposition system
(Romeo, 1996) to constrain the A/D converter
to stay in range, and controlled (for the same
purpose) the intensity of the light beam.

— The second one employed a 2000 pixel
CCD with the electronic shutter, a [2 bit A/D
converter, some dedicate computing hardware,
and a DSP chip to refine the calculation and
filter the digitized signal. The resolution was
approximately the same as the first one, but
with the sample rate increased to 2000 sps. It
used the CCD shutter to obtain a fully digital
exposition system {Romeo and Rao, 1998), with-
out the need to control the laser power.

2. Spot position detection

One objective of the position detector is to
increase the precision on the spot position with
regard to the CCD spatial resolution. The spatial
intensity distribution of the laser spot is almost
constant near the center and drops quickly at the
boundary. When the laser hits against the mono-
dimensional CCD array it will appear similar to
a box-like function with smooth extremities.

In fig. 2 the solid line represents the CCD
array content when the beam points directly on
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Fig. 2. The laser light distribution is very similar to a smooth box function. In the picture we assumed a 100
pixel wide spot striking on the 200th pixel against a 400 pixels the array (continuous line). After intreducing a
spreading shield near the CCD sensor, the light distribution becomes quasi-Gaussian (dotted line), This increases

the center detection algorithm precision.
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the sensitive area. In the picture it was assumed
to have a 100 pixel beam centered at the 200th
pixel. In the worst case of a vertical edged shape
the error in detecting the center of distribution
cannot be smaller than half pixel; in fact, in this
case the information comes only from the edges
of the distribution, which affects only few (at
least one) pixel per edge. To increase the preci-
sion it is necessary to obtain more information
about the pixel level. This is done by introduc-
ing a spreading shield near the sensor. This
modifies the distribution to a Gaussian-like shape
fig. 2, dotted line plot (see Appendix Al).

In this case we may calculate the optical
central point using the formula

z k-I(k)
— _k
P > 1tk)
k

where p is the center of the light spot, & is the
position of the kth pixel and f(k) is the light
intensity on the kth pixel.

The error introduced using this strategy (sam-
pling the pixel level with an 8 bit ADC) is one
order of magnitude smaller than the one just
based on the most lit pixel position (see Appen-
dix A2), Unfortunately this method is sensilive
to background light. A constant environmental
light may increase the background level in the
distribution, bringing the computed position Lo
the center of the sensor. This effect can be uvoid-
ed by tuning the automatic exposure system to
bring the distribution’s tails to 0. This is very
efficient neutralizing a uniform environmental
light. The prototype uses a dark glass spreading
shield which allows the system to naturally nc-
glect the disturbing light, which is weak com-
pared with the laser beam, and helps the CCD to
stay in range when lit by the laser beam. The
interferential filter placed at the system optical
input allows it to be practically insensitive to the
environmental light.

3. Electronics
The optical sensor is based on a low cost

CCD array (the first one used a SONY ILX501,
the second one an ILX703A) (Sony, 1992) made

for FAX machines, both of them can be very
casily interfaced. The A/D converters used were
by Thomson and Burr-Brown, low cost, made
for video purposes. The [irst prototype (used
with the [LX501) provides the control of the
comparators reference resistors array in order
1o operate the automatic exposure system. The
second one had a higher speed and it was used
with the ILX703A; in this case the exposure
system was performed using the CCD shutter
lacility, and did not require A/D control. It is not
necessary to have a high quality A/D (in terms
of integral linearity), because the A/D linearity
modifies only the distribution’s shape, but does
not affect its symmetry and, therefore, the posi-
tion of the center of the distribution.

