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ULTRASONIC TESTING OF FITTING ASSEMRBLY
Related Application

This application claims the benefit of United States Provisional patent application serial
no. 60/389,394 filed on June 17, 2002 for ULTRASONIC FITTING ASSEMBLY
VALIDATION, the entire disclosure of which is fully incorporated herein by reference,

Technical Field Of The Invention

The invention relates generally to apparatus and methods for non-destructive evaluation
of fitting assemblies after assembly is completed. More particularly, the invention relates to
using mechanical energy to make evaluations of the fitting assembly.

Backg ound of the Invention

Fluid handling equipment, ‘;.rhether the fluid is gas, liquid, combination of gas and liquid,
shurries and so on, may use many fluid control devices that are connected together with the use of
ﬁttipgs. Typicél fluid control devices include valves, regulators, meters and so on that are
interconnected in a fluid circuit with either tube or pipe. The fitiings may take on a wide variety
of designs, including but not limited to single ferrule and multi-ferrule tube fittings, various
clamping arrangements using elastomeric seals, gripping rings and so on. For purposes of this
disclosure we refer to tube and pipe as “conduit” because the present invention may be used with
either tube or pipe.

Common to nearly all fluid circuits that use fittings to connect conduit to a flow control
device or process is the desire to verify in a non-destructive manner that a fitting has been fully
assembled. Most connections via fittings involve the positioning of a conduit within a fitting
body or other structure associated with a fluid coupling (refetred to herein as a fitting assembly
of a conduit and coupling) sych that an end of the conduit abuts a shoulder or wall of the fitting
body or other structure. This abutment or “bottoming” as we also refer to it herein, is usually
desirable as it allows that gripping device, such as a ferrule, to be installed onto the conduit

without the conduit moving axially.
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Inherent in the assembly process, however, is the practical circumstance tﬁat once the

ﬁtt'uig is installed there is no cost-effective non-deétructivc way, known 10 date, to determine that
the conduit is fully bottomed. For exampie, it is known to use x-rays to observe the fitting
condition, however, this is a very expensive process and simply not practical for many if not
most assemblers, Various techniques are known that are used to verify proper installation of the
fitting components, or to verify proper pull-up based on the number of turns of a fitting nut or
axial displacement of the conduit relative to the nut. For example, the fitting may be
disassembled ﬁa pull-up, visually inspected and then reassembled, but such steps are time

consuming and costly. In another known technique, the tubing may be pre-marked in an

.appropriate manner prior to assembly, but this technique is subject to error in the marking or

interpretation process. None of these techniques can absolutely determine in a final assembled

fitting that the conduit is bottonied, and also determine the nature or quality of the contact or
abutment between the conduit and the associated structure.
The need exists therefore to provide process and apparatus for non-destructive analysis

a'nd evaluation of whether a condnit is properly bottomed within a fitting,

Summary Of The Invention

The invention contemplates in one aspect determining position of a conduit end using
input energy applied to the conduit. In one exemplary embodiment, ultrasonic energy emitted
from a shear wave transducer is applied to the conduit and propagates through the conduit as

mechanical waves. Alternatively or in combination, the input energy may be applied throngh one

or mote of the fluid coupling components such as the fitting body, for example. Reflected energy

(also sometimes referred to herein alternatively as return signals, return energy, refurn energy
signals, reflected signals or reflected energy signals) is converted into electrical signals by the
transducer and these electrical signals are analyzed to determine position of the conduit end. In a

specific exemplary application the invention may be used to determine the position of an end of
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the conduit within 2 fluid coupling installed thereon. In alternative applications, the invention

may be used to determine proper assembly of one or more of the ferrules in a single or multi-
ferrule tube fitting by detecting a characteristic of the tube bite or indentation typically associated
with ferrule-type tube fittings, such as, for example, the axial location thereof or the
presence/absence thereof.

In accordance with another aspect of the invention, correlation techniques are used to
more cleatly discriminate the reflected energy signals. In one exemplary embodiment, ultrasonic
energy is applie& to the conduit at different radial positions about a first location of the conduit
that is axially spaced from the conduit end. Reflected energy signals are cotrelated to determine
relative axial position of the conduit end, Noise reduction may also be applied to the return
signals.

In accordance with another aspect of the invention, the quality and/or nature of contact
between the conduit and a surface associated with a fluid coupling installed 01'1 the conduit end
may be determined. In one exemplary embodiment, ultrasonic energy is applied to the conduit
and the amplitude of reflected emergy is analyzed to determine the quality of the contact or
bottoming of the conduit end against the surface associated with the fluid coupling, such as, for
example, whether the conduit end is fully bottomed, partially bottomed or not bottomed.
Correlation analysis may also be used in connection with this aspect of the invention,

These and other aspects and advantages of the present invention will be readily

appreciated and understood from the following detailed description of the invention in view of

the accompanying drawings,

Brief Description Of The Drawings

Fig, 1 is a prior art two ferrule flareless tube fitting as an exemplary fluid coupling that
the present invention may be used with, illustrated in half-view longitudinal cross-section;

Fig. 2 is an elevation of a fluid coupling assembly and the present invention;
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Fig. 3 is a functional block diagram of an analyzer in accordance with the invention; and

Fig. 4 is an end view of an optional configuration for an ultrasonic transducer location in

accordance with another aspect of the invention.

Detalled Description Of The Invention

1. INTRODUCTION

The present invention is directed to apparatus and methods relating to determining
position of a conduit within a fluid coupling installed on the conduit. Thxs determination may
include, separately or combined, determining the axial position of an end of the conduit within a
fluid coupling, and deténnining the quality of con;tact between the conduit and a surface
associated with the fluid coupling.

Determining the axial position of a conduit within a fluid coupling is particularly useful,
for example, with tube fittings of the type that have a threadably coupled nut and body and at
least one ferryle that is used to provide a fluid tight coupling between the tube end and the body.
Although the invention is described herein with particular reference to its use with a two ferrule
flareless tube fitting, those skilled in the art will readily appreciate that the invention may be used
in many other applications, and generally to any application wherein it is desired to determine the
relative and/or absolute axial position of an end of a condnit, such as tubing or pipe, whether the
conduit end is positioned with a fluid coupling, a fluid flow device or so on.

Determining the nature or quality of contact is also particularly useful, for example, with
the aforementioned tube fittings. In particular, the fitting body includes a generally radial
shoulder against which the tube end is preferably abutted after a complete pull-up of the fitting,
By “pull-up” is simply meant the final assembly and tightening of the coupling nut (beyond the
initia] finger tight assembly) and body 50 as to secure the one or more ferrules onto the tube end
in a seal-tight manner. The quality of this abuiting relationship is affected by many factors,

including but not limited to, the facing operation of the tube end, such as the degree of flatness
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and square alignment of the tube end, the nature of the radial shoulder in the body including its
flatmess and square alignment, the amount of tube deformation that may oceur during pull-up, the
amount of compressive load between the tube end and the body shoulder, and so on. The quality

of the bottoming is therefore a general reference to the completeness of the bottoming and the

" load between the abutting surfaces, as exhibited by the nature of the contact in terms of the

amount of contact area, the characteristics of the abuiting surfaces and so on. The particular
characteristics of quality and nature of the abutment may be selected as required for a pasticular
application, Again, the invention will find application beyond two ferrule flareless tube fittings,
and may be used in many applica&om wherein it is desired to determine the quality of the’
abutment between a conduit end and a surface in a fluid elexﬁe%xt such as a tube fitting, a flow
control device and so on. In many coupling applications, simply knowing the quality of the
conduit end insertion, for example whether the conduit end is fully bottomed, partially bottomed
or not bottomed, is the most usefial information, regardless of the ability to detect axial position
of the conduit end.

In the exemplary embodiments hetein, the invention is realized using ultrasonic energy as
an input energy signal. The more gpecific, but not necessarily-required, characteristics of the
ultrasonic energy in the exemplary embodiments is ultrasonic energy in the form of a generally
continuous mechanical wave or waves having one or more discontinuities, In other words, the
input energy may be applied as a series of one or more transient waveforms. The input energy
signal in the exemplary embodiments therefore is in the form of one or more packets or pulses of
the energy waveform, By “pulse” or “packet” we do not intend to restrict the waveform of the
input aignal to any particular or required waveform shape or characteristic either in the time,
frequency, wavelength or amplit_ude domains. In the exemplary embodiments, the input energy
signal is realized in the form of a transient signal having one or more harmonic waveforms with
decreasing amplitudes over the time duration of the transient signal. The input waveform

characteristics may be selected to facilitate analysis of the return signals, such as by the
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correlation techniques described herein. Alternatively, the applied waveform may be any Fourier

series waveform for example, including an impulse harmonic waveform, a square wave, and so
on. Those skilled in the art will appreciate that the invention may be used with any conveniently
available form of reflectable mechanical energy, as distinguished from electromagnetic energy
such as x-rays, that is transmitted by pressure waves in a material medium, such as, for exauple,
the conduit or one or more parts of a fluid coupling, and detected therefrom.

While the invention is described and illustrated herein with particular reference to various
specific forms and functions and steps of the apparatus and methods thereof, it is to be
understood that such illustrations and explanations. are intended to be exemplary in nature and
should not be construed in a limiting sense. For t;xample, the present invention may be utilized
with any fluid coupling between a conduit and a fluid flow member including but not limited to
another conduit. The term fluid coupling therefore is used in its broadest sense to refer to any
mechanical connection between a conduit end and an abutment surface of another fluid flow
clement. Furthermore, while the invention is described herein with reference to stainless steel
tubing and tube fittings, the invention will find application with'many other metals and indeed
non-metal applications such as plastics, as well as to tubing, pipe and so on.

| Additionally, various aspects of the invention are described herein and are illustrated as

embodied in various combinations in the exemplary embodiments, These various aspects
X

" however may be realized in alternative embodiments either alome or in various other

combinations thereof. Some of these alternative embodiments may be described herein but such
descriptions are not intended to be a complete or exhaustive list of available alternative
embodiments or modifications. Those skilled in the art may readily adopt oﬁe or more of the
aspects of the invention into additional embodiments within the scope of the present invention
even if such embodiments are not expressly disclosed herein. Additionally, even though some
features and aspects and combinations thereof may be described herein as having a preferred

form, function, arrangement or method, such description is not intended to suggest that such
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preferved.description is required or necessary unless so expressly stated, Those skilled in the art

will readily appreciate that the invention may be used with additional modifications,
improvements and equivalents either known or later developed as substitute or altematives for
the embodiments described herein.

2, DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

With reference to Fig. 1, there is illustrated a highly successful two ferrule tube fitting A.
This fitting A is desctribed in United States Patent No. 3,103,373 owned by the assignee of the
present invention and fully incorporated herein by reference, The illustration of Fig. 1 shows
only one half of the fitting, it being recognized by those skilled in the art that the other half of the
view is identical about the centerline CL. N

The fitting A includes a body B, a nut C that is threadably engaged with the body B
during finger-tight assembly and pull-up, a front ferrule D and a back ferrule E. The fitting A is

illustrated installed on a conduit, in this case in the form of a tube end T. The tubing T may carry

" a media such as liguid, gas, slurry and so on. The assembly in Fig. 1 is illustrated in the pulled-

up condit%on, with the ferrules D and E plastically deformed so as to provide a fluid tight seal and
strong gxip on the tube end T. '

It is desirable that the inner end F of the tube end T abut at the regioﬁ TA defined at a
radial shoulder G formed in the body B. This abutment is referred to as “bottoming” the éube end
T and is desirable to provide a strong mechanical assemblage, including forming a good seal and
having a sicong tube grip, that can withstand environmental conditions such as temperature
variations and vibration effects. A seal may but need not be formed at the abutment between the
surfaces F and G. Whether a seal is formed there or not, it would be advantageous to be able to
determine that the tube end is bottomed and the quality, nature or completeness of the contact. A
tube end could be partially or incompletely bottomed by virtue of the assembler failing to

properly insert the tube end sufficiently into the body B in accordance with the manufacturer’s

instructions,
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A fully bottomed conduit end would Be a condition in which there was substantial surface
to surface contact between the conduit end and the body shoulder and good solid mechanical
confact or compression therebetween. A partially bottomed conduit end would be a condition in
which, for example, there is not substantial surface to surface contact due to poor end facing of
the conduit end, a cocked or tilted conc}_uit, or simply a lack of strong compression between the
two abutting surfaces. A conduit end that is not bottomed would be a condition of little or no
surface to surface contact or the presence of an actual axial gap between the non-abutting
surfaces. Therefore, as used herein, the nature or quality of the contact between the conduit end
and the abutting surface refers generally but not exclusively to various features ‘eitllwr alone or in
various combinations iﬁcluding the amount of surface area where contact is made, the force or
load between the conduit end and the abutting surface, presence of a gap therebetween, lack of
square alignment of the abutting surfaces, and so on.

With reference to Fig, 2 we illustrate a first embodiment of the invention. An input

energy source or input device 12 is coupled to the conduit T so as to apply mechanical input

" energy into the conduit T, wherein a portion of the applied input energy is reﬂecteci back or

returned. The source device 12 may be, for example, a transducer that converts an electrical
drive signal into vibration or mechanical energy. One example is an ultrasonic transducer that
emits a high frequency signal which may be reflected or otherwise retumed to the source 12 b.y a .
variety of canditions including but not limited to inclusions, micro-structural deformations,
voids, the tube end F, and tubing deformations or indentations such as the ferrule bite or
compression. The source 12 is used as a transmitter as well as a receiver or sensor and converts
the reflected emergy that reaches the source 12 into a corresponding electrical signal.
Alternatively, the transmitter and receiver may be separate or different devices, The source 12 is
coupled via a cable 14 or other suitable connection to an electronics arrangement 16. The
electronics 16 includes appropriate circuitry that generates the drive signal for the source device

12 and that receives the electrical signals from the source device 12,
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We have found that--although a surface wave transducer or a delay line transducer may

be used to determine the bottomed condition of a tube end, as well as proper assembly of the tube
fitting, and that either of these transducers is a useful alternative to the exemplary embodiment
herein--a preferred technique and device is to use a shear wave transducer to apply the input
energy to the conduit T. A, shear wave transducer is distinguished from a delay line transducer in
that the shear wave fransducer applies energy into an object generally longitudinally or algng the
direction of the surface of the object, whereas a delay line transducer applies energy generally
normal to the surface, and thus may be used to determine wall thickness. The shear wave
transducer is thus able to produce a better return reflection or echo of the end of the conduit,
particularly when the conduit is oniy partially bottomed or completely not bottomed,

A suitable and exemplary transducer is a Phoenix-ISL shear wave transducer model
SSW-4-70 that is resonant at 4 Megahertz. Other transducers commercially available or later
developed will also be suitable for the present invention, and the invention is not limited to the
use of ultrasonic energy waves, Non-ultrasonic wav'e frequencies may be used provided that
adequate and detectable energy is reflected back from the tube end. It is also possible to use a
tuned frequency that provides the strongest echo from the conduit end depending on the conduit
dimensions, material, temperature, the fluid coupling associated therewith, and so on,

1t is worth noting at this time that a particular advantage of the present invention is that it
may be used to determine the boftoming condition of a conduit within a fluid coupling in a non-
destructive manner, even while the fluid is present in the conduit, Thus there is no need to
necessarily purge the system or disassemble any components, although such may be desirable in
some circumstarces,

We have further found that easily interpreted data can be obtained after noise filtering and
performing correlation analysis to the reflected energy, We have moreover found that a Morlet
wavelet function, well known to those skilled in the art as to its mathematical form, aids the

filtering function with the invention, however, the present invention is not limited to using such a
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Motlet wavelet function. For example, other types of exponential sinusoidal wavelet functions,

or other filtering functions, may be alternatively useful in some applications.

With reference to Fig, 3, we illustrate a detailed functiqnal block diag.ra&n of the
electronic's arrangement 16 in the form of an analyzer. It is desitable that the invention be
realized in the digital analysis domain, however, such is not required and it may be suitable in
some applications to perform analog or hybrid analog/digital analysis.

Fig. 3 also illustrates additim aspects of the invention relating to the mounting of the
source 12. In this example, the source 12 is a shear wave transducer and is firmly supported on a
base 20 that can be suitably attached to or placed in contact with the conduit surface TS, The
base 20 preferably is made of a high transmission material, such as acrylic resin, so that the
energy emitted from the transducer face 22 is coupled with good efficiency into the conduit T.
The use of a base 20 or other suitable structure enhances the coupling because the bage 20 can be
provided with a surface 24 that conforms to the surface profile of the conduit surface TS. This
usually will be an improvement over simply trying to pos'ition the typically flat transducer face
22 against ';l cylindrical surface TS, however, in some applications, especially large diameter
conduits, such a direct mounting may be useable. A suitable low attenuation coupling material
may also be applied between the base surface 24 and the conduit surface TS. A suitable low
attenuation liquid couplant may be water for example, however other coupling material such as
solid or paste may be used, such as for example, latex or silicone rubber or AQUALENE™
available from R/D Tech, The use of a coupling material may be omitted in cases where the
signal coupling between the conduit and the transducer does not adversely attenuate either the
drive signal into the conduit or the reflected energy back into the transducer.

Fig, 3 illustrates that the base 20 may be configured so that the transducer face 22 is
angled away from normal towards the conduit longitudinal axis CL. In this manner, the input
énergy enters the conduit structure at an angle . We have found that a suitable range for 8 is

from abont greater than 0° to about 90°, more préferably about 45° to about 85° and most
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preferably about 65° to about 75°. H'owever, the selected angle for fr in any particular
application may be selected based on the angle that produces the best or most usefu! return
energy profiles. Materials having appropriate indices ofl' refraction may be selected to allow

refraction to assist in the input energy entering the coupling assembly at the desired angle fg.’
With continued reference to Fig, 3, the analyzer 16 may be realized in the form of any
suitabie digital processor including but not limited to DSP, microprocessors, discrete digital
circuits and so on. The analyzer processor 16 may conveniently be any commercially available
or later developed circuit that i§ programmable in accordance with programming techniques well
known to those skilled in the art, to caryout the functions described herein, The analyzer
processof 16 thus includes a signal generator 26 tl}at produces 2 suiﬁzble drive signal that is

coupled to the transducer 12 via a suitable cable or wire 28, The analyzer processor 16 further

_ includes a filter function 30 that may be used for noise reduction, since the electrical signal from

the transducer 12 will typically include a substantial amount of background undesired noise.

-Any suitable filter design in cirouitzy or software well known to those skilled in the art may be

- used. Note that in Fig, 3 the noise filtering function is performed on the analog signal from the

transducer 12, Alternatively, digital filtering may be performed in cases when the transducer
signal has been digitized. Still further, a filter function may be included in the traﬁsducer itself,
and special shielding on the cables and transducer assembly may be used as required to further
reduce noise.

The filter function 30 receives the electrical output signal from the transducer 12 via a
cable or other suitable connection 32 (note that the wire 32 and the wire 28 are part of the
aforementioned cable 14 of Fig, 2).

The filtered signal from the transducer 12 is then input to a conveational analog to digital
(A/D) converter 34. The A/D converter 34 converts the electrical signal from the transducer 12

into a digitized signal that can be conveniently stored in a storage device such as a memory 36.
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The memory 36 may be volatile or non-volatile memory or both depending on the type of data
analysis to be performed,

In some applications, the reflected energy signal may have a very pronounced end easily
discernible signal level that corresponds to the axial position of the conduit end relative to the
energy source 12, Note that the axial position of the conduit end relative to the fransducer may
be cietennhed either as an absolute number or a relative number, and is computed based on
knowing the propagation speed of the energy through the conduit, as is well known in the art of
ultrasonic analysis. If the reflected energy provides an easily discernible signal stored in the
memory 36, then the controller 16 can simply be prograrmrled to determine the characteristics of |

the signal to ascertain the axial position of the conduit end.

In accordance with another aspect of the invention, the relative strength of the reflected

_ energy is an indication of the quality of the bottoming. We have found that when there is good or

. complete bottoming, very little energy is returned from the conduit end because the energy

passes through into the fitting body material (and/or other contacting structures) and there is thus
a substantial attenuation in the reflected or returned energy. Thus interestingly, the absence of a

strong reflected energy level actually indicates excellent bottoming. For an un-bottomed conduit

' end, a high and sharply pronounced reflected energy level is returned due to reflection at the gap

interface between the conduit end and the body shoulder, For a partially bottomed conduit end,
the reflected energy will be somewhere in between a fully bottomed conduit end and an un-
bottomed conduit end. Test samples and empirical data may be used to calibrate the system 16 as
required.

We have firther found through experimentation, however, that the mechanical
complexity of a typical fluid coupling and conduit micro-structure renders a nice clean easy-to-
detect reflected energy signal to not be a practical reality. Instead, all sorts of false or non-
repeatable echoes may arise. Furthermore, we have found that for a single axial location of the

transducer relative to the conduit end, the circumferential position of the transducer may
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significantly influence the nature of the reflected energy. For example, the reflected energy from
the conduit end may not always appear at the same time delay marker when the transducer is

moved about different circumferential positions, even at the same axial location, on the conduit.

We attribute this to micro-variations in the conduit and the fluid coupling structure, but whatever

the causes may be, the practical consequence is that they typically \gvill be present.

