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MEASURING SYSTEM INCLUDING
POSITIONING AND DATE TRANSFER

The invention rélétes to é system for measuring thickness of material, and more
speéifically_ it relates primarily to a method and a sensor for measuring thickness
distribution in a material by half-wave resonance in the material that is subjected to
measurement, Furthermore, the invention relates to an automatic positioning system
suitable for positioning one or more sensors in a system for measuring distribution of

thickness in material in an object that is to be measured.

A number of materials uséd in pipelines, ship hulls, tanks and other structures are of
such a nature that they méy disintegrate or change with time as a consequence of
corrosion, mechanical wear _and'so forth. This disintegration or change may result in the
weakening of the snpporﬁng structural materials due to somé_ of the material being
discharged into the surro_ﬁnding environment, or because materials alter their
characteristic properties so that they no longer.fulﬁl their desired aims. The effect of
these processes of disintegration and change is often a reduction in the amount of the
effective material. In structures of sheet material this may have the effect of reducing
the sheet thickness. It is frequently found that the reduction of the material resulﬁng
from the aforei_nenﬁoned causes is not evenly distn'buted, but that at times there are
large variations in thickness over relatively small areés, such as, for example, can be
observed when a protective coating of paint on steel plate has been damaged in such a
way that there is direct moisture contact with the éteel, and where corrosion pitting has
been allowed to develop. Similar corrosive attack can also be observed, e.g., on ship
hulls. Since the actual hull is usually a part of the supporting structure of a ship, and
since by being impenetrable to liquid it ensures both the ship’s buoyancy and that the
ship’s load is not discharged into the surrounding environment, it is essential to be keep
track of the state of the material at all times and to chart any disintegration of the
structural material which may cause a weakening of the structure. Similar needs for
monitoring and charting the state of material exist in 2 number of other areas in addition
to that described above for ship hulls, such as bﬁdge and building structures, pipes,
boilers and tanks in industrial plants, road and rail vehicles.
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Over the years, a number of different methods have been employed for measuring
thickness of material, and attxong the non-destructive methods, measuring methods
utilising sound waves have dominated in recent decades. In a common form, ultrasound
is used for measurements accotding to the echo princip]e ' Where thickness of material is
determined on the basis of nme-of ﬂlght measurements for a short ultrasomc sxgnal
often at a single frequency, which is reﬂected from Junctlons between matenals of
different quality. A thlckness measurement is thus made by reglstenng the differences
in time-of-flight between the ultrasomc s1gnals returned by reﬂectxon, and from the
registered differences in time-of- ﬂlght thicknesses are calculated on the basis of
knowledge of the speed of sound in the materials through which both the transmitted
and reflected ultrasonic sigltalé propagate. When measuﬁﬂg thicknesé ueing ultrasound
according to the echo pnnc:ple, the ultrasomc signal is transrmtted from a measuring
head in the form ofa beam havmg a small cross—sect:on and a relatnvely small angular
aperture. The advantage of usmg a beam havmg a small cross-sectlon and small angular
aperture is that it reduces the probablhty of the measunng accuracy bemg impaired
because the beam covers an area mcludmg matenal of varymg thickness. However, this
means that the area whzch is chatactensed is correspondmgly small and that the number
of measurements necessary to cover a particular area thus increases correspondingly. In
practice this means that such measurements en large stmcttues are catried out at
relatively long mtervals because the tota.l measunng penod wou]d otherw1se be
unacceptable, Consequently, when makmg such pomt-by-pomt measurements there
w111 be large areas which in actual fact are not exammed, and where it is conceivable
that there might be unacceptable deviations from the des1red thlckness of material which

will thus remain undjscovered by such a method;

Norwegian Patent Publication No. 179926 in the name of Red Band makes kniown a
method for automatic status check, inspect_idn, cleaning and]cf'smface treatment of
structures, especially measurement of thickness of steel plate etl'ucttxres and pipes using
ultrasonic signals from a remote-contmlled self-propelling unit. The self-propelling
unit is moved contmuously around the test area, anda tra.nsmltter transmits an
ultrasonic signal in a direction substantlally perpendlcular to the surface of the structure.
A reflected signal is received by a recelver, and_thlckness and material quality at the test
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point in question are determined on the basis of this signal, together with parameters
such as time-of-flight for the reflected signal and material constants. The self-
propelling unit effects its own positioning with the aid of known points in the structure.
All data received about the wave form of the reflected signal is stored in a computer,
and thickness and material quality are verified by comparing data for the received signal
at one point with data for received signals at neighbouring points. The step is repeated

to record data for new test points.

