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The Methodology for the Reliability Evaluation of
the Signal Processing Methods Used for the
Dispersion Estimation of Lamb Waves

Lina Draudviliené

Abstract—The applications of ultrasonic Lamb waves are
becoming more and more frequent and diverse in industrial
fields. These waves are used in non-destructive testing (NDT),
structural health monitoring (SHM), for the assessment of the
quality of materials, etc. However, due to the unusual properties
of these waves, new or adapted signal processing methods are
necessary to use for the analysis of such wave signals. Based
on the requirements of ISO 17025, the work presents the
methodology for verification of the signal processing methods
used to reconstruct the dispersion curves of the phase and group
velocities of Lamb waves. The key sequence of the mathematical
and experimental stages, which must be passed to evaluate the
reliability of the methods are developed. The present methodology
includes the algorithm to optimally quantify the uncertainty,
as to avoid additional testing, saving cost and time. The main
characteristics and sources of the uncertainties, that mainly affect
the accuracy of the obtained results are identified, analyzed, and
presented. New standards for certification testing, inspection, and
monitoring can be developed more easily and quickly based on
the provided methodology in the future.

Index Terms— Dispersion curve, method verification, reliabil-
ity, signal processing method, ultrasonic Lamb waves, uncer-
tainty.

I. INTRODUCTION

OWADAYS, the applications of the ultrasonic testing

method based on ultrasonic Lamb waves are becoming
more diverse and increasingly employed. These waves are used
in non-destructive testing (NDT), structural health monitoring
(SHM), also for the assessment of the quality of materials
determining their elastic properties [1]-[7]. However, the
Lamb waves have some limitations related to the properties
of these waves such as: a dispersion phenomenon, multimodal
behavior, convergence of modes, modes interlacing, mode
splitting due to edges, and others [7]-[11]. One of the main
limiting factors is the phenomenon of dispersion, which means
that the velocity of waves varies depending on the frequency
(f) and the object thickness (d) [12]. Velocity as a function of
frequency determines the occurrence of two-phase and group
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velocities and is characterized by dispersion curves [13]-[15].
Thus, these identified behavioral features suggest that the
signal processing methods, commonly used for the analysis of
ultrasonic waves, cannot be employed for these waves. There-
fore, new signal processing methods are developed or adapted
for the analysis of signals of Lamb waves [16]-[18]. However,
usually the main hurdle in the adaption of such novel analysis
methods is the unknown reliability. In accordance with the
protocols and requirements given in [19] and [20], each mea-
surement method must be reliably, accurately, and precisely
tailored to the intended purpose. Therefore, a verification,
in order to verify and confirm that a laboratory has the ability
to carry out those proposed methods, is needed [19], [20].
It is pertinent to perform a feasibility study after some new
processing algorithm and/or method is proposed and developed
to determine the performance characteristics [21]. Such tests
should include system accuracy, linearity, limited detection,
and other parameters. One can also perform environment
testing to see what kind of conditions might be changed so as
to ensure that a proposed method is still accurate [22]-[26]. It
can be stated that a lack of such information complicates
the application and utilization of the proposed new methods
for certain task solving. As an example, the pharmaceutical
industry is the driving force in the development of validation
and verification practices [27]-[29]. A guide on bioanalyti-
cal method validation was published by the U.S. Food and
Drug Administration (FDA) in 2001 in which a sensible
compromise between thoroughness and cost-effectiveness is
achieved [27]. However, different practices exist in other
industries and sectors. Usually owing to the lack of adequate
resources, generally accepted and cost-effective methodologies
for validation and verification are used. It is, therefore, crucial
that efforts are made to make such procedures optimal. So,
the methodology of verification of a method is valuable for
any routine testing that requires consistency and accuracy.
On the contrary, research publications presenting novel signal
processing methods for Lamb waves dispersion evaluation
usually skips reliability topic. Most often phrases such as: “a
good agreement,” “a good compliance,” “highest agreement is
obtained,” “very accurate results,” “the measured dispersion
curves agree well with the theoretical model,” and “correlated
well with theoretical calculations” are encountered without
substantial backing to them [17], [30]-[34]. This makes it
difficult to interpret the distribution of the results and to
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evaluate the proposed method’s accuracy and reliability. Mak-
ing a comparison with the other methods to decide which is
more appropriate to solve one or another problem becomes
impossible. As a big number of different signal processing
methods are used for the dispersion evaluation of Lamb waves,
the common methodology for the reliability evaluation of
the methods is necessary to be developed and presented.
The general principles and sequence of the mathematical and
experimental stages will facilitate the verification analysis
of any signal processing method used for the dispersion
evaluation of Lamb waves and expand understanding about
the measurement reliability, peculiarities of method validation,
and verification. These provisions will complement the general
guidelines [19], [20], [28], [29] that present a discussion of the
characteristics that should be considered during the verification
or validation of procedures.