The computing system was based on a DSP
and MAC (Multiply and Accumulate) chips
(fig. 3). We used Motorola and TI DSP; both of
them offer enough internal resources to vperale
with a very small amount of external hardware.
MAC chips were from TRW. All glue logic was
implemented in EPLD (Erasable Programmable
Logic Device). The first prototype used just the
Motorola DSP, some analog circuitry, and its
capability was of 25 sps, with a resolution of
1/40000. The second prototype had roughly the
sume resolution, but its capability was of 2000
sps because of the MAC speed. The second
prototype included a digital filter and decima-
tion program useful for seismological purposes.
The use of a low pass djgital filter offers an even
better resolution because the filter operates a
weighted average of several samples. Both pro-
totypes interfaced the external world by a 9600
baud asynchronous serial line. Figure 3 shows
how two MAC chips were used to calculate part
of the center of the light distribution.

4. Test and results

Both light position digitizer prototypes were
tested in the lab, to evaluate their characteris-
tics. The first one has been used in the field
digitizing a Wood Anderson seismometer and
the Grotta Gigante pendulums. A rugged ver-
sion of the first one was used to digitize the
sun position in the Boomerang balloon (Lange
et al., 1995) orientation system.
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Fig. 3. The use of MACs to calculate the barycenter. MACs are dedicated chips that can perform Multiply and
ACcumulation task. MAC 1 input is connected to 2 pixel counter input and to the CCD A/D converter, and
produces the barycenter formula numerator. MAC 2 just accumulates the A/D converter output, and produces the
barycenter formula denominator. The two partial results are divided inside the DSP. With 2000 sps this circuits
performs 4000000 multiplications per second (plus 4 000000 sums and 2000 divisions). The use of MACs saves
a lot of DSP time so it may perform some other task like filtering and decimation.

The lab test was conducted using a rotating,
computer-controlled platform, holding the sys-
tem and a focusing system (a stenopeic passage
for the light). Rotating the platform we moved
the image ol the bulb focused on the CCD plane
over the entire array (fig. 4).

Figure 5a-c shows some results from the test
apparatus. In fig. 5a we report the light position
measured on a range of + 60° of platform rota-
tion. The test was conducted by moving the
platform by 1° steps, and recording 100 times
the output angle. Figure Sh.c show the 100
values recorded [or an angle close 1o 0° and the
100 values recorded for an angle close o 60°.
The peak-to-peak amplitude of fig. 5b,c may be
considered as the system maximum crror. The
ratio between the error counts and the whole

range counts gives the precision of the system.
In the worst case it is about 1/40000, a bit better
than a 15 bit A/D. The system performs even
better; in fact the error at the CCD extremities
increases because of the experimental assem-
bly: the image of the bulb focused on the array
is spread and distorted by the large incidence
angle.

Although the second sensor has been built
using a smaller CCD, a more resolute A/D al-
lowed the system to reach the same characteris-
tic, but with a sample rate 100 times faster.

Only the simpler prototype had a field test
until now,

The first field application of the digitizing
system was built around a Wood Anderson seis-
mometer (made by Teledyne-Geotech). The sys-
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Fig. 4. Testapparatus for the digitizing system; the computer controls the rotating platform position, and receives

data from the DSP processor. The center of the light distribution over the sensor is proportional to the tangent of

the platform angle.

tem was installed in the Monteporzio Observa-
tory during summer 1995, and was active dur-
ing the seismical sequence (14 events in two
days) starting on 12th June. The natural loga-
rithm of the displacement was compared with
the magnitude computed by a local seismic net-
work operating around the epicentral arca (Ama-
to et al., 1994). All the events had a common
epicenter and there was no need for a distance
correction. Figure 6 shows the comparison be-
tween the Wood Anderson maximum displace-
ment, and the magnitude.

Although good for the magnitude estima-
tion, the 25 sps digitizer is not enough for a
good quality recording, because of the weak
sample rate. The WA outputs frequencies that
exceed 12.5 Hz, and we may not put an anti-
aliasing filter on a light beam!

350

The same consideration on the aliasing in-
troduced by the systerli and related problems are
shown in Appendix A3.