Another method for measuring thickness by means of sound waves is described, in for
example, US Patent No. 3844166, wherein with the aid of registration of half-wave
resonance in the object which is subjected to measurement it is possible to determine
thickness of material in a rather limited area. The patent discloses a method and a
device for measuring thickness, wherein ultrasound is used which is frequency-
modulated in accordance with a sinusoidal law. The sound waves are emitted from a
transducer which focuses the wave in towards a point at which the thickness of material
is to be measured. Sound waves which are emitted from the object are received bya
receiver means designed for the purpose. At frequencies where half-wave resonance
occurs, a registration is made of the time it takes to count two predetermined numbers
of whole periods of the acoustic signal, and the registered time then forms a part of a

‘specified calculation formula whereby the thickness of material at the selected test point

is determined. As for the previously described measuring method, this last-mentioned
method also gives a single value for the thickness of material at one point as a result of

each individual measurement.

" Patent Application No. 153029, laid open by the Norwegian Patent Office, makes

known an inspection apparatus for ultrasonic investigations of the wall of a pipe whilst
the apparatus is moved along the interior surface of the pipe. The apparatus comprises
at least one sensor in the form of a wheel probe wherein at least one ultrasonic
transducer is located in a chamber filled with acoustic couplant, wherein the chamber is
in the form of a rotatable wheel having a compact elastic tyre positioned adjoiningly
over a rigid annular rim. The transducer is secured inside the wheel relative to the body

of the inspection apparatus in a position where the emitted signal at all times is directed
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towards the point at which the wheel is in contact with the material that is being
inspected,' whilst the wheel turns as the apparatus moves along the surface of the
material. The acoustic signal is coupled via the couplant, through the annular rim and
then via the compact elastic tyre which is in contact with the surface of the material of
the pipe that is to be inspected. The sensor is also provided with one or more elastic
membranes which, for pressure equalising purposes, merely serve to take up any
variations in volume which may occur in the couplant or in possible gas present in the
wheel-shaped sensor chamber owing to temperature variations and partly owing to
pressure variations when, for example, being raised or lowered. This measuring
apparatus is thus limited, at each measuring sequence, to investigate only a very limited
area of the material which is under the tangential points between the material surface
and the wheel probe. '

It is therefore desirable to have available a method and an apparatus which allow data to
be obtained on each individual measurement over a large continuous area which
characterises completely any varying thickness of material over the whole area. In

cases where charting thicknesses of material comprises areas which have an extent

~ greater than the area that can'be covered by a measuring apparatus according to the -

invéntidn, itis necessary to make a controiled number of measurements until the whole
of the area in question has been covered, and at the same time determine the position of
each individually measured area. Possibilities for controllihg the measurements will -
also be of importance for measurements of known objects to be measured, as repetition
of measurements during, e.g., periodic inspections, could be rendered considerably '
more efficient by concentrating the measuring activity in particular areas where earlier
measurements have revealed substantial occurrences of changes in the material. Control
of measurements on the basis of knowledge of the structure of the object to be measured

will also be desirable in order to be able to make a more correct interpretation of the

measuring results.

The present invention provides a new apparatus and a new method whereby it is
possible to make an all-over measurement of the thickness distribution in the material of

an object that is to be measured over a chosen continuous area of the said object.
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Furthermore, the invention provides a new automatic positioning system for rapid and
accurate position determination, which is suitable for determining the position of areas
of an object which are subjected to thickness distribution measurements. A new
measuring system is also provided which in addition to said new measuring apparatus
and said new positioning system may also include one or more transport apparatuses
and data transfer and processing systems, with which measuring system it is possible to
make controlled measurements of thickness distribution in a material of a known object

to be measured, and to collect, store and present the measuring results.

The invention will now be explained in more detail with the aid of exemplary

embodiments with reférence to the attached drawings, wherein:

Fig.1 is a block diagram of a possible embodiment of a system for measuring
thickness distribution in a material including positioning according to the
invention;

Fig. 2 shows a possible embodiment of a manually operated system for measuring
thickness distribution in a material according to the invention;

Fig. 3 shows examples of signal éequcnces during a thickness distribution
measurement according to the invention; .

Fig. 4 shows in section schematically a drawing of a possible measuring sensor

' according to the invention;

Fig. 5 shows in section schematically a drawing of an alternative possible measuring
sensor with pressure control according to the invention;

Fig. 6 shows in section schematically a drawing of an alternative possible measuring
sensor having a substantially solid couplant and pliable coupling membrane
according to the invention wherein also the signal propagation of a broadband
acoustic excitation signal in a possible embodiment of a measuring sensor is
shown schematically;

Fig. 7 shows in a possible embodiment a handheld sensor according to the invention;

Fig. 8 shows schematically the geometrical parameters for position determination using
the positioning system according to the invention;

Fig.9 shows a possible embodiment of a measuring system with a plurality of sensors,

operated by means of a remote-control transport unit, for thickness
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distribution measurements according to the invention.