The aim of this work is to develop a methodology for
verification of the signal processing methods applied to recon-
struct the dispersion curves of the phase and group velocities
of Lamb waves and the accuracy assessment according to
the requirements of ISO 17025. To achieve this goal, it is
necessary: to create an algorithm for the determination of
general principles and sequence of key steps to estimate the
results of signal processing methods; to identify, analyze, and
present the main characteristics and sources of uncertainties
that mainly affect the accuracy of obtained results.

II. PROCESS OF THE METHODOLOGY REALIZATION

Validation of a newly developed method is an important and
a necessary part of the proposed algorithm as it would help
to avoid costly and time-consuming practices and ensure the
understanding of the methods’ capabilities. The methodology
includes the following main aspects:

1) Development of an algorithm for a process of the
verification procedure of signal processing methods.
The extent of the process depends on many factors: a
type of method and equipment used, type of a tested
object, procedure steps, or even the user’s experience
and training [27], [35].

2) General mathematical verification and interpretation of
the experimental results. The purpose is to determine
the mathematical model, input and output parameters,
which affect the final method accuracy.

3) Optimization of selected uncertainty components for
uncertainty quantification. The quantitative expression
(quantitative equation) is related to the measure-
ment value according to the parameters on which it
depends [35].

In order to evaluate the metrological parameters of signal
processing methods used for the dispersion evaluation of the
phase and group velocities of Lamb waves, there are two
main stages: mathematical and experimental. Verifications are
recommended to be performed according to the flowchart
Fig. 1.

A deeper analysis of both mathematical and experimental
verifications and interrelation between them is presented in
Sections II-A and II-B.
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A. Mathematical Verification

Mathematical verification of a signal processing method
used for the phase and group velocity dispersion evaluation
of the Lamb waves consists of several main steps.

First, the uncomplicated object, which can be easily
described mathematically, is recommended to be used. That
object could be an aluminum or steel plate.

Second, reference method, for the obtained results compar-
ison, needs to be selected. It is recommended to use analytical
and/or semi-analytical methods such as: semi-analytical finite
element (SAFE) [36], DISPERSE [37], and/or others. Then,
the dispersion curves of the phase and group velocities of the
A, and S, modes of Lamb waves are obtained using the geom-
etry parameters and the material properties (Young’s modulus,
Poisson ratio, and density) of the object selected for the study.

The third step is the frequency range selection. The Lamb
waves possess an infinite number of modes in the higher
frequency ranges. For that reason, the investigation frequency
range should be selected based on the obtained plots of the
dispersion curves by the reference method. It is recommended
to use the frequency range where only fundamental asymmet-
ric Ag and symmetric Sy modes exist. Based on the selected
frequency range, the input parameters such as excitation signal
uo(r), the wave propagating distance x, and the step between
two-point dx are chosen.

The fourth step is to obtain the simulated signals using
the signal processing method. It is recommended to use the
simplified complex transfer function for that purpose [38]

uy(t) = IFT[FT(uo(r)] - H(j [, x)] (1
where u,(t) is the output signal; uy(¢) is the input signal; the
IFT denotes the inverse Fourier transform; and H (jf, x) is the
complex transfer function of the object

H(jf, x) = e *Dxe mm )
x is the propagation distance; a ( f) is the frequency-dependent
attenuation coefficient which is not used since the Lamb waves
attenuation is very low for metal objects; w is the angular
frequency; and j is the basic imaginary unit j = (—1)"/2. The
set number of the propagating signals is obtained, and they
can be displayed in the B-scan images.