In accordance then with another aspect of the invention, the energy applied into the
conduit T is done at two or more circumferential positions about the selected axial location of the
source transducer 12, This is illustrated in Fig. 4 wherein reflected energy data is collected and
stored for two or more circumferential positions of the source transducer 12 about the conduit at
the axial location selected. This can bé performed using a plurality of transducers positioned at
different positions about the conduit T, or more simply by repositioning a single transducer 12
and then collecting data at each location as indicated by the dashed lines in Fig. 4. The different
positions may be but need not be evenly spaced about the conduit,

Each application of input emergy at a particular circumferential position produces
reflected or return energy that is converted into an clecujical signal, filtered and stored as
previously described herein. Data is collected for two or more, and preferably about three,
different circumferential positions at the selected axial location of the transducer (which in the
exemplary embodiment is just behind the nut C of the fitting assembly A.) A correlation
function 40 is then applied to the set of data from the plurality of circumferential positions. The
correlation analysis substantially eliminates or “filters” the random return energy signals from the
micro-variations in the conduit because their positions relative to the applied energy transducer
source 12 changes as the transducer is repositioned about the conduit T. The conduit end relative
position, however, does not, and correlation analysis distinctly discriminates the corresponding
signal. The correlation analysis may be conventional, such as for example but not limited to, the

analysis disclosed in Corvelation Analysis of Spatial Time Series Datasets: A Filter and Refine

Approach, Zhang, Huang, Shekhar and Kumar, University of Minnesota, Technical Report
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Abstracts, 2001, the entire disclosure of which is fully incorporated herein by reference. We

have found that the selected signal correlation analysis may be significently facilitated by
optionally but preferably using the wavelet based comelation method disclosed in Complex

Wavelet Analysis of Ultrasonic Signals, Hull, Yang, and Seymour, to be published in JMechE

(Institution of Mechanical Engineers, London), June, 2003, the entire disclosure of which is fully

incorporated herein by reference, and which may be implemented/programmed in software or
firmware using conventional and well known techniques. The analyzer 16 can thus produce an

output 42, in any suitable form including but not limited to a visual output, printed output and so

on, of the quality of the conduit end bottoming and, if so desired or alternatively separately

desired, the absolute or relative axial position of the conduit end as a function of the axial
locatiozi of the source 12.

The present invention contemplates not only the structure of the aforementioned
apparatus, but also the methods embodied in its use, and furthermore a method for determining
position of a conduit end within a fluid coupling and a method for determining the quality of the
bottoming of a condnit end against a structural surface. Such a method includes the steps of
applying energy into the conduit structure, detecting reflected or retumed energy from the
conduit end and determining the position of the conduit end as a function of the location of the
source. In another method, the quality of the bottoming of a conduit end is determined by

applying energy into the conduit structure, detecting reflected or retumned energy from the

conduit end and determining the quality of bottoming of the conduit end as a function of the

reflected energy signal strength. Both methods may be used alone or in combination with each
other or other analysis, and both methods may optionally utilize the above-described noise
filtering and correlation techniques,

As some of the many available alternatives, the electronics 16 may be incorporated into
any suitable package for use in the desired application and environment. For example, the

electronics 16 including the source 12 may be incorporéted into a device or tool that also is used
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as a conventional gap gauge, The electronics 16 may produce an output of any desired format,
and for example, could simply be a light that indicates a go/no go result of the bottoming of the
tube end. The electronics may also incorporate intelligent rules be;sed software such as neural
nets for calibration and/or analysis and may include the ahove described noise filtering and
correlation techniques.

¢ The source 12 may altematively be configured to apply the input energy into a component
of the fluid coupling, rather than or in addition to the conduit. This would only require a simply '
reconfiguration of the interface geometry of the base 20 for example. Depending on the surface
for mounting, the base 20 niay even be unnecessary, For example, the source 12 may apply the
input ;energy into the fitting body B, such as at the head or neck of the fitting body.

Still further, the present invention may be used to determine, separately or in combination
with the conduit end position, other evaluations of the fitting assembly. As described herein
above, the present invention may be used to determine the position and abutment characteristics
of the conduit end. The invention may also be used to determine the position and characteristics
of other normal deformations and structural variations of the conduit such as are associated with
the fluid coupling, as such conditions may also produce reflected energy. For example, but not
limited tﬁereto, the invention may be used to detect the presence and/or location of the bite or
tube indentation or compression caused by one or more of the ferrules. By determining that the
selected condition is positioned properly and has the desired ciuality, the user may know that the
fitting assembly has been properly completed, such as knowing that the ferrules are correctly
installed and pulled up, Absence of such sighals may indicate improper assembly or pull-up.

The invention has been described with reference to \the preferred embodiment,
Modifications and alterations will occur to others upon a reading and vnderstanding of this
specification, It is intended to include all such modifications and alterations insofar as they come

within  the scope of the appended claims or the equivalents  thereof.
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Correlation Analysis of Spatial Time Series
Datasets: A Filter-and-Refine Approach

Pusheng Zhang*, Yan Huang, Shashi Shekhar™, and Vipin Kumar**

Computer Seience & Engineering Department, Unfvessity of Minnesota,
200 Union Strest SE, Minneapolis, MN 55455, U.S.A.
[pusheng|husngyen| shekhar [kumar] Oce.um. adu

Abstract. A spatial time saries dataset s a collection of time series,
aach referencing a location in a common spatial fromewark. Correlation
analyals ig often used to {dentify pairs of potentially interacting elements
from the cross product of two spatial time sexien datesets. However, the
eomputational cost of correlation anelysis iz very high when the dimen-
sion of the time gerjes and the number of locationa In ths spatial frame-
works ave large. The key contribution of this paper is the use of spatial
autocorrelation among spatial neighboring time series to yeduee compu-
tationel eost. A filter-and-refing algorithm besed on coning, i.e. grouping
of locations, is proposed to reduce the cost of correlation analysis over a
pair of epetial time series datesats. Cone-level correlation computstion
can ba used to eliminate (flter ont) a large number of element peairs whose
correlation is clearly below (or abave) a given threshold. Element peir
correlation needs $o bs computed for remaining pairs. Using experimen-
tal studies with Earth scienics datasets, we show that the filter-and-refine
approach can spve a large fraction of the computational cost, particnlarly
when the minimsl corralation threshold is high.

1 Introduction

Spatio-temporal data mining [14,16,15,17,13,7] is important in many appli-
cation domains such as epidemiology, ecology, climatology, or census statistics,
where datasets which are spatio-temporal in natura are routinely collected. The
development of efficient tools [1,4, 8, 10,11] to explore these datasets, the focus
of this work, in crucial to organfzations which make decisions based on large
spatio-temporgl datasets,

‘A spatial framework [19] consists of a collection of locations and a neighbor
relationship, A time geries is & sequence of observations taken sequentially in

* The coxtact awthor. Email: pusheng@es.umn.edu. Tel: 1-612-626~7515
** This work was pertially supported by NASA grant No. NCC 2 1231 and by Army
High Performance Computing Research Center contract mumber DAADI19-01-2-
0014. The content of this work does not necessarily reflect the position or policy
of the government and no official endorsement should be inferred. AHPCRC and
Minnesots Supercomputer Institute provided access to computing facilities.
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time [2). A spatial time series dataset is a collection of time series, each refer-
encing a location in 8 common spatial framework. For example, the collection
of global daily temperature measurements for the last 10 years is a spatial time
series dataset over a degree-by-degree latitude-longitude grid spatial framework
on the surface of the Earth.
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Pig. 1, An Ninstration of the Correlation Analysis of Two Spatial Time Series Datassts

Correlation enalysis is important to identify potentially interacting paira of
time series across two spatial time series datasets, A atrongly correlated pair of
time series indicates potential movement in ons series when the other time series
moves. For example, El Nino, the anomalous warming of the eastern tropical
region of the Pacific, has been linked to climate phenomena such as droughts
in Australia snd heavy rainfall along the Eastern coast of South America [18].
Fig. 1 illustrates the correlation analysis of two spatial time series datasets D!
and D2, D? has 4 spatial locations and .D® has 2 spatial locations, The cross

‘product of D! and D? has 8 pairs of locations. A highly correlated pair, ie.
(D%.D3), is identified from the correlation analysis of the cross product of the
two datasets.

Howsver, a correlation analysis ncroes two spatial time series datasets is com-
putationally expensive when the dimension of the time series and number of
locations in the spaces are large. The computational cost can be reduced by re-
ducing time series dimensionality or reducing the number of time series pairs to
be tested, or both. Time series dimensionality reduction techniques include dis-
crete Fourier transformation [1}, discrets wavelet transformation [4}, and singular
vector decomposition [6].

The number of pairs of time series can be reducsd by a cone-based filter-and-
refine approach which groups together similar time seriss within each dataset.
A filter-and-refine epproach has twa logical phases. The filtering phase groups
similar time Beries as cones in each dataset and calculates the centroids and
bounndaries of each cone. These cone parameters allow computation of the upper
and lower bounds of the correlations betwesn the time series pairs across cones.
Moeny Al-True and All-Felse time series pairs can be eliminated at the cone Jevel
to reduce the sef of time series pairs to be tested by the refinement phase. We
propose to exploit an interesting property of spatial time series datasets, namely
spatial auto-correlation {5], which provides a computationally efficient method to
determine cones. Experiments with Earth science data [12] show that the filter-
and-refine approach can save a large fraction of computatiopal cost, especially
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when the minimal correlation threshold is high. To the best of our knowledge,
this iz the first paper exploiting spatial auto-correlation among time series at
nearby locations to reduce the computational cost of correlation analysis over a
pair of spatial time series datasets,

Scope and Outline: In this paper, the computahon saving methods focus on
reduction of the time series pairs to be tested. Methodns based on non-spatisl
properties (e.g. time-series power spectrum [1,4, 6]) are beyond the scope of the
paper end will ba addregsed in future work.

The rest of the paper is organized as follows, In Section 2, the basic concepts
and lemmas related to cone bourdaries are provided. Section 8 proposes our
filter-and-refine algorithmm, and the experimental design and results are presented
in Section 4. We summaerize our work and discuss future diractions in Section 5.

2 Basic Concepts

In this section, we introduce the basic concepis of corrclation ealeulation and
the multi-dimensional unit sphere formed by normalized time series. We define
the cone concept in the multi-dimensional unit sphera and prove two lemmas to
bound the correlation of pairs of time series from two cones.