The present invention provides a measuring system as shown in Figure 1 for measuring
and storing position-determined data conceming distribution of thickness of material
over chosen continuous areas composed of one or more smaller test areas, characterised
in that it incfudes: | |

1) mobile apparatuses for ali-over measurement of thickness distribution in the material
of the object to be measured, which apparatuses, by using broadband aéoustic sensors
adapted for the purpose and having relatively large surface cover, measure and compute
the thickness distribution in the material beneath the sensors by analysing the half-wave
resonance energy content in acoustic signals which are emitted from the object
subjected to measurement in response to broadband acoustic signéls which are
transmitted into the said object, the aforementioned signals being reccived and
transmitted respectively by the aforementioned broadband acoustié Sensors;

2) an automatic, three-dimensional positioning system, which posi;ioning system by
measuring differences in time-of-flight between temporally related e_:léctroxmgneﬁc and
acoustic positioning signhls emitted from respectively reference stétions located at
predetermined positions and mobile units associated with the aforéméntioned acoustic
sensor, using intermediate base stations which receive the_élect_romagn_eﬁc and acoustic
positioning signals, computes the positions of mobile units without requiring line-of-
sight between reference stations and mobile units;. . _

3) a data collecting unit for collecting and processing at least the thickness dlstnbutlon
data provided by the aforementioned apparatuses for measuring tl_uckness distribution
and the three-dimensional position data of the test points provided by the
aforementioned positioning system; | |

4) a data transfer unit for transferring to the aforementloned data collecting unit at least
the thickness distribution data from the aforementioned apparatuses for measuring
thickness distribution and the three-dimensional position data of the test pointé from the
aforementioned positioning system; _ | |

5) a database containing data relating to the ob_]ect subjected to measurement for at least
application when carrying out thickness distribution measurements and positioning, |
which database is capable of being updated with new data from the aforementioned data
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In Figure 1 there is a schematic illustration of a portable embodiment of the invention
wherein a handheld sensor for thickness distribution measurements is equipped with a
positioning transducer and RF antenna, wherein these in turn are connected to a power
supply and electronic unit which the operator carries in his belt. Figure 2 illustrates a
similar system and indicates a possible need for line-of-sight between individﬁal units in
the system. For control of the measurements, the measuring system may also include a
control unit connected to the database, wherein the control unit produces control data
for controlling thickness distribution measurements. The control information is
transmitted to the operator who then, with the aid of the positioning system, places the
measuring sensor in the correct position in order subsequently to make a specific
measurement of the given area. For measurements of large objects such as, for
example, the hull of a ship which is in the water, it would be advantageous to replace
manual operation which could have been carried out by, for example, adiver witha
controllable submarine vessel as shown in Fig. 4. The measuring system aécording to
the invention will then also include a mobile, controllable propulsion unit which
receives the control data and which serves as a propulsion unit to move the measuring
sensors across the object that is to be measured in order to carry out thickness

distribution measurements in accordance with the control data it receives.

Figure 9 shows a system having a controlled propulsion unit which moves a plurality of
sensors for thickness distribution measurements which both efficiently and relatively
quickly can provide complete coverage of a large test area. The illustrated array
indicates a possible embodiment with two rows of sensors, wherein the rows are offset
approximately half a sensor width relative to one another to give a certain degree of
overlapping. A vessel or propulsion unit which forms a part of the measuring system
according to the invention can also be controlled using a television camera which by
transmitting pictures to an operator console or panel will allow a remote operator to
monitor the progress and take corrective measures if necessary. Via an operator

console, there is also the possibility of controlling the measurements manually.
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Sensor arrays in other patterns and embodiments will also be suitable for measurements
of objects having a varying degree of surface curvature, in particular with a view to
measuring elongate, cylindrical objects such as, for example, circular-cylindrical pipes,
where sensors placed on the periphery of a circle or an extended helix will allow
continuous measurements of such objects. Such sensor arrays may conceivably be
moved through a.pip'eline or the like by means of a wirepull, a self-propelling transport
device, by means of the pressureléurrent of a fluid or in another manner.