The fifth step is the verification of the signal processing
method’s application. Using the collected output signals u, ()
at different distances and applying the particular proposed
signal processing methods, the segments of the phase and/or
group velocity dispersion curves are obtained [39], [40]. The
reconstructed dispersion curve relates the velocity values and
corresponding frequencies.

The final step is the calculation of the standard deviation by
the comparison of the results obtained using the mathematical
simulation and reference method. It is important that the com-
parison of the obtained velocity values would be performed at
the same frequency. The standard deviation of the calculated
velocity error indicates the reliability of the method at the
theoretical level, and it should be involved in the uncertainty
budget.
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Fig. 1. Algorithm for the evaluation of the metrological parameters of the

The calculation and explanation of o5, are given in
Table 1. The absolute error and the average of absolute errors
can be calculated as follows:

Cmatn — cmat," (fn) — Crefn (f) (3)
1 N
Bew =+ ; Acp, (3)

where n 1,..., N,nth point of the dispersion curve
obtained by the mathematical simulation, N is the number of
points in a segment of the dispersion curves obtained by the
mathematical simulation, c,(f) are the phase/group veloc-
ities at the corresponding frequency obtained according to
the reference dispersion curve, cma.,(f,) are the phase/group
velocities at the corresponding frequency of the reconstructed
dispersion curve obtained by the mathematical simulation.

In order to complete the assessment of any method reliabil-
ity, experimental investigations are necessary.

B. Experimental Verification

The experimental investigations are necessary for the com-
plete assessment of any method’s reliability. In order to
evaluate quantitative characteristics of method accuracy, a sys-
tematic error of the experimental values from conventional true
value has to be estimated [41], [42]. Equipment of different
complexity can be used for the realization of different meth-
ods. It may affect not only the systematic error but also the
total uncertainty. The equipment includes a measuring system

signal processing methods used for the dispersion estimation of Lamb waves.

with specific software for the generation of input parameters
and for processing the results. The main equipment consists of
the wide band ultrasonic system for generating and receiving
the Lamb waves, ultrasonic transducers for the excitation
and reception of propagating ultrasonic wave signals, and a
scanner. The measuring instruments are needed to calculate
the density, dimensions, and measuring distance of the object
and/or to determine the other parameters necessary for the test.

In order to determine the applicability of the methodology,
it is necessary to define the limits of suitability. The standard
deviation of the mathematical verification is one of the sources
of combined standard uncertainty shown in Fig. 1. It can be
determined under the following three conditions:

1) The experimental verification is performed using the
experimentally collected signals propagating in an object
with the same material parameters (Young’s modulus,
Poisson’s ratio, and density) and geometry as it is used
in the investigation of the mathematical verification.
The investigation is performed in the same frequency
range.

The same referent method for the comparison of the
obtained experimental results is used.

2)
3)

The measurement technique should ensure the acquisition
of signals along the wave propagation direction. The number
of the collected signals depends on the selected measured
distance x and the step between two measurement points dx.
The set number of the propagating signals is obtained. The
B-scan of the normal component of the particle velocity on
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TABLE I