2.1 Correlation and Test of Significance of Correlation

Let = = (23,%2,... «2m) 80d ¥ = (Y122 -« ,Um) be two time series of length
m. Ths correlation coefficient [8] of the two time series is defined as:

corr(z,y) = 12("”‘ »E =g
whe,w._}:..:&g Em_v_ a,_,/ "'mzl-’?“ 59—1/ ‘—W
m.. "'& hi= mlé'il T=(2),F2,... ,Bm), a0d §= (Vhﬂz' ﬂ/m)

A slmme method to test the null hypothesis that the product moment cor-
relation coefficient is zezo can be obtemed using a Student's t-test [3] on the ¢
statistic as follows: £ = v/m — 2=, where r is the correlstion coefficient be-
tween the two time series. The fresdom degree of the above test is 1 — 2. Using
this we can find a p — value or find the critical value for a test at a specified
leval of significance, For a dataset with la.rger length m, we can adopt Fisher's
Z-test [3] an follows: Z = } log $£2, where r in the correlation coefficient between
the two time series. The correlation threshold can be determined for & given time
geries Jength and confidence level

2.2 Multi-dimensional Sphere Structwre

In this subsection, we discuss the multi-dimensional unit sphere representation
of time series. The corvelation of a pair of time series is related to the cosine
measure between their unit vector representations in the unit sphere,
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Fact 1 (Multi-dimensional Upit: Sphere Representation) Lets =
(1, %2y 0+ » 2m) andy = (Y1,¥2,- - +Ym) be two fime series of length m. Let.:x::} =
Tnhza: ’ !T‘ = = %2' 2= (E],,Ez,-.- 15"“)’ aﬂ'dg = (glvgh--' uym)‘
Then & and § are located on the surfoce of o multi-dimensional unit sphere ond
corr(z, y) = & § = cos(£(F, §)) where £(E,7) 1o the angle of ¥ and § in [0,180°)
in the multi-dimenaional unit sphere .

Becaod ths s of the 57 i el 0 1: Ty 5 = Skl ey i
= 1, Zis located in the multi-dimensional unit sphere. Similarly, 7 is also Jocated
in the multi-dimensionsl unit sphere, Based on the definition of corr(z,y), we
have corr(z,y) = 2§ = cos(L(E,5))-

Fact 2 (Corrolation and Cosine) Given two time serits % ond ¥ and o
user specified minimal correlation threshold § where 0 < 8 < 1, jeore(2,y)| =
| coB(Z(%,8))| 2 8 #f and only if 0 < Z(Z,7) < 0a or 180° ~ 6 < Z(E,§) < 180°,
where 8, = arccos(f).

-
"

¢ wmp I om—n W

Fig, 2. Cosine Value vs. Central ~ Fig. 8. Angle of Time Series in Two Spherical
Angle Cones

Fig. 2 shows that |eorr(z,y)| = |cos(£(Z,1))| falls in the range of [¢,1]
or [—1,~6) i and only if £(%,7) falls in the rauge of [0,6recos(6)] or [180° ~
arccos(f), 180°).

The correlation of two time geries is directly related to the angle between the
two time series in the multi-dimensional unit sphere. Finding pairs of time series
with an absolute velue of correlation above the user given minimal correlation
threshold 8 is squivelent to finding paira of time series £ and § on the unit xulti-
dimensional sphere with an angle in the range of [0, 8a] or [180° —~ 0, 180°).

2.3 Cone and Correlation between a Pair of Coneg

This subsection formally defines the concept of cone and proves two lemmas to
bound the correletions of pairs of time series from two conea. The user specified
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minimal correlation threshold is denoted by § (0 < 6 < 1), and arccos(d) is
denoted by 6, accordingly.

Definition 1 (Cone). A cone is a set of time series in ¢ multi-dimensional
unit sphere and €s characterized by two parameters, the cender and the spen of
the cone. The center of the cone is the mean of all the time series in the cone.
The span T of the cone is the mazimal angle between any time series in the cone
and the cone center. ) '

We now investigate the relationship of two time series from two comnes in
a multi-dimensional unit sphere as illustrated in Fig, 3 (2). The largest angle
(LR OQ1) between two cones C; and C» is denoted 83 Jmar and the smallest
angle (£P30Qz) ie denoted &8 Ymin. We prove the following lemmas to show
that if Ymaz 8RA Ymin aTe in specific ranges, the absolute value of the correlation
of any pair of time series from the two cones are all above @ (or below ). Thus
all paira of time series between the two cones satisfy (or dissatisfy) the minimel
correlation threshold.

Lemma 1 (Al-True Lemma). Let Cy and Cp be two cones from the multi-
dimensional unit sphere structure. Let £ and § be any two time series from the
two cones respectively. IJf 0 < Ymez < 04, then 0 < L(2,7) < fa. If180° =6, <
Yein < 180°, then 180° — 8, < L(Z,7) < 180°. If ecither of the above two

conditions is satisfied, {C1,Ca} is called on All-Trus cone pair.

Prooft For the first cass, it is easy to see from Fig. 8 that if Ymaee < 4, then
the angle between Z and 7 is less or equal to 8,. For the second cose, when
180° — 6 < Ymin < 180°, we need to show that 180° — 8, < £(%,7) < 180°. If
this wers not true, there exist ¥ € Cy and ¥ € Ch where 0 < 4(F',7) < 180°-4,
since the angle betwean any palra of time series is chosen from 0 to 180°, From
this inequality, we would have either ymin < ¢ = £(F,7') < 180° —f, as shown
in Fig, 3 (b) or 860° — Ymoe < ¢ = £(Z',§") < 180° = 6, a8 shown in Fig. 3 (c).
The first condition contradicts our assumption that 180° — 0, < ~Ymin < 180°,
The second condition implies that 360° ~ “maz < Ymin since 180° — 8 < Ymin.
This contradicts our chaice of Ay a8 the minimal angle of the two cones. 0O

Lemmn 1 shows that when two conea are cloge enough, any pair of time series
from the two cones is bighly positively correlated; and when two cones are far
enough apart, any pair of time series from the two cones are highly negatively
correlated,

Lemma 2 (AllsFalse Lemma). Let Cy ond Ca be two cones from the multi-
dimensional unit sphere; let & and § be any two time series from the iwo cones
respectively. If 05 < Ymin < 180° and Yimin £ Ymee < 180° — 84, then 6, <
Z(E,5) £ 180° = 6, and {C1,Ca} s called an All-Folse cone poir.

Proaf: The proof is straightforward from the inequalities. O
Lemma 2 shows that if two conen are in a moderate rangs, any peir of time
series from the two cones is weakly correlated.
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3 Cone-based Filter-and-Refine Algorithm

Our algorithm consists of four steps as shown in Algorithm 1 Pre-processing
(line 1), Cone Formation (line 2), Filtering i.e. Cone-level Join (line 4), and
Refinement i.e. Instance-level Join (lines 7-11). The first step is to pre-process

Input: 1) 5% ={a},e},...,d8}: m1 spatial referenced tine series
whare aach ingtance refarences a spotial framswork SFi;
2) 52 = {sf,s3,... ,62}: my spatial referenced time series
vhera sach iostence referances a spatiel fremework SFh;
3) a user defined corralation threshold &;
Output: all peira of time zeries each from S* and S? with
correlatiops above ) -

Method: .
Pro-processing(91); Pre-proceszing(S?); (¢))
CN; = ConeYorpation(S*,SF1); CNa = Cone Formetien(5? SF2); (2)
for all pair ¢; mnd cz aach from CNy end CN2 do { (2

Filter.Flag = Cone=lsvalJoin(cy, ¢2, )} ()]
i (Filier_Flcg <= ALL.TRUE) (8)
cutput all pairs in the two cones (s)
elsa 12 (Filter_Flaog t= ALL PALSE) { 4p]
. for o1l paix 5y and # sach from ¢ and ¢z do { ()
High.Corr.Flag » Instance-lsvel.Joinlsy,s2, 8); (9
it (High-CorrNlog) entyut gy end sa: (10)
} (11)
} (12>
Algorithm 1; Correlation Finder

the raw data to the multi-dimensional unit sphere representation. The second

' step, cone formation, involves grouping similsr time series into cones in spatiel
time peries datasets. Clustering the time series is an intuitive approach, How-
ever, clustering on time-peries datesets may be expensive and semsitive to the
clustering method and its objective function. For example, K-means approaches
[9] find globuler clusters while density-based clustering approaches [9) find arbi-
trary shaped clusters with wser-given density thresholds. Spatial indexes, such
as R* trees, which are built after time series dimenaionality reduction [1, 4] could
be another approach to group sirnilar time series together, In this paper, we ex-
plore spatinl auto-correlation for the cone formation. First the space is divided
into disjoint cells, The cells can come from domain expsrts, such as the El Nino
region, or could be as simple ag uniform grids. By scanning the dataset once, we
map esch time-series into its corresponding cell. Each cell contains similar time
series and represents & cone in the multj-dimensjonal unit sphers representation.
The center and span ars calculated to characterize each cone,

Exomple 1 (Spatiol Cone Formation). Fig. 4 illustrates the spatial cone forme-
tion for two datasets, namely land and ocean. Both land and ocean frameworks
congist of 16 locations. The time series of length m in a location s is denoted
a8 F(s) = Fi(s), F2(3),... , Fz(a)s... Fn(s) Fig. 4 only depicts a time series
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for m = 2. Each arrow in a location s of ocean or land represents the veetor
< Fy(s), Fz2(s) > normalized to the two dimensional unit spheve. Since the di-
mension of tha time series i8 two, the multi-dimensional unit sphere reduces to
a unit circle, as shown in Fig. 4 (b). By grouping the time series in each dataset
into 4 disjoint cells according to their spatial proximity, we have 4 cells each for
ocean and land. The ocean is partitioned to Ly — L4 and the land is partitioned
to Op — Oq, &s shown in Fig. 4 (a). Each cell represents & cone in the multi-
dimensional unit sphere, For example, the patch Lp in Fig, 4 (a) matches La in
the circle in Fig. 4 (b),

(3
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Pig. 4, An Ylustrative Example for Spatial Cone Formation

After the cone formation, a cone-based join is applied between the two
datasets. The caleulation of the angle between each pair of cone centers ia car-
ried out, and the minimym and meximum bounds of the angles between the
two cones are derived based on the spans of the two cones. The All-False cone
pairs or All-True cone pairs are filtered out based on the lemmas. Finally, the
candidates which cannot be filtered are explored in the refinement step.