The present invention also provides a method for all-over measurement of the thickness
distribution in the material of an 'object to be measured over chosen continuous areas, -
characterised in that it includes:

1) generating broadband electrical excitation signals which include frequency
components within the test area in question;

2) converting aforementioned broadband electrical excitation signals into broadband
acoustic 's'ign'als;: ; I ' o

3) transmitting the aforementioned broadband acoustic signals into the object to be
measured;

4) receiving-acouétic response signals emitted from the object to be measured in
response to the aforementioned transmitted broadband acoustic signals;

5) converting the aforementioned acoustic response signals emitted by the said object
into electrical receiver signals;

6) conditioning the aforementioned receiver signals;

D analj'sing said conditioned receiver signals to derive spectral distribution of the
signal energy in the aforementioned conditioned receiver signals;

8) computing thickness distribution on the basis of the half~-wave resonance content in
the aforementioned spectral distribution.

For the storage of the measuring results for subsequent processing or, for example, for
planning and carrying out later similar investigations, the method could also include
registration of the resuits of the thickness distribution computations. Furthermore, it
may be appropriate for an operator or inspector to be given an immediate presentation

of the measuring results in order to, for example, either monitor the quality of the results
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or to decide at once any measures required in consequence of the results obtained, and

the method could therefore also include a step for the presentation of the results with

associated processing for presentation in a manner suitable therefor. The generation of
broadband excitation signals may be done with the aid of an electronic signal generator
which can be set for an suitable signal form and signal strength, preferably by means of

a control unit which monitors the reflected signal. A suitable excitation signal can be

characterised as follows: o

» the excitation signal is split up into a number of separate excitation pulses:

e each individual excitation pulse may have any form that has a frequency content
which covers the entire frequency range in question;

e examples of pulse forms include sin(x)/x, chirp, transient and white noise;

o the duration of each individual excitation pulse is adjusted so that it does not
interfere with the reflected signal (response) from the object subjected to
measurement;

» the time interval between each excitation pulse has been adapted so that reflected

"pulse from the structure has fallen below a given level; -

e the power content in each individual pulse is adjusted, preferably automatically,
within given limits until the power in the reflected signal has reached a desired
level;

e the characteristic parameters for the pulse are controlled by software in the control
unit.

A typical reflected signal that is received and processed by the method according to the

invention can be characterised as follows: |

o the signal consists of two main parts, a reflection and a «tail»;

o the primary reflection comes first and contains mainly frequencies which do not
reflect the half-wave resonance in the object that is to be measured;

o the «tail» contains mainly frequencies which do reflect the half-wave resonance(s)
in the object that is to be measured;

e both primary reflection and the «tail» can be used in computing thickness and
thickness distribution; '

o the software which controls the analysis and computation determines, on the basis of

given criteria, which parts of the reflected signal and «tail» are to be given
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importance in the computation of mean thickness and thickness distribution of the
object that is to be measured;

e the power content of the part of the reflected signal which it is desirable to use for
the thickness computation is adapted to the measuring range of the AD converters
by contrbll'iﬁg emitted power and/or adjusting the amplification of the received,
reflected signal; ' '

¢ the method carries out adjustment of the power content of the reflected signal by
automatic control through the software (autoranging).

The signal processing and the thickness distribution computation made by means of the

method according to the invention may include the following:

e FTT (Fast Fourier Transform) is taken of the part of the reflected sxgna.l thatitis .
desirable to use in the thickness compirtation; _

e based on FFT, an energy spectrum is formed which reflects the energy content in the
reflected signal as a function of frequency;

e ‘the energy spectra from'a number of pulses are averaged to give a better estimate of .

the dynamic properties of the object to be measured;

o the éner'gy spectrum is normalised on the total frequency characteristic of the sensor;

o based on static estimates of the normalised eniergy spectrum, the mean frequency
(fim), lower frequency (fin) and upper frequency (fo) are found;

e based on these characteristic frequencies and the sound velocity in the object that is
to be measured, the chafacten'stic thicknesses of the object are found;

e the method finds mean thickness and thickness distribution of the object that is to be

measured at the area in questions by means of energy considerations

fz;‘i. '

T “E=-fﬂg(f)dz4df

e the phase in the response signal is optionally analysed in conjunction with energy

considerations, or alone, to further enhance the measurements.

The invention also provides an apparatus for carrying out all-over measurement of

thickness distribution in the material of an object to be measured over a chosen
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continuous area, characterised in that it comprises:

1) a signal generator for generating broadband, electrical excitation signals;

2) a broadband sensor having at least one transducer for converting electrical excitation
signals into acoustic excitation signals, transmitting acoustic excitation signals,
receiving acoustic response signals and converting acoustic response signals into
electrical receiver signals;

3) a processing means for conditioning and spectral analysis of electrical receiver
signals;

4) a calculating means for calculating distribution of thickness of material on the basis
of spectral analysis results;

5) a control means operatively connected to, for the contro! thereof, said signal source,
sensor, processing means and calculating means.