SUMMARY OF UNCERTAINTY BUDGET FOR MEASUREMENT OF VELOCITY

Sources of combined Equation of standard uncertainty Remarks Distribution Sensitivity
standard coefficient of standard
uncertainty uncertainty
Op, = N is the number of points in a segment of Gaussian 1
Mathematical model LS — mathematical reconstructed dispersion curve,
Zﬁzl((Acmat,n) —Ag,)° n""~ the point of the segment, Acyqn
N—-1 (Formula 3) are the errors of velocities of the
reconstructed dispersion curve from the
simulated signals, Ecmut (Formula 3a) is the
average of errors of velocities.
K is the number of points in a segment of Gaussian 1
Velocity (dispersion « = 5 experimentally reconstructed dispersion
curve) — Zi=1(8ac— A) curve, k" the point of the segment, Acy,
g,
R K-1 (Formula 4) are the errors of velocities of the
reconstructed dispersion curve from the
experimental signals, A, (Formula 4a) is the
average of errors of velocities.
Uncorrected error for _ Bepmax A, . is the maximum deviation from the Gaussian 1
frequency range or G(AC"‘“") R average velocity error for a single point
fluctuations of the Lamb
wave’s frequency f
Distance between two Adx Adx is the error of step setting, ¢ is the Rectangular 1/t
. o(dx) =+— . o
points V3 duration of pulse excitation
Plate thickness x; Ax; are the density p, the Young modulus
Density E, the Poisson‘s ratio v, the plate thickness d Gaussian or W, (x) = AF (x;)
Young modulus o(x;)oro =+ Ax; or their variations respectively rectangular o :

a

Poisson’s ratio

the surface of the object is obtained for both Ay and Sy modes.
Then, the proposed signal processing technique is applied and
the dispersion curves c,, x (fx) are obtained. A systematic error
calculation can be performed by comparing the segments of
the dispersion curves reconstructed in both ways in the same
frequency range. Then, the systematic error and the average
of the errors are obtained

Ack = Cex,k (fk) — Crefk (f) (4)

I

Ae=—> A,
2

where, K is the number of points in a segment of experi-
mentally reconstructed dispersion curve, k = 1,..., K, kth
point of the segment, c., x(fr) are the phase/group velocities
at the corresponding frequency of the reconstructed dispersion
curve from the experimental signals, and c.f(f) are the
phase/group velocities at the corresponding frequency obtained
according to the reference dispersion curve. The calculation
and explanation of the experimental standard deviation oy,
are given in Table I. It is recommended to express these
characteristics in relative terms. Section III analyzes the main
sources of uncertainties. The summarized overall uncertainty
budget is presented.

(4a)

III. ANALYSIS OF UNCERTAINTIES

A list of sources of uncertainties relevant to the signal
processing methods used for the phase and group velocities
dispersion evaluation is advised to be developed and recorded.
This list would reflect the final stage of the study of the

Method (simulated and
Operator  experimental input parameters) - Measuring equipment

EHOTOfDiSPCTSiOHCWVC\ \ Measuring instruments, tools (transducers)

Excitation frequency\ \ Measurement system with specific software

\ Velocity variation

/ Density, Young modulus, Poisson ration,
Thickness

Temperature
Humidity
Specimen

Fig. 2. Cause and effect diagram to visualize the possible uncertainty
components for phase and group velocities evaluation of the Lamb waves
by using contact measurement method.

suitability of the proposed signal processing method for its
use. Thus, key recommendations and research steps, as well
as systematized components of uncertainty, would help in the
introduction of new signal processing methods.

The assessment of the components with the greatest influ-
ence on the overall standard uncertainty is recommended to be
focused on [39], [43]-[47]. Typical sources of the uncertainty
are submitted using a cause-and-effect diagram in Fig. 2.

Uncertainty sources can be divided into three main groups:
1) method implementation; 2) measuring instruments; and
3) specimen parameters, which include the mechanical para-
meters affected by environmental conditions and geomet-
ric parameters. Therefore, the next step is to quantify the
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Fig. 3. Calculation of the mean absolute error of the reconstructed segment
of the velocity dispersion curve.

uncertainty arising from these sources. Thus, this information
can be obtained using different means: in the laboratory, from
the device specifications, test reports, and scientific literature.
Main uncertainty sources and most influential components
related to the individual measurement stages are presented
below. Operators are assumed to be trained to work with
measuring equipment. Based on this reason, the uncertainty
source of the human error is neglected in this article.

A. Method Implementation

It is assumed that a methodical error is evaluated during the
mathematical verification. Obtained segments of the dispersion
curves can be used to assess the uncertainty of the measure-
ment model oa,,, (see Table I). It is equal to the standard
deviation of the dispersion curves.