Ezample 2 (Filter-and-refine). The join operations between the cones in Fig. 4
(8) are applied as shown in Teble 1. The number of correlation computations
is used in this paper as the basic unit to messure computation costs. Many All-
False cone pairs and All-True cone pairs are detected in the fltering step and the
number of candidates explored in the refinement step ars reduced substantially.
The cost of the filtering phase is 16. Only pairs (O, L1 ), (Os, Lq), and (O4, Ly)
cannot be filtered and need to be explored in the refinement step. The cost of
the refinement step is 3 x 16 since there are 4 time series in both the ocean and
Iand cone for all 8 pairs. The total cost of filtey-and-refine adds up to 64, The
number of correlation caleulations using the simple nested loop is 2566, which
is greater than the number of correlation caleulations in the filter-and-refine
approach. Thus when the cost of the cone formation phase is less than 192 units,
the filter-and-refine approach is more efficient,

Completeness and Correctness Based on the lemmas in Section 2, All-True
cone pairg and All-Falge cone pairs are filtered out 8o that & superset of results
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is obtained after the ﬁltenng step. Thers are no false dismissals for this filter
and-refine algorithm. Al] pairs found by the slgorithm satisfy the given minimal

correlation threshold,
Ocesn-Land Eﬂtoggg Refinemsnt| Ocsen-Land Filtering Refinement
O1-1L 16 Os~ Ly All-Trde
01 ~Ls AILF&IBG Os=Lz2 All-True
Oy =Ly Al-False Ox—Lx Al-True
Oy —~L¢ Al-False O3 =1Ly No . 16
Ox—Ly AllFale O4~ Ly Al-True
Op =Lz All-False Os~Ly All-True
O2~Ls Al-Fale O4—~Ls AllTrue
03— Ly Al-False O¢—L¢ No 18

Tabla 1, Cone-based Join in Fxample Data
4 Performance Evaluation

We wanted to answer two questions: (1)How does the spatisl ento-correlation
based ipexpensive grouping algorithm affect filtaring efficiency? In pariicular,
how do we identify the proper cone size to achieve better overall savings? (2)
How does the minimal correlation threshold influence the Sltering efficiency?
These questions can be answered in two ways: algebraically, as disenssed in
saction 4.1 and experimentally, as diacussed in saction 4.2.
i Fig. 5 describes the experimental setup to evaluate the impact of parameters
on the performance of the algorithm, Wa evaluated the performance of the al-
gorithm with a dataset frome NASA Earth science data [12]. In this experiment,
' acorrelation analysis between the East Pacific Ocean region (80W - 180W, 15N
! - 158) and the United States was investigated. The time series from 2901 land
cells of the United States and 11556 ocean cells of the East Pacific Ocean were
obtained under a 0.5 degres by 0.5 degree resclution.

Fig. 5. Experiment Design

Net Primary Production (NPP) was the attribute for ths land cells, and Sea
Surface Temperature (S5T) waa the attribute for the ocean cells. NPP is the
net photo-synthetic accumulstion of carbon by plants. Keeping track of NPP
is imporfant because NPP includes the food source of humana and all other
organisms and thus, sudden changes in the NPP of & region can have a direct
impact on the regional ecology. The records of NPP and SST were monthly data
from 1982 to 1993,
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4.1 Paramester Selsctions

In this section we investigate the selective range of the cone spans to improve
filtering efficiency. Both Al-False and All-True filtering cen be applied in the
filtering step. Thus we investigate the appropriste range of the cone spans in
each of these filtering categories. Here we define the fraction of time series pairs
redGeed in the filtering step as FAR, i.e. FAR = N ereaipaniisead, Thus

FAR in the cona level is represented es FARoone.

S
—

Ooein iy Bive
(s) Different Ocean Cone BSize (b) Different @ (Land Cone Size 1 X
(Land Cone Size 1 x 1 and 8 = 0.5) 1, Ocenn Cone Size 3 x 3)

Fig. 8, Al-True and All-False Filtering Pexcentages for Different Parameters

Fig. 6 demonstrates the FFAR, . is related to the cone size and minimal cor-
relation threshold. The proper cone size and larger minimal eorrelation threshold
improve the filtering ability, Given a minimal correlation threshold § (0 < 6 < 1),
tmae = 84Ty +73 a4 Ymin = §—71—73, Where 0 is the angle between the centers
of two cones, and the 7y and 7 are the spans of the two cones respectively. For
simplicity, suppese my 2 = T.

Lemma 3. Given a minimal correlaiion threshold 0, if a pair of cones both with
span T is an All-True cone pair, then 7 < 2ee2al?

Proof: Assume that a cone pair satisfies the All-’I‘rue Lemma, i.e., either ymaz <
erccos(8) oF Ymin > 180° —arccas(d) is satisfied. In the former scenario, the angle
5 is very small, and we get 8+ 27 < erceos(d), ie, 7 < M’@tﬁ In the latter
gcenario, the angle 6 is very lsrge, and we get § — 27 > 180° — arccos(6), i.e.,
7 < 2i000(OLp8=180° s - i Jogs then 220 ip either scenario since 7 < 180°,

m

Lemma 4. Given a minimal correlation threshold 8, f a pair of cones both with
0F mag 2 .

span T 18 an All-False cone pair, then T > 2

Proof; Assume that a cone pair satjsfies the All—False Lemma, {.e., the conditions
“Ymin > arecos(8) and Ymgee < 180° — arccos(d) hold, Based on the two in-
equations above, Ymaz — Ymin < 180° — 2arecos(f) and Ymew — Ymin = 47 <
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180° — 2arccos(d) are true. Thus when the All-False lemma i5 satisfied, 7 <
180° _ arccos(d . 0

The range of T is related to the minimal correlation thresholds. In this ap-
plication domain, the pairs with absolute correlations over 0.3 are interesting
to the domain experts. As shown in Fig. 6, All-False filtering provides stronger
filtering than A)l-True filtering for almost all values of cone sizes and correlation
thresholds. Thus we choose the cone span 7 for maximizing All-False filtering
conditions. The value of arccos(d) is lesa then 72.5° for & & (0.3,1], =o the cone

span T should not be greater than 8% — —“i‘,—”—(ﬂ = 8.75°.

4.2 Experimental Results

Egzperiment 1: Effect of Coning The purpoge of the first experiment was to eval-
uate under what coning sizes the savings from filtering outweighs the overhead.
When the cone is small, the time geries in the cone are relatively homogeneous,
resulting in a small cone span 7. Although it may result in more All-False and
All-True pairs of cones, such cone formation incuys more filtering overhead be-
causeé the number of conss is substentially increased and the number of filtered
instances in each All-Falsg or All-True pair is small. When the cone is large,
the value of the cone span r is large, resulting in a decrease in the number of
All-False aud All-True pairs. The effects of the All-False and All-True fltering
in the given data are investigated. .

Erperiment 2: Bffect of Minimal Correlation Thresholds In this experiment, we
evaluated the performance of the filtering algorithm when the minimal corre-
lation threshold is changed. Various minimal correlation thresholds were tested
and the trends of filtering efficiency were identified with the change of minimal
correlation thresholds. -

Effect of Coning This section describes a group of experiments carried out
to show the net sevings of the algorithm for different cone sizes. For simplicity,
we anly changed the cone size for one dataset. According to the analysis of the
previous section, the land cone sizs is fixed at 1 x 1. We carried out & series of
experiments using the fixed minimal correlation threshold, the fixed land cone
size, and various ocean cone sizes. The minimal correlation threshold § was fixed
at 0.5. Fig. 7 (a) shows the net savings a3 a percentege of the computational
cost of the nested Joop join algorithm for different ocean cone sizes. The x-exis
represents the different cone sizea ranging from 1 x 1 to 6 x 6, and the y-axis
represents the net savings in computational cost as a percentage of the costs
using the siraple nested loop jein algorithm. The net sevings range from 40
percent to 62 percent.

Effect of Minimal Correlation Thresholds In this experiment, we investi-
gated the effoats of minimal eprrelation threshold 4 on the savings in computation
cost for correlation analysis. The land and ocean cone sizes were fixed et 1 x 1
and 3x 3 respectively, end a series of experiments was carried out for different 65.
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Fig. 7 (b) shows the total savings as a percentage of the computational cost of
the nested loop join algorithm for different fs. The x-axis represents the different
cone sizes ranging from 1% 1 to 6 x 8, and the y-axis represents the total savings
as & percentage of the computational cost of the nested loop join elgorithm. The
net savings percentages range from 44 percent to 88 percent with the higher
savings at higher values of correlation thresholds. Thus when other parameters
are fixed, the filtering algorithm generally achievea better performance es the
minimal correlation threshold is increased.

]
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(8) Testing Differant Ocean (b) Testing #
Cone Size

Fig. 7. Testing Different Cone Sizes and Minimal Correlation Threshold 6

5 Conclusion and Future Work

In this paper, a filler-and-refine correlation analysis algorithm for a pair of spa-
tial time series datesets is proposed. Experimental evaluations using a NASA
Earth science dataset are presented. The total savings of correlation enalysis -
computation range from 40 percent to 88 percent. In future work, we would like
to explore other coning methods, such as clustering and time series dimension-
ality reduction and indexing methods [1,4, 8]. Clustering and spatial methods
using other schemes may provide higher fltering capabilities but possibly with
higher overheads, Tirpe series dimensionality reduction and indexing methods
will also be explored to determine the tradeoff between filtering eficiency and
overhead.
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Absiract Ulirasonic signal is always composed of a series of transient impulsive
waveforms, which are created during the propagation of ultrasonic wave when it
meets the discontinnities presenting in the material, such as inclusions, voids, micro
cracks, the surface of the object being inspected, and so on, Complex wavelet based
envelop detection method was designed to exfract the impulsive features contained in
the signal. And the complex wavelet based correlation analysis was finther proposed
for distinguishing the ‘real impulsive waveform’ that indicates the object being
searched from a number of unrecognized waveforms also presenting in the signal. The
effectiveness of both methods was proved by practical experiments on a common tube
sample. The experiments proved that, by using the proposed methods, the impulsive
_ waveform that really indicates the end surface of the tube could be distingvished
successfully, With the aid of the analysed results and the calibration equation, the
relative distance between the position where the transducer was placed and the end
smface of the tube could be identified correctly. It is believed that the proposed
methods will be widely applied to the analysis of ultrasonic signals,

Keywords ultrasonic signal; complex wavelet; envelop detection; comelation
analysis.

1. Introduction

Nowadays, ultrasonic detection, as an important non-destructive testing means, has
been increasingly used in many modern industry fields [1,2]. In practical applications,
two types of ultrasonic transducers are usually used for different purposes. They are
the delay line iransducer and the surface wave transducer. The former is often used
for measuring the thickness of the object, and the later is for measuring the relative
distance of the object from the position where the transducer is placed. The ultrasonic
waves sent from them propagate inside the material in different ways, The schematic
diagrams of their working mechanisms are shown in Figures 1(a) and (b), respectively.
For facilitating understanding, the ultrasonic signals collected by using such two types
of transducers are also plotied in the figures,
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Fig. 1 Working mechanismms of ultrasonic transducers

From Figure 1, it is found that the ultrasonic signals collected by using both types of
transducers are composed of a seri¢ts of transient impulsive waveforms, which are
created when ulirasonic wave meets the discontinuities presenting in the material, The
discontinuities may be micro-inclusions, voids, cracks, deformations, and the end
surface of the material or other unknown sources. The comparison of Figures'1(a) and
1(b) discloses that the signal collected by using surface wave transducer shows more
complexity in composition than that collected by using delay line transducer. In other
words, in the signal shown in Figure 1(b), besides the impulsive waveforms that really
indicate the unexpected slot and the end surface of the material, a number of
unrecognised waveforms are also present in the signal. Undoubtedly, these
unrecognised waveforms would confuse people and make it hard to interpret the
signal. ‘ )

In addition, it is found in long term practice that the ulirasonic signal collected by
using surface wave transducer always shows poor repeatability in time series. As an
example, Figure 2 shows the signals collected from a ferrule tube at the same distance
away from the end swface of the tube but at different circumferential locations 0°,

60°, 120°, 180°, 240° and 300°, respectively.