For storing the results from the measurements, the apparatus will also include one or
more registration means connected to said control means and calculating means. A
number of different devices may conceivably be used for storage of the results, such as
magnetic tape recorders, computer diskettes, semi-conductor based mass storage, disc
storage, machine readable paper print-outs, punch tapes and the like. To allow
observation of the results by, for example, an operator or an inspector, the apparatus
will also include one or more data output means connected to the control means and the
calculating means for processing and presentation of the computed thickness
distribution. The output devices which are suitable for this purpose may, for example,
be paper-based printers, display screens having either colour or monochrome
reproduction of the cathode-ray type, the plasma type, the liquid crystal (LCD) type or
the like.

Excitation transducers and configurations of such which are suitable for the purpose
may also be described by the following:

o the transducer elements can either transmit or receive or both transmit and receive;

» if desirable, the choice may be made to transmit on selected elements and receive on
~ other elements;

o the excitation pulse can be transmitted to all the elements simultaneously or only to

selected elements; |
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o the configuration of excitation transducers can be controlled by means of the

software in the control means.

The invention also provides an acoustic sensor for transmitting and receiving acoustic
signals for measuring the thickness of materiél, characterised in that it includes a
transducer assembly haiing one or more broadband transducers placed in a mounting
device, a sensor housing which essentially-is filled with a couplant which is suitable for
acoustic wave propagaiion, which sensor housing on one side has a defined output for
acoustic signals, in which sensor housing the aforementioned transducer assembly is
placed in an area on thé opposite side of the aforementioned output, wherein the
aforementioned transducers are so arranged and adapted that acoustic signals emitted
from each individual trénsducer are propagated via the couplant directly to the output of
the sensor housing so that the acoustic waves essentially uniformly illuminate the output
area. For applications Where the object that is to be measured is submerged in a liquid
or other fluid which is suitable for the propagation of acoustic waves, such as, for
example, fresh water or seawater, it must be ensﬁred that the sensor housing is filled
with the liquid or fluid :.prior to the start of the measuring procedure. In order, inter alia,
to simplify sensor maintenance, it will be desirable to have the sensor housing filled at
all times with a pure couplant, such as, for example, pure water, a gel, ureol, oil or an
almost solid substance, 'a'nd the sensor housing is then mad_e'as: a pressure-tight housing
and equipped with a more or less flexible or pliable membrane over the output area of
the sensor housing to separate the inner couplant of the sensor from the surrounding
medium. A pressure-tight sensor configuration equipped with a flexible or pliable
membrane, as shown in Figs. 4, 5, 6 or 7, is suitable for carrying out measurements of
objects which are not submerged in a medium which per se produces coupling of
acoustic signals. The necessary coupling to a «dry» object of this kind is obtained by
pressing the output side of the sensor against the object to be measured at suitable
pressure so that the surface of the output area is adapted to _the surface of the object and
is thus well coupled to the object to be measured without the use of a couplant. To
ensure good adaptation of the membrane surface to the objet;t to be measured, a sensor
filled with a liquid or gelatinous couplant could also be equipped with a_.pressure pump

which controls the pressure of the couplant against the membrane relative to the
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pressure exerted between {hé sensor and the object to be meastitéd. One embodiment

that is suitable for this purpose is shown in Fig. 5, where the sensor housing is divided

so that a first part which includes the output area is arranged so as to be moveable and
with sealing in a piston-like manner in relation to the second part of the sensor housing
so that the pressure in the interior of the sensor housing is adjusted by the reaction force
from the preferably stationary object to be measured when the first part of the sensor
housing rests against the said object and the second part of the sensor housing is pressed
in the direction of the object. Control of the pressure of the couplant against the
membrane can also be obtained in other ways, for example, by means of an additional
device which creates pressure in the couplant, such as a controllable pump or
pressurised container connected to the sensor housing, which optionally may also
interact with a sensor device which senses the pressure exerted by the sensor against the
object that is to be measured and thereby adjusts the pressure in the couplant
correspondingly. Advantageous embodiments of a sensor according to the invention
can also be characterised by the following:

e the sensor may be built up of a plurality of transducer elements which may consist
of, e.g., ceramic or piezo films. An example of a transducer is Reson BAS-S,
S/N4597002; -

o the transducer elements may have the same geometric focuson the object to be
measured;

e the transducer elements may be divided into several groups having the same
properties (same test area for thickness), so that the groups together cover the entire
measnuring range of the sensor;

o the transducer elements in each gfoup can radiate the object to be measured from
different positions in épace;

o the transducer elements can both transmit excitation pulses and register reflected
energy; _ B

o the energy can be transmitted between the transducer elements and the object to be
measured via a waveguide;

o the transducer elements may have ovcrlépping frequency ranges.