The system was also used to digitize the
Grotta Gigante pendulums (Marussi, 1960). They
are horizontal pendulums with Zéllner type
suspension (fig. 7). Here both upper and lower
mountings are fixed to the solid rock of the cave
itself, ensuring great stability for the attach-
ments of the wires supporting the pendulums.
Furthermore, this causes a different response to
local deformation, from the ordinary tiltmeters.
The peculiar characteristic regards the natural
period of the pendulums, related to the excep-
tional height of the cave (112-m height), al-
lowed to attain a long natural period of the
instruments (6 min). The pendulums are set at
critical damping by oil bath dampers. A mirror
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Fig. 5Sa-c. a) Represents the measurement for 120° platform rotation (fig. 4). The platform is rotated by 1° step,
and 100 samples were acquired for cach step. Two steps (indicated in (a)) were zoomed in (b) and (c). Note the
vertical scale difference between (b) and (¢).

fixed to the rotation axis of the boom allows the
use of an optical lever to detect the pendulum
oscillation. The essential mechanical character-
istics of the pendulums (values for NS compo-
nent) are reported in table 1.

Fig. 6. Comparison between the WA displacement
and the magnitude computed from the Colli Albani
network. We used just the log of the displacement
because all the events had the same epicenter.
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The digitizing system has been operated
for several months in the Grotta Gigante. and
I allowed the seismological use of the pendu-
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Fig. 8. The event of 20th July 1996 (GMT 00:00) in Turkey recorded by the N-S pendulum and the E-W
component of the OGS vbb station in the Grotta Gigante. To make the twe traces display the same physical
guantity, the signal from the vbb was integrated. The circled zone is zoomed in the picture superimposed to
disclose the two signals’ likeness.
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5. Conclusions

In this paper we described the use of CCD
linear sensors to digitize the position of a laser
spot. The use of dedicated electronics and optics
helped us to obtain more than 15 bit precision at
2000 samples per second, working in a lit envi-
ronment. Some experimental results have been
shown to demonstrate the use of the system for
geophysical purposes. Unlike analog position
detectors a CCD-based system offers a time sta-
bility that is tied only to the mechanical assem-
bly quality, and so may be used for seismologi-
cul purpose as well as lor tiltmetric purposes.
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Appendix
Al Effect of the spreading shield

A «first order» spreading shield effect may
be computed considering 0 thickness spreading
layer and a box-distributed laser beam. Every
point of the laser spot on the shield surface can
be considered an individual spherical light
source. A target lit by this receives a light distri-
bution

3
I, d)=A-d-(d* +x°) ? (1
where A indicates the source intensity, ¢ the
distance between the shield and the target and x
the coordinate on the target (fig. 9). To know the
distribution shape produced by the entire spot
we may integrate the previous formula over the

h

[9%]

entire spot surface. The calculus is simplified
because we need the response only over the
sensor array. The laser spot shape is included in
the dependence of the intensity, A, by the spot
coordinate, X
3
1(x) = J'A(X)-d-(a'z +(x=X)?) Tdv (2

spot

where A(X) in the case of a round spot of radius

Pis
A(X) = %{r\jr2 +d? 4+

+d (In(r 437 +d” )= In(d))

for IXI<r, () elsewhere.
By integrating the (2) we obtain smooth distri-
bution shapes.

Figure |0 evidences the shapes of light dis-
tribution, moving the distance between the
spreading shield and the CCD sensor. The best
distribution has a smooth shape and tails which
do not reach the end of CCD (this avoids errors
in the center calculation). This may be obtained
by moving the ADC range to give the LSB a
value greater than 0. This will cut away the
distribution tails, increasing the system dynam-
ic range (fig. 10). The best results are obtained
when the distance shield-CCD has the same
order of magnitude as the spot diameter. The
calculus just shown is an approximation of the
real world, where we do not have 0 thickness
spreading shields, or box-shaped light beam,
but the measurements performed on the proto-
type confirm the approximation is good cnough
for practical purposes.