Impnlsive waveforms in@:g the end surface of the tubz

0° . m et a7l
J ; TR a7
! l.ll'l, AfLakeafhin M r7d
240°
' IALAT AR AR s

| o M -. MUt w!w‘iuu | i s
0 200 40D GOD B0O 1000120014060 7600 1800 2000
Number of data

< Fig,2 Signals collected at the same distance but
at different circumferantial locations

From Figure 2, it is seen that, in different measurements, more or less difference
always exists on the positions of the impulsive waveforms that indicate the end
surface of the tube, though the signals are collected at the same distance but at
different circumferential locations. The existence of such minutia difference will
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prevent people from evaluating the distance between the transducer and the end

surface of the tube accurately.

In view of aforementioned reasons, the complex wavelet based envelop and
correlation analysis methods are studied in this paper for interpreting the ulirasonic
signals collected by using surface wave transducer. The vest of the paper is organized
as follows. In Section 2, the complex wavelet based envelop detection method is
designed for extracting the impulsive features contained in the signal. Section 3
further studies the complex wavelet based correlation analysis for distinguishing the
‘real impulsive waveform® that indicates the object being searched from a large
number of unrecognised waveforms also presenting in the signal. Section 4 verifies
the effectiveness of both proposed methods by 2 series of practical experiments on a
common tube sample. The summary of the work is finally done in Section 5.

2. Complex wavelet based envelop analysis

Ultrasonic signals are characterized by a number of impulsive waveforms. Envelop
analysis is an effective method for extracting such kind of features in the signals. The
conventional envelop detection method is based on Hilbert transform [3]. For an
arbitrary real time series x(?), its Hilbert transform y(£) can be defined as [4]

P = x(7)
== 222 1
»(@) ”l L )
when the integral exists (i.e. 7 #2). Where 7 is the time lag, P indicates the Cauchy

principal value.

In essence, the Hilbert transform can be considered to be a filter that simply shifts
phases of all frequency components of its input by ~ 7/2 radians. x(¥) and y(¥) form
the complex conjugate pair of an analytic signal z(f), as

z(t) = x(£) + iy (2) = A()e*? )
with

A =[xy + )" @)

() =tan>[y(2)/x)] . @)

Where i =+/—1, The time-varying function A(¥) is the so-called instantaneous envelop
of the signal x(f), which extracts the slow time variation of the signal.

@=do(t)/dt )
is the so-called instantaneous frequency.

Because the Hilbert spectrum uses a transform rather than convolution as in the
Fourier analysis, the practice demonstrates that, for a transient signal, the Hilbert
spectrum does offer clearer frequency-ensrgy decomposition than the traditional
Fourier spectrum does, However during the implementation of the Hilbert transform,
it deals with different frequency components without any distinguishing. Moreover,
from equation (1), it is found that the computation of y(r) still requires the knowledge
of x(¢¥) for all values of z. Thus, the ‘local’ property of the Hilbert transform is in fact a
‘global’ property of the signal [5]. In view of these reasons, the complex wavelet
based envelop detection method is designed in this paper for extracting the impulsive
features contained in the signals.

The complex wavelet transform is a recently developed tool that uses a dual tree of
wavelet filters to find the real and imaginary paris of complex wavelet coefficients
[6]. Its approximate shift invariance, good direction selectivity and computational
efficiency properties make it a2 good candidate for representing the transient features
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contained in non-stationary signals [7]. It is adopted here for achieving an alternative
envelop analysis, using which the desired transient impulsive features of the signal
could be extracted more satisfactorily. Hetein, the complex Morlet wavelet [8] is used
becanse Morlet wavelet looks more like ‘impulse’ in geometric shape especially when
its shape control parameter is adjusted to be 2 small value. According to the
“Matching Mechanism’ of wavelet transform, the better the wavelet function matches
the signal in geometric shape, the more accurate the feature of the signal can be
represented by wavelet coefficients [9]. The complex Morlet wavelet is given by the

formula ‘

p(t)=~2e e (g = g rie'h) ).
Where, j=+/=1, the shape control parameter @ can be set to obtain desired time-
frequency shaping in the wavelet transforms. When o decreases, the wavelet
waveform tends to be an impulse, while when o increases, the wavelet waveform

tends to be a cosine or sine waveform.
Its real and imaginary parts as well as the modulus of w(r) are

Re[y ()] =~/2ee" [oos(az) e | ™
Tmy ()] = j - V2™’ sin(at) ®)

@) =Ry OF +{ly )} ®
_In practice, the constant term in formula (7) is often ignored for simplicity. Their
geometric shapes when @ =1 are shown in Figure 3.
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Fig.3 Complex Morlet Wavelet

Figure 3 discloses that the modulus ()] can envelop both the real and imaginary
parts of the wavelet function y(z) completely and smoothly. Thus, if the impulsive
feature is represented by using |1;f(t)|, the refined signal should be more explicit and
easier to be interpreted than those represented by Refw(#)] and Imly(x)]. Inspired by
this idea, the complex wavelet based envelop is attained by using (1), The
continuous wavelet transform (CHT) is defined as [10]

WL, (b,8) === [ x(z)w'(’—‘—b)d: | (10)
i |

a

where x(f) stands for the time series signal o be analyzed, b and a (b, 2 € Rand
a%0) are the translation and dilation parameters, respectively, The duration of the
mother wavelet w(2) is either compressed or expanded depending upon the choice of

a. Hence, the CWT can extract both the local and the global variations of the
signalx(¢) . In fact, the CWT can be considered as the output of a bank of bandpass
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filters whose center frequencies and bandwidths vary depending on the dilation
parameter a in addition to the spectral properties of the mother wavelet finction w(?) .
The variable bandpass introduces different resolutions at different scales and thus, the
CWT posses a multiresolution capsbility. Let the dilation parameter a be a variable
changes from 10 to 700, the C#Ts of the signals a7l, a72, a73 and a74 shown in
Figure 2 are calculated and the results are shown in Figure 4. In the figures, the
impulsive features that really indicate the end surface of the tube are circled by four
ellipses.

The dilation pmin:tera
‘The dilalion parameler @

. 800
9
g 500
g
k|
5
B
500 1000
The trms]stion parameter b
(d) signal a74
Fig.4 CWTs of the ultrasonic signals

Figure 4 shows that 2 number of impulsive features occur in the whole scale region
from 10 to 700, but the ‘real impulsive feature® clearly appears only in the limited
region [50, 300]. Thus, when we analyze the signal, we do not need to investigate the
wavelet coefficients at all scales. We can only use the coefficients generated at one
scale, at which the ‘real feature’ is well represented, as the signal to be further
analyzed, Benefited from the implementation of CWI, the selected ‘signal’ will
contain less disturbing frequency components and provide more explicit “real
characteristic waveform’ easy to be identified.

Select the wavelet coefficients generated when the dilation parameter a=215 as the
signal for further analysis, The complex wavelet based envelop detection was carried
out on the signals a71, 872 a73 and a74, respectively. The calculation results are
plotted in Figure 5 .'The corresponding results obtained by using conventional envelop
analysis (9] are also plotted in the figures for making comparisons.
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Fig.5 Signals and their envelop detection results

It is clearly seen from Figure 5(2) that, benefited from having been bandpass-filtered
by wavelet function and the selection of the wavelet coefficients at an appropriate

scale, the envelop detection result represented by ]y/(t)] is more explicif and smoother

than that represented by A(¢). The purified result expressed by It//(t)] will undoubtedly
eases the interpretation of the sigmal and hence, bring many benefits to further
apalysis. This advantage of the complex wavelet based envelop analysis is further
confirmed by the results shown in Figures 5(b), (c) and (d). All these calculation
results fully prove that, compared with the Hilbert transform based envelop detection
method, the designed complex wavelet based envelop avalysis is actually a more
effective tool for extracting the impulsive features contained in the signals.

3. Complex wavelet based correlation analysis

From the envelop detection tesults shown in Figures 5, it is scen that, although the
signal is fully refined, 2 number of unrecognized “impulses’ still exist in the signals, It
is still difficult to distinguish the “real impulse’ from so many numbers of ‘impulses’.

SUBSTITUTE SHEET (RULE 26)



WO 03/106992 PCT/US03/18812

34
Tn order to tackle this knotty problem, the complex wavelet based correlation analysis
is studied in the following.
It is well known that the impulsive waveforms are created when the ultrasonic
wave meets the discontinuities presenting in the material during its propagation, and
these discontinuities always distribute inside the material randomly, as Figure 6 shows,

-

Fig.6 Miero defects contained in material

s/

Just due to the random distribution of these ‘micro-defects, the signals collected at
different circumferential locations, as shown in Figure 2, always have more or less
difference in time waveforms, even though the signals are collected at the same
distance away from the tube end. But anyway, it has no doubt that the ultrasonic wave
will meet the end surface of the material at last and an impulsive waveform will be
certainly ereated. This implies that whatever how many impulsive waveforms appear
in the signal, there is always one and only one unique impulsive waveform indicates
the end surface of the material. Suggested by this physical fact, the cotrelation
analysis was adopted in this paper for distinguishing the ‘rzal impulsive waveform’
from the ultrasonic signals with a large number of unrecognised waveforms.

Cortelation analysis is 2 useful method for identifying potentially interacting pairs
of time series across two time series signals [11]. It was recently used to analyse the
inherent temporal variability of ocean surface winds [12]. Herein, it is adopted to
analyse the ultrasonic signals collected at different circumferential locations but at the
same distance away from the end surface of the matesial.

Assume X = (X, %, %,) and ¥ = (3, ¥4, ¥,) are two time series signals with

the same length 7. The correlation coefficient corr(X,Y) of these two time series is

defined as
_1< =%\ (=¥
corr(X,Y)= " 2 ( = ] [ ) (11)

1=l Oy

% =

22 (n~1)
Ox

5 1

For facilitating analysis, farther assume £, = , P =2 =L m-1)7, and
- O'r

introduce vectors £ = (%, %), ¥ =y ,) . Then, the formula (11) can

be reorganized as

SUBSTITUTE SHEET (RULE 26)



WO 03/106992 PCT/US03/18812

35
corr(X,Y)=X- V= cos[é(i’ ,ﬂ] (12)

le Vi

whete cos[é(ﬁ’,f)]= :“‘ - .
;}%xiz?;}’iz

By using the formula (12), the value of corr(X,Y) is normalized into the range[-L1].