In a further advantageous embodiment as shows in Figmes 4, 5 or 6, the transducer
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assembly is pressure-tight and secured in a pressure-tight manner in the sensor housing
so that two chambers are formed in the sensor housing, \yhe;ein the first chamber which
is defined by the sensdr housing, transducer assembly and énmut essentially will be
filled with a medimn--suitable for acoustic wave propagatfon' whilst the second chamber
is an air chamber whlch can be used for other purposes, such as, for example, location
of electronics, wiring, data display, operating means and the like. When taking
measurements of an pb;ect which is submerged in a fluid; Where the fluid is suitable as a
couplant, the membréné in the signal output area can be omitted, and the filling of the
first chamber with the.ﬁuid as couplant may, for example, take place as the sensor is

submerged in the fluid.

The invention also provides a system for automatic three-dimensional positioning in a
uniform acoustic signal propagation medium, wherein there is no requirement for line-
of-sight between the j:ositioning object and the posiﬁoniﬁg reference points,
characterised in that it includes: S

1) at least one reference station unit which includes a control means, at least one
receiver for electromagnetic signals, at least one transmitter for electromagnetic signals,
and at least one acoustic transmitter, which acoustic transm_itter isJocatedina
predetermined first posmon | .

2) at least one mobile unit, which moblle unit includes a comrol means, at least one

‘receiver for electromagnetlc signals, at least one transzmtter for electromagnenc signals

and at least one acoustlc transmitter, which acoustlc transrmtter is located in a second
position;

3) at least one base stauon unit located i ina third posmon, which base station unit
measures and computes 1ts own position and that of the mob:le units respectively, which

base station includes:
at least one control means for at least controllmg the transmission of control

signals; _ _

at least one electromagnetic signal transmitter;

at least one eléc_tromagnet_ic signal receiver located on a predetermined
location site relative to the aforementioned third f;ésition;

at least three acoustic receivers wherein respectively each such acoustic receiver
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is also located at }i%"é;'a:etennined Jocation sites relative to the aforementioned

third position; and

a calculating means which is fed position data to indicate the respective first

position of the aforementioned reference stations, a control signal from control

means, signals from the at least one electromagnetic receiver and at least three

acoustic receivers of the respective base station;
wherein the base station electromagnetically transmits control signals and each
reference station and mobile unit respectively, in turn and separately, in response to
electromagnetically received control signals from the base station transmit at one and
the same point of time an electromagnetic signal-and an acoustic signal, which
electromagnetic signal and acoustic signal are received by respectively the base station
electromagnetic'receiver and acoustic receivers, whereby, on measuring difference in
time-of-flight between the electromagnetic received signal and acoustic recejved
signals, the bases station computes its own aforementioned third position and the
aforementioned first position of each mobile unit. In an advantageous embodiment
which allows positioning in relatively shorter periods of time without there being a
positioning signal connection between the various individual units of the system, one or
more of the systems base units and mobile units include inertial navigational means.
Examples of inertial navigational means for this purpose are mechanical gyros, laser
gyros of the fibre optical or ring laser type, multiaxial accelerometers and the like. The
system may also be combined with other systems, such as, for example, satellite-based

navigation systems, to extend its coverage area where such other systems are available.

Fig. 8 shows schematically the parameters which are included in the geometry of a
system according to the invention for determining positions. The relative positions p’,
10°, and r1’ are determined relative to the coordinate system X’, Y’ of the base station,

and combined to give the position P relative to the coordinate system X,Y.

A positioning sequence can be initiated as required in, for example, a system
configuration as shown in Fig. 2, by an operator pressing a button on a measuring
sensor head on which is mounted a mobile positioning unit which is to be position-

determined. When pressure is applied to the button, the mobile unit P transmits by
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means of its RF modem a call signal to a base station which in turn by means of its own
RF modem sends a re_'ée{ij:t signal back to the mobile unit P. As the operator makes a
measurement using the meuuﬁng sensor head, the mobile unit P transmits via the RF
modem a start message at the same time as it also transmits an aco_ﬁstic signal. When
the base station intercepts the RF signal, it initiates a collection of acoustic signals from
its microphones. Ha_ving collected acoustic signals during a particular period of time,
the base station computes the position of the mobile unit relative to its own. The base
station then transmits via its RF modem a signal to the reference station characterised
RO which in its turn transmits an acoustic signal in respbn__se to the received RF signal,
whereupon the base station collects these acoustic signals during a particular period of
time and computes the position of the reference station RO relative to its own. By
combining these three relative positions the position of the mobile unitis then =
computed, and the poéition data is subsequently transmitted together with a time stamp
via the RF modem to the mobile unit P which in turn relays the position data for storage
and/or display together with other measuring data.