A2 Precision in center detection

The center detection is performed using the
«center of mass» formula

ik‘[(k)
_ ko

s
Z (k)
k=l

P
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Fig. 10. Shapes of the light distribution as a function
of the distance between the CCD sensor and the
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Fig. 11. The figure represents a light distribution of
a spread laser beam on a 200 pixels target. The LSB
of the A/D converter has been moved to 30% of the
whole scale. In this case only the dashed zone is
considered by the system. This avoids the tail of the
distribution overcoming the CCD ends, and increases
the dynamic range.
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where [(k) is the light intensity on the kth pixel,
P is the center of the light distribution and N is
the number of pixels.

We may neglect the error coming from the
sensor geometry, and assume that the major part
of the error is due to the sampling system

A

[ 5 ShrwY
E — | A 4
! z{ ) Y Ik ' i
k

Equation (4) is obtained using the classic error
propagation theory, and A, represents the error
introduced by the ith pixel.

The use of the (4) is impractical in the real
case of the light distribution, and a numerical
simulation has been used to evaluate the system
error. Anyway the basic idea is that a N points
light distribution gives A/2 measurement of the
light barycenter. An average of N/2 measure-
ments decreases the error by 1VN/2.

The error will depend on:

— the number of the CCD pixels,

— the resolution of the A/D converter,

— the number of lit pixels (depending on the
distance between the CCD and the spreading
shield).

In the simulation we assumed a 2000 pixels
CCD and we parameterized the a/d resolution
and the number of lit pixels.

We assumed the sampling error as a random
noise with a maximum value of =% count.



The light distribution was a 2nd order curve
(but any symmetrical light distribution works
correctly) (5)

Itk = ar® —(k=n-? 5 pl-r<k<n-l+r
0

: otherwise

(%)

where k (continuous value) represents the center
of the distribution, ris proportional to the number
of lit pixels, 17 (discrete value) is the pixel number
and / represents the length of one pixel.

The simulation was conducted in this way.

After fixing the r £ and the A/D resolution,
the (3) was used to calculate the barycenter
(with random error added to it to simulate the
A/D resolution); the absolute value of the differ-
ence between the computed & and the prede-
fined k gives an error A,

This caleulation was performed for several
values of & (the distance between these values
was less than one pixel) in order to make a good
mean. This procedure has been repeated for
several values of r. The result of this procedure
is shown in fig. 12

It is intuitive that the error decreases when
the distribution becomes larger, because there
are more points involved in the barycenter com-
putation. The wideness of the light distribution
must not be increased too much, because it does
not overcome the CCD ends. In addition, as we
increase the precision by enlarging the distribu-
tion we reduce the space where the distribution
can move, therefere reducing the system’s dy-
namic range. The desired result in this digitizer
is to obtain the maximum number of significant
counts between the extremity of the range; this
can be written as a function of »

2000-2-r

err(r)

D(r) = (6)

The plot of this function (lig. 13) shows a max-

imum at 400 pixels on a 2000 pixels CCD.
The dependence on the A/D resolution (ex-

pressed in counts) has been reported in fig. 14.
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Fig, 12. The diagram shows the error made using a
2000 pixels CCD versus the radius of a circular light
distribution shape expressed as number of pixels. The
error decreases as the radius of the distribution
increases, because more points are involved in the
barycenter determination,
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Fig. 14. Thesystemerror (pixels) versus the A/D res-
olution (counts), The dependence stops being signifi-
cant when the A/D resolution is greater than 10 bits.
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So the recipe for obtaining the best performance
from the system is:

— Place the spreading shield at the right dis-
tance from the CCD (fig. 10) to tune the dome
of the curve to have the right size (according
with the 6 for the best dynamic range).

— Cut the distribution tails moving the A/D
range to retail the distribution dome (fig. 11).