In stead of using the original signals, the results obtained by using the complex
wavelet based envelop detection method are nsed for further corvelation analysis. This
is called the complex wavelet based comelation apalysis, The correlation analysis
between the signals a71 and a72 is conducted and the final result is plotted in Figure 7.
The result generated by the conventional method, which performs the analysis by
directly using the original signals, is also plotted in the figure for making a

comparison.
Olginal signad 671 h

Original ¢ipnal 872

Clomplex wavilet based comrelation analysis

\

0 200 400 600 600 1000 12001400 1600 18002000
Nomber of data

Fig,7 Correlation analysis between the signals a71 and a72
From Figure 7, it is obviously found fhat the ‘real impulse’ indicating the end surface
of the matarial can be identified more easily and correctly from the result generated
by the complex wavelet based correlation analysis rather than from that obtained by
using the conventional method, Undoubtedly, the complex wavelst based correlation
analysis provides an effective fool for distingnishing the ‘real impulsive waveform’
from ultrasonic signals.

4. Experiments
In order to further verify the effectiveness of the proposed methods in practical

application, a series of measurements were done on a common tube sample. The
installation of the transducer is as shown in Figure 8,

l— Surfuoe wave trenatducer

Fig.8 Scheme of experiments
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Necessary to note that a contour was deliberately designed on the transducer’s
contacting surface, so that the transducer could contact the surface corvature of the
tube completely and tightly. Move forward the fransducer and collect the signals at
the same distance away from the end surface of the tube but at different
cifcumferential locations. The collected signals are as shown in Figure 2, The
complex wavelet based correlation analysis results of the signals a71, 272 and a73 are
shown in Figure 5.

Zy=corr(x12A73) Z3=corr(Za, &)
o 200 400 600 8nn 1000 1200 1400 16001660 2000 D 200 40D 0D AOD 10D 120012001500 18002000
Number of data ' Number of dsta

(a) the first time of correlation analysis ®) the second time of correlation analysis

1-
o5} 2 =com(Z, 27, Z3)

00 200 400 600 B0OO 1000 12001400 1600 1800 2000

Nuomber of date
(¢) the third time of correlation analysis
Fig.9 Complex wayelet based correlation analysis of the signals a71, 372 and a73

From Figure 9, it is found that a satisfactory result is obtained by using the complex
wavelet based correlation analysis. In particular, after performing the second and the
third times of correlation analysis, the further results become more explicit and easier
to be identified. The exact position of the ‘real impulsive waveform® can be easily
determined from the result shown in Figure 9(c).

In order to further put the proposed methods into practice, the calibration work was
done as follows. Firstly, ths transducer was moved forward to the end surface of the
tube in 5mm and 8 groups of signals were collected. Bach group includes 3 signals,
which are collected at the same distance away from the tobe end but at different
circumferential locations 0°, 120° and 240°, respectively, By performing the complex
Morlet wavelet based correlation analysis of them, a coordinate position in Figure 10
can be determined, which are indicated by small circles, By the means of this method,
8 coordinate positions are defermined from 8 groups of signals, as shown in Figure
10(z). Then, using the polynomial curve fitting technique (see Appendix), a
calibration equation is derived from these coordinate positions. Secondly, a more
detailed calibration was further done in the similar-way, but the transducer was moved
forward in 2mm rather than in 5mm, and 19 groups of signals were collected
accordingly, The celculation results are shown in Figure 10(b), from which another
calibration equation was derived too. Thirdly, based on the two calibration equations
derived above, a compromise calibration equation is finally obtained as follows

y =1.5885x107x +0.0124x — 20.5905 (13)
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Where the variable x denotes the number of data at which the real impulsive
waveform occurs, y refers to the calibrated distance away from the end surface of the .

tube. The numerical results of the equation (13) are shown in Figure 10(c).
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In order to investigate the aceuracy of the compromised calibration equation (13),
the transducer was moved to four arbitrary positions' A, B, C and H. The measured
results respectively at these four positions are listed in Table 1 and also plotted in

Figure 10(c).
Table 1, Measured results
Positi Actnal distance | No.ofdata | Measured distance Measurement error
ostion d Imm | xineqn(13) d" | mm E=|d -d|x100%/d

A 22.3 3337 22.5572 1.15
B 20.8 3255 21,4545 N 3.15
C 17.5 20967 17.5987 0.56
H 20.6 3138 19,8849 347

From Table 1, it is found that, at four arbitrary positions, all measurement errors are
less than 3.5%. Obviously, such a small value of error could be completely acceptable
by engineering. This conclusion can be also confirmed by Figure 10(c), where all
calculated coordinate positions derived from the signals collected at positions A, B, C
and H locate on the calibration curve. These results fully prove that the proposed
methods are actually effective on the analysis of ultrasonic signals.
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5. Summary

The complex wavelet based envelop analysis is designed for extracting the impulsive
featres of the signal, and the complex wavelet based correlation analysis is proposed
for distinguishing the ‘real impulsive waveform’ from a number unrecognized
impulsive waveforms also presenting in ultrasonic signals. The effectiveness of both
methods on the analysis of ultrasonic signal is proved by the comparisons with the
corresponding fraditional methods and further confirmed by a series of experiments
on a common tube sample. The experimental results show that all measurement errors
are less than 3.5%, which can be completely accepted by practical engineering,
Therefore, it is reasonable to believe that both the proposed methods will be widely
adopted and extensively applied to the analysis of ultrasonic signals.
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Appendix

1
The polynomial curve fitting technique can be described by the following figure

X
0
Fig.A1 The schematic diagram of polynomial eurve fitting technique

Where a set of data X and Y with the same length N are required. Assume the resulted
curve fitting equation is an m-order of polynomial, i.e.
Y=g+ X+ xS+t Cpy X 4, X" (A1)
where ¢, (i =1,2,'++,m) are the polynomial coefficients.
The equation (Al) can be expressed in matrix form
ym+|,1 = A s Cm+!,l (A2)
where

- v -
Z‘y, © N N ¥, N ]
» 21 Z’»‘i Z"i S 3 %

N .
y x {u) =] f=1 }'I-l
Zz . LD 3 R S

=) ful i=l
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) Zx" len-rz

=N Lo
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U ¥ . m X .m-l . . L .m-m
L - el 104
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By solving_the equaﬁon (A2), the polynomial coefficients can be easily yielded. .
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Figare captions
Fig. 1 Working mechanisms of ultrasonic transducers.
Fig.1(a) delay line transducer. -
Fig.1(b) surface wave transducer.

Fig.2 Signals collected at the same distance but at different circumferential locations.
Fig.3 Complex Morlet Wavelet.

Fig.4 CWTs of the nltrasonic signals.

Fig.4(a) signal a71.

Fig,4(b) signal a72.

Fig.4(c) signal a73.

Fig.4(d) signal 274,

Fig.5 Signals and their envelop detection results.

Fig.5(a) signal a71.

Fig,5(b) signal a72.

Fig.5(c) signal a73,

Fig.5(d) signal 274,

Fig.6 Micro defects contained in material.

Fig.7 Correlation analysis of the signals a71 and 372.

Fig.8 Scheme of experiments.

Fig.9 complex wavelet based correlation analysis of the signals a71, a72 and a73.
Fig.9(a) the first time of correlation analysis. '
Fig.9(b) the second time of correlation analysis.

Fig.9(c) the third time of correlation analysis.

Fig,10 Data calibration. '

Fig.10(a) move forward the fransducer in Smm.

Fig.10(b) move forward the transducer in 2mm.

Fig.10(c) the final calibration curve.

Fig.Al The schematic diagram of polynomial curve fitting technique.
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CLAIMS
Having thus described the invention, we claim:
1. Apparatus for evaluating position of 2 conduit in a fluid coupling, comprising;
an ultrasonic transducer adapted to be installed relative to the coupling to transmit
ultrasonic energy into the conduit; said transducer receiving ultrasonic energy and producing an
electrical signal related thereto; and

an analyzer for receiving said electrical signal and producing an output that corresponds

" to axial position of an end of the conduit.

2.  The apparatus of claim 1 wherein said output corresponds to axial position of the

conduit end relative to said transducer.

3. The apparatus of claim 1 wherein said transducer produces transient ultrasonic
energy.

4, The apparatus of claim 3 wherein said transducer comp}ises a shear wave
transducer.

5.  The apparatus of claim 3 wherein said transducer comprises a surface wave

transducer or a delay line transducer,

6. The apparatus of claim 1 comprising a noise filtering function to filter noise from
said electrical signal.

7. The apparatus of claim 6 wherein said electrical signal is stored digitally and said
filtering is performed digitally.

8. The apparatus of claim 1 wherein ultrasonic energy is input at two or more
different locations about the conduit, said transducer producing a plurality of electrical signals,
each electrical signal being related to received ultrasonic energy and corresponding to a

respective one of said locations,
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9. The apparatus of claim 8 comprising a correlation function of said plurality of
clectrical signals and wherein said analyzer produces an output that cotresponds to axial position
of an end of the conduit based on said ;:orrclation.

10.  The apparatus of claim 1 wherein said analyzer comprises an analog to digital

converter that digitizes said electrical signal, and a programmable digital circuit that receives said

digitized electrical signal for noise reduction and correlation analysis.

11.  The apparatus of claim 1 wherein said transducer comprises a face plate that is
positioned against the conduit and is shaped to conform to an outer surface contour of the
conduit,

12,  The apparatus of claim il wherein said face plate comprises low attenuation
plastic,

13.  The apparatus of claim 12 wherein said face plate comprises acrylic resin.

14. The apparatus of claim 1 comprising a correlation function for two or more of said
electrical signals.

15.  The apparatus of claim 14 wherein said correlation function is based on a Morlet
wavelet analysis,

16.  The apparatus of claim 1 wherein said ulirasonic energy is cormelated and filtered
with a Morlet wavelet function,

17.  The apparatus of claim 1 wherein the coupling comprises a body having a surface
against \;'hich said end of the conduit contacts after a normal pull-up, said analyzer output
providing an indication of quality of contact between said end of the conduit and said surface.

18.  The apparatus of claim 17 wherein sgid quality of contact includes one or more of:
contact surface area, load between said conduit end and said surface, gap between said conduit
end and said surface, and squareness of said contact,

19.  Apparatys for evaluating a fitting assembly of the type having a conduit and a

fluid coupling installed thereon, comprising:
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a source adapted to apply mechanical energy waves into the conduit; said source

receiving reflected energy waves and producing a signal related thereto; and

an analyzer for receiving said signal and producing an output that corresponds to axial
position of an end of the conduit,

20.  The apparatus of claim 19 wherein said source produces ultrasonic waves.

21.  The apparatus of claim 20 wherein said source comprises a separate transmitter

"and receiver.

22,  The apparatus of claim 20 wherein said ultrasonic energy is in the form of at least
one fransient waveform applied into the conduit through the fluid coupling.

23,  The apparatus of claim 20 wherein said ultrasonic energy is correlateci and filtered
with a Morlet wavelet function.