In an alternative embodiment for the use of the positioning system according to the
invention in environments which are not suitable for the use of RF modems, optical
modems which use the part of the electromagnetic spectrum which is in or close to the
visible range will be used. Such optical modems will be suitable when using the

positioning system in, for example, water, or in other environments where conditions

may be unfavourable for radio. waves owing to, for example, powerful reflections,

attenuation or radio frequency noise.

Besides transferring its own control data and position data, the positioning system
according to the invention may also include transmission facilities and storage facilities

for data relating to thickness distribution measurements according to the invention.
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1.

A measuring system for measuring and storing position-determined data concerning
distribution of thickness of material over chosen continuous areas composed of one or
more smaller test areas on an object to be measured, characterised in that it includes:

at least one mobile measuring apparatus for all-over measurement of thickness
distribution in the material of the object to be measured, which measuring apparatus, by
using at least one broadband acoustic sensor adapted for the purpose and having
relatively large surface cover, measures and computes the thickness distribution in the
material beneath the sensor by analysing the half-wave resonance energy content in
acoustic signals which are emitted from the object subjected to measurement in
response to broadband acoustic signals which are transmitted into the said object, the
aforementioned signals being received and transmitted respectively by the
aforementioned broadband acoustic sensor;

an automatic, three-dimensional positioning system, which positioning system by
measuring differences in time-of-flight between temporally related electromagnetic and
acoustic positioning signals emitted respectively from refererice stations located at
predetermined positions and mobile units associated with aforementioned acoustic
sensor, using intermediate base stations which receive the electromagnetic and acoustic
positioning signals, computes the positions of mobile units without requiring line-of-
sight between reference stations and mobile units;

a data collecting means for collecting and processing at least the thickness distribution
data provided by the aforementioned apparatus for measuring thickness distribution and
the three-dimensional position data of the test points provided by the aforementioned
positioning system; '

a data transfer means for transferring to the aforementioned data collecting means at
least the thickness distribution data from aforementioned apparatus for measuring
thickness distribution and the three-dimensional position data of the test points from the
aforementioned positioning system;

a database containing data relating to the object to be measured for at least application

/
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when carrying out thickness distribution measurements and positioning, which database
is capable of being updated with new data from the aforementioned data collecting

means.

2.
A measuring system as disclosed in claim 1, characterised in that it also includes:
a control unit connected to the aforementioned database, which control unit produces

control data for controlling thickness distribution measurements.

3.

A measuring system as diSCloéed inclaim 1 or 2, cha'ractéﬁs’ed in that it also includes
a mobile, controllable propulsion unit which receives the aforementioned control data,
and which propulsion unit moves the measuring sensors #cross the object to be
measured for carrying out thickness distribution measurements in.accordance with the

aforementioned control data.

4,

A method for all-over measurement of the thickness distribution in the material of an
object to be measured over chosen continuous areas, characterised in that it includes:
generating broadband electrical 'excitation signals which include frequency components
within the test area in question;

converting the aforementioned broadband electrical excitation signals into broadband
acoustic signals;

transmitting the aforementioned broadband acoustic signals into the object to be
measured;

receiving acoustic respbnse signals emitted from the object to be measured in response
to the aforementioned transmitted broadband acoustic signals;

converting the afofementioned acoustic response signals emitted by the said object into
electrical receiver signals;

conditioning the aforementioned receiver signals;

analysing said conditioned receiver signals to derive spectral distribution of the signal

energy in the aforementioned conditioned receiver signals;

. This Sheet Has Been Replaced.
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computing thickness distfibiition on the basis of the half-wave resonance content in the

aforementioned spectral distribution.

5.
A method as disclosed in claim 4, characterised in that the result of the aforementioned
thickness distribution computation is registered.

6.
A method as disclosed in claim 4, characterised in that the aforementioned thickness

distribution result is processed for presentation.

7.