A3 Aliasing consideration

To better understand the way the signal is
sampled and how the aliasing phenomenon may
affect the system, it is useful to examine how the
CCD sensor works.

A CCD sensor block diagram is shown in
fig. 15.

The oulput of a single pixel (H) after the
exposure time 7 is given by

H= jw Li)dt (7)

0

where [ represents the efficiency of the conver-
sion, and L the light intensity.

Once the T time has elapsed, the charge in
the sensor is transferred to the analog shift reg-
ister, and the sensor content is cleared. This
transfer time is significantly shorter than the
exposure time.

If a moving beam hits the CCD sensor sur-
faces, the intensity recorded by the sensor after
the time 7 has a fancy shape shown in fig. 16.
that illustrates the case of an exponentiully de-
caying sine.

Figure 16 shows the intensity distribution
diagram recorded in the CCD sensor generated
by a moving light spot. Each point in the light
distribution was computed using (3). It is casy
to demonstrate that the barycenter of the light
distribution coineides with the arithmetic mean
of the signal in the time domain: the arithmetic
mean of the signal in the time T is given by

%_[_v(r)a’r. (8)

The level of the intensity distribution over the
segment of the length dy is proportional to the
stationing time of the light spot over dy. i.e.

incoming tight

o
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by
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e bk »i0 pizels array |

charge fransfer

data out
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CCL analog

shift regisfer

charge to voltage
converter

Fig. 15. A CCD oplical array sensor. A series of light sensors (pixels: hole accumulation diodes, pl ... pl10}) is
the target of a light beam. The light generates a number of holes in the diode which depends of the light intensity
and the exposure time. A charge transfer device moves the charges to a CCD analog shilt register which allows
the data to be squeezed to the external circuitry through a charge to voltage converter.
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Fig. 16. Light distribution shape (right) generated by a waveform on the CCD sensor (left), The level of the light
in a point distribution is proportional to the time the light spot stays on that point,

dr B oy
T ey . The barycenter position is given hy
dy

rodi(y)
v—"dy
dv

9)

A

Jarco

0

after an exchange of variables (8) coincides
with (9).

Each sample flowing through the system is a
temporal average of the signal during the sam-
ple time 7. This operales on the signal a low-
pass and decimation process, producing an out-
put data stream less aliased than a usually sam-
pled signal.

A signal y(r) sampled as just shown can be
writlen as

ar=&

1
y(n)=— vir)de
A

> T

(10

where 7 represents the sampling period and &
the integration time (it is, obviously, 7> &). This

n

coincides with the y(f) when T — Q and & — 0.
When just § — 0 the (10) represents an usually
sampled sequence.

The frequency response of such type of sam-
pling is shown in fig. 17, for different values

of &.
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Fig. 17. The dot trace represents the frequency
response of (10) in the case of £ — 0. The dash trace
represents the case of £ = % T. The solid trace is
the case of £ = T, as in the prototype. 7' = | [orall
traces.
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We assumed 7 =1 for all the traces in fig. 17.
The Nyquist condition w < 7 is not respected in
any case if the spectrum of the incoming signal
is flat.

However the system offers a better perform-
ance compared with a simple sampling system.

Although the results shown seem acceptable
even for seismic purpose (in the shown cases the
natural response of the instruments helped mak-
ing a natural low-pass filter) the records are
only apparently clean, and the slow prototype
must apply only to the log of very slow systems,
like tiltmeters,

The 2000 sps offered by the fast prototype
are enough to produce an unaliased recording
even of short period seismometer. This is be-
cause the high sample rate allows the instru-
ment to record frequencies of 1 kHz. At this
frequency the instrument attenuation has the
same order of magnitude as the system resolu-
tion. So the signal is not aliased with a 2 kHz
sample-rate. In addition, the built-in FIR filter
and decimator of the second prototype offers an
unaliased low frequency (f.e., 25 Hz) sample
rate.

n
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