24.  The apparatus of claim 19 wherein said energy waves are applied at two or more

different locations about the conduit, said source producing a plurality of said signals, each signal

being related to reflected energy waves and corresponding to a respective one of said locations,

25.  The apparatus of claim 19 wherein said source produces shear wave energy,

26.  The apparatus of claim 19 wherein said source applies energy waves into the
conduit at an angle of about greater than 0° to about 90° from normal.

27.  The apparatus of claim 19 in combination with a fluid coupling comprising a body
and nut and at least one ferrule that secures the conduit within the coupling, said body
comprising a shoulder against which said end of the conduit bottoms after the fitting is
completely assembled onto the conduit.

28, The apparatus of claim 27 wherein said analyzer output provides an indication of
quality of contact between said end of the conduit and said surface.

29, The apparatus of claim 19 wherein said analyzer applies noise reduction and

correlation 1o two or more of said signals,
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30. A method for evaluating position of 2 conduit in a fluid coupling, comprising the

steps of

applying mechanical energy waves into the conduit at a first location that is axially
spaced from an end of the conduit;

receiving reflected portions of said energy waves; and

determining axial position of said conduit end relative to said first location as a function

of said reflected portions of said energy waves.

31,  The method of claim 30 wherein the step of applying energy waves comprises the
step of applying ultrasonic energy shear waves. | '

32.  The method of claim 30 wherein said energy waves are transient.

33. - The method of claim 30 wherein said determining step comprises converting said
reflected portions of séid energy waves into corresponding electrical signals and applying noise
reduction to said electrical signals.

34. The method of claim 30 wherein said determining step comprises correlation
analysis on said reflected portions,

35.  The method of claim 34 comprising the step of applying said energy waves at two
or more different radial positions about the conduit at said first location.

36. The methoci of claim 35 comprising the step of correlating and filtering said
reflected portions using a Morlet wavelet correlation function.

37,  The method of claim 30 comprising the step of dgtermixﬁng the quality of a
contact between said conduit end and a generally radial surface associated with a fluid coupling
installed at said conduit end.

38, The method of claim 30 wherein said energy waves comprise shear energy waves,

39.  The method of claim 30 wherein said energy waves are applied to the conduit at

an angle within the range of about greater than 0° to about 90° from normal.
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40, A method for evaluating a fitting assembly of the type having a conduit and 2

fluid coupling installed thereon, comprising the steps of:

app[yinlg mechanical energy waves into the conduit at a first location that is axially
spaced from an-end of the conduit;

receiving reflected portions of said waves; and

determining a characteristic of the fitting assembly as a function of said reflected portions
of said energy waves.

41.  The method of claim 40 wherein s\aid characteristic comprises either or both of the
following: position of an end of the conduit within the coupling; and determining nature of
abutment bcthen an end of the conduit and a surface associated with ﬁm fluid coupling.

42,  The method of claim 40 wherein said energy waves comprise transient mechanical
waves. |

43.  The method of claim 42 wherein said waves comprise shear ultrasonic waves.

44,  The method of claim 40 wherein said determining step comprises filtering and
correlation analysis on said received portions.

45.  The method of claim 44 wherein said correlation analysis is based on Morlet
wavelet correlation. |

46.  The method of claim 40 wherein said waves ate applied to the conduit at an angle
within the range of about greater than (° to about 90° from normal.

Y 47.  The method of claim 40 wherein said energy waves are input through the fluid
coupling.

48,  The method of claim 40 comprising the step of applying said energy waves to the
conduit at different radial positions about said first location, and correlating said received
portions.

49, - A method for evaluating a fitting assembly of the type having a conduit and a

fluid coupling installed on the conduit, comprising the steps of:
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applying mechanical energy waves into the fitting assembly;

receiving reflected portions of said energy waves; and

determining quality of contact between said conduit end and a generally radial surface |
associated with the fluid coupling.

50. A method for evaluating bottoming of a conduit in a fluid coupling, comprising
the steps of:

applying energ;r waves into the conduit;

receiving reflected portions of said energy waves; and

determining natyre of contact between said conduit end and a generally radial surface
associated with the fluid conpling installed at said conduit end.

51.  The method of claim 50 wherein nature of contact includes one or more of the

following: amount of contact area, load between the conduit end and the radial surface, presence

--of a gap, presence of square abutment.

52.  The method of claim 50 wherein said energy waves are applied as transient shear
ultrasonic energy waves.

53.  The method of claim 50 wherein said energy waves are applied as mechanical
energy waves.

54.  The method of claim 53 wherein said mechanical energy waves are applied as
transient shear ultrasonic energy waves,

55.  The method of claim 50 wherein said energy waves are applied to the fluid
coupling,

56.  The method of claim 50 wherein said energy waves are applied from different
radial positions at a selected axial location of the conduit.

57. The method of claim 56 wherein said energy waves are applied using a plurality

of ultrasonic transducers.
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58.  The method of claim 50 comprising the step of filtering and corelating said

recejved reflected portions.

59.  The method of claim 50 wherein said waves are applied to the conduit at an angle

within the range of about greater than 0° to about 90° from normal,

60, Apparatus for evaluating a fitting assembly of the type having a conduit and a
ﬂu{d coupling installed thereon, comprising:

a source adapied to apply mechanical energy waves into the fitling assembly; said source
receiving reflected energy waves and producing a signal related thereto; and

an analyzer that determines a characteﬂsﬁc of the fitting assembly as a function of said
reflected portions of said energy wa;ves. |

61.  The apparatus of claim 60 wherein said source comprises a separate transmitter

“and receiver,

62.  The apparatus of claim 60 wherein said source produces transient shear ultrasonic
energy waves.

63,  The apparatus of claim 60 wherein said analyzer correlates said received energy
waves.

64.  The apparatus of claim 63 wherein said correlation is based on a Morlet wavelet
correlation function.

65.  The apparatus of claim 60 wherein said energy waves are applied to a fitting body
that is'associated with the fluid coupling,

66,  The apparatus of claim 60 wherein said energy waves are applied to the conduit at
an angle within the range of about greater than 0° to about 90° from normal relative to a
longitudinal axis of the conduit.

67.  The apparatus of claim 60 wherein said characteristic relates to bottoming of an

end of the conduit in the fluid coupling.
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68.  Apparatus for evaluating a fitting assembly of the type having a conduit and a

fluid coupling installed on the conduit, comprising:

a source adapted to apply energy waves into the fitting assembly; said source receiving

reflected energy waves and producing a signal related thereto; and

5 an analyzer for receiving said signal and producing an output that corresponds to nature

of contact between the conduit end and a surface associated with the fluid coupling.

69.  Apparatus for evaluating a fitting assembly of the type having a conduit and a

fluid coupling installed on the conduit, comprising:

a source adapted to apply energy waves into the fitting assembly; said source receiving

10 reflected energy waves and producing a signal related thereto; and

an analyzer for receiving said signal and producing an output that corresponds to axial

position of an end of the conduit,

70.  The apparatus of claim 69 wherein said axial position indicates bottoming of the

conduit in the fluid coupling,

15 71.  The apparatus of claim 69 wherein said source comprises a separate fransmitter

and receiver.

72.  The apparatus of claim 69 wherein said source produces transient shear ultrasonic

energy waves.

73.  The apparatus of claim 69 whetein said analyzer correlates said received energy

20 waves.

74, The apparatus of claim 73 wherein said correlation is based on a Morlet wavelet

correlation function.

75.  The apparatus of claim 69 wherein said energy waves are applied to a fitting body

that is associated with the fluid coupling,
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76.  The apparatus of claim 69 wherein said energy waves are applied to the conduit at

an angle within the range of about greater than 0° to about 90° from n;rmal relative to a
longitudinal axis of the conduit.

77.  The apparatus of claim 69 wherein said energy waves are input at two or more
different Jocations about the conduit, said source producing a plurality of electrical signals in
response to said received energy waves, each electrical signal corresponding to a respective one
c;f said locations.

78.  The apparatus of claim 77 comprising a correlation function of said plurality of
electrical signals and wherein said analyzer produces an output that corresponds to axial position
of an end of the conduit based on said correlation. ‘

79.  The apparatus of claim 69 wherein said analyzer comprises an analog to digital
converter that digitizes said signal, and a programmable digital circuit that receives said digitized
signal for noise reduction and correlation analysis

80.  Apparatus for evaluating a fitting assembly of the type having a conduit and a
fluid coupling installed on the conduit wherein the fluid coupling includes at least one ferrule, the
apparatus comprising:

a source adapted to apply energy waves into the fitiing assembly; said source receiving
reflected energy waves and producing a signal related thereto: and

an analyzer for receiving said signal gnd producing an output that corresponds to a
characteristic of the ferrule.

81.  The apparatus of claim 80 wherein said characteristic is location of an indentation
of the ferrule into the conduit.

82.  The apparatus of claim 80 wherein said source comprises a separate transmitter
and receiver, -

83, The apparatus of claim 80 wherein said source produces transient shear ultrasonic

energy waves.
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84.  The apparatus of claim 80 wherein said analyzer correlates said received energy
waves.

85.  The apparatus of claim 84 wherein said correlation is based on a Morlet wavelet
correlation function. |

86.  The apparatus of claim 80 wherein said energy waves are applied to a fitting body
that is associated with the fluid coupling,

87. The apparatus of claim 80 wherein said energy waves are applied to the conduit at
an angle within the range of about greater than 0° to 'abou't 90° from normal relative to a
longitudinal axis of the conduit,

88. Thé apparatus of claim 80 wherein said e'nérgy waves aré input at two or more
different locations about the conduit, said source producing a plurality of electrical signals in

response to said received energy waves, each electrical signal corresponding to a respective one

of said locations.

89,  The apparatus of claim 88 comprising a correlation function of said plurality of
electrical signals and wherein said analyzer produges an output that corresponds to axial position
of'an end of the conduit based on said correlation.

90.  The apparatus of claim 80 wherein said analyzer comprises an analog to digital
converter that digitizes said signal, and a programmable digital circuit that'receives said digitized

signal for noise reduction and correlation analysis.

SUBSTITUTE SHEET (RULE 26)



WO 03/106992 PCT/US03/18812

172

//
“\‘\ %/ @‘&\M/ !

78 ////A//////////
6] D E
FIG. 1
16
TO
ELECTRONICS
14
C F B
12— \‘ // ,/




WO 03/106992 PCT/US03/18812

2/2

e "
r—-——————- " —"—"—"—"—"—&=————— n
| 36— 34—, 30~ |
| DATA | AID B FILTER | |

STORE [~ CONVERTER [~ FUNCTION
| |
| J
32 l

| 40\ Y N : |
| OUTPUT

CORRELATION}—=—42 | |
| [ 2
| 26~ 28 | 20
| | 22 |+
| sienaL |

GENERATOR 24 TS
| | /




	Abstract
	Bibliographic
	Description
	Claims
	Drawings