An apparatus for carrying out all-over measurement of thickness distribution in the
material of an object to be measured over a chosen continuous area, characterised in that
it comprises:

a signal generator for generating broadband, electrical excitation signals;

a broadband sensor having at least one transducer for converting electrical excitation
signals into acoustic excitation signals, transmitting acoustic excitation signals,
receiving acoustic response signals and converting acoustic response signals into
electrical receiver signals;

a processing means for conditioning and spectral analysis of electrical receiver signals;
a calculating means for calculating thickness distribution on the basis of spectral
analysis results;

a control means operatively connected to, for the control thereof, said signal source,

sensor, processing means and calculating means.

8.

An apparatus as disclosed in claim 7, characterised in that it also includes a registration
means functionally connected to said control means and calculating means for
registering the result of the thickness distribution computation.

-—_
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An apparatus as dlsclosed in claim 7, characterised in that it also includes a
data output device funcnonally connected to said control’ means and calculating means

for processing and presentation of the computed thickness distribution.

10.

An acoustic sensor for uﬁnsrhiﬁing and receiving acousti¢ signals for measuring the
thickness of material, cjhéracterised in that it includes: -

a transducer assembly h'a;ving one or more broadband acoustic transducers placed in a
mounting device; L

a sensor housing which essentlally is filled with a medlum suitable for acoustic wave
propagation, which sensor housing on one side has a defn_led output for acoustic signals,
in which sensor housing :the a.forcmentiéned transducer assembly is placed in an area on
the opposite side of the aforementioned output, wherein the aforementioned transducers
are arranged and adapted so that acoustic signals emitted ﬁ'om each individual
transducer are propagafgd via the propagation medium directly to the output of the
sensor housing so that the acoustic waves essentially unif_drmly illuminate the output

area.

11. : :
An acoustic sensor as disclosed in claim 10, characterised in that the output area of

sensor housing is covered by a flexible or pliable membrane..

12.
An acoustic sensor as disclosed in claim 10, characterised in that the output area of the

sensor housing is open.

13.

An acoustic sensor as disclosed in claim 10, 11 or 12, cha';act:rised in that the
aforementioned transducer assembly is pressure-tight and secured in a pressure-tight
manner in the sensor housing in such a way that two chambers are formed in the sensor
housing, wherein the first chamber is defined by the transducer assembly, the sensor
housing side walls and the output area, whilst the second chamber is defined by the

l II
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transducer assembly, the serisor housing side walls and the wall of the sensor housing

which is opposite the output area.

14.
An acoustic sensor as disclosed in claim 13, characterised in that the aforementioned

first chamber essentially is filled with a medium suitable for acoustic wave propagation.

15. _
An acoustic sensor as disclosed in claim 13, characterised in that the aforementioned
second chamber is isolated from the first chamber.

16.
A system for automatic three-dimensional positioning in a uniform acoustic signal
propagation medium, wherein there is no requirement for line-of-sight between the
positioning object and the positioning reference points, characterised in that it includes:
at least one reference station unit which includes a control means, at least one
electromagnetic signal receiver, at leasf one electromagnetic signal transmitter, and at
least one acoustic transmitter, which acoustic transmitter is located in a predetermined
first position;
at least one mobile unit, which mobile unit includes a control means, at least one
electromagnetic signal receiver, at least one electromagnetic signal transmitter and at
least one acoustic transmitter, which acoustic transmitter is located in a second position;
at least one base station unit located in a third position, which base station unit measures
and computes its own position and that of the mobile units respectively, which base
station includes:

at least one control means for at least controlling the transmission of control

signals;

at least one electromagnetic signal transmitter;

at least one receiver for electromagnetic signals located on a predetermined

location site relative to the aforementioned third position;

at least three acoustic receivers wherein respectively each such acoustic receiver

is also located at predetermined location sites relative to the aforementioned

_
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third position; and
a calculating means which is fed position data to indicate the respective first
position of the aforementioned reference stations, a control signal from the
control means, signals from the at least one electromagnetic receiver and at least

‘three acoustic receivers of the respective base station;

'wherein the base station electromagnetically transmits control signals and each

reference station and mobile unit respectively, in tum and separately, in response to
electromagnetically received control signals from the base station, transmit at one and
the same instant an electromagnetic signal and an acoustic signal, which
electromagnetic signal aﬁd acoustic siglmal are received by respectively the base station
electromagnetic receiver and acoustic reéeivers, whereby, by measuring difference in
time-of-flight between the electromagnetic received signal and acoustic received
signals, the bases station computes its own aforementioned third position and the
aforementioned first position of each mobile unit.

17.
A positioning system as disclosed in claim 16, characterised in that one or more of the

base units and mobile units in the system also include inertial navigational means.
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