Using the developed signal processing method, the disper-
sion curves in the given frequency range are reconstructed.
According to the segments of the reconstructed dispersion
curves, two main uncertainty components should be evaluated:
the standard deviation o,, and the uncorrected error for a
frequency range or the frequency fluctuations of the Lamb
waves g (A, ) (see Table I). Owing to this, the mean values
of the velocity errors A, and the deviations from the average
value for separate points A should be calculated. Maximum
deviation from the average velocity error is fixed Acmax =
max(Aq — A.) by evaluating the combined uncertainty across
the whole frequency range (see Fig. 3). In this way, the
deviation for the uncorrected error for the frequency range
calculation is obtained (see Table I). It is assumed that the
frequency fluctuations of the Lamb waves are evaluated.
This component includes limitations of the application of the
method due to the resolution.

B. Measuring Instruments

Measurement systems with specific software and tools
(transducers) configure the experimental parameters and have
very different operating principles and specifications. The
operating frequency band of the transducers used in the
experiment affects the frequency range of the reconstructed
dispersion curve which has been discussed above.

Studies have shown that the distance between two measure-
ment points (for example the scanning step) has an impact on
the results [39], [40], [46]. So, it is recommended to estimate
the uncertainty component based on the distance between
two points dx. Then, the standard uncertainty o(dx) can be
calculated as shown in Table I. Transmitter produces by a pulse
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with the duration of ¢ which corresponds to the excitation of
appropriate frequency waves. The change of Ar is affected
by the corresponding variation of Adx, which is very small.
Therefore, the time component is not discussed.

The impact of the electrical noise on the equipment used
is very difficult to assess. Because of this reason, it is recom-
mended to reduce the errors by performing signal averaging.
For example, averaging eight signals reduces random noise
2.5 times [40], [45].

C. Specimen Parameters

Temperature affects the measurement result [48], as it
affects the geometrical parameters of the object, mechanical
material properties. Typically, the properties of the material are
determined at a temperature of 20 °C. The uncertainty of the
temperature fluctuations is small and may be neglected when
using a contact method at a sufficiently short distance in a
controlled laboratory environment [39], [47]. In any case, the
experiments have to be performed under normal working con-
ditions (20 °C = 2 °C). Therefore, the laboratory temperature
ought to be monitored using a calibrated thermometer.

Based on the carried out investigations, the mechanical and
geometric parameters such as density p, Young’s modulus E,
Poisson’s ratio v,and plate thickness d affect the variation
of the velocities [39], [40]. Due to this reason, the knowl-
edge of the material properties and geometry of the objects
under investigation is necessary. Experimental results or some
assumptions and/or manufacturers’ specifications can be used
for uncertainty analysis of these components [45], [48]. Stan-
dard uncertainties can be calculated using the rectangular
or Gaussian distribution accordingly (see Table I). In the
cases where it is difficult to describe the model function, the
sensitivity coefficients can be evaluated not mathematically,
but experimentally [46], [47]. In this case, the sensitivity
coefficient is calculated instead of standard expression [46]
Wi(x;) = (0F(x;)/0x;) using the equation [46]: W;(x;) =
(AF(x;)/Ax;), where Ax; is the small change of the variable
xi, AF(x;) is the change of function caused by variation Ax;
and it is evaluated as follows:

[F()Ci)—F()C,'—A)Ci)] [F(xi—Axi)—F(xi)]
2 2

AF(x;) =
(&)

Based on the discussed main sources of the combined
standard uncertainties, the overall uncertainty budget is sum-
marized and presented in Table I. The probability distributions
and formulas are also assigned, and they are listed in Table 1.

During the calculation of the uncertainty components, the
preference should be given to the experimental data or simula-
tion using theoretical assumptions. When the sum of individual
effects is important, it is necessary to consider the individual
contributions from all individual effects separately. As most
equipment calibration uncertainties will be negligibly small
when compared with the overall precision and uncertainty in
the bias; this needs only to be verified.

As observed in the uncertainty evaluation [39], [46], [47],
the dominant influences are attributed to the repeatability
of velocity, frequency fluctuations of the Lamb waves, and
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cover more than 50% of the overall uncertainty. Presented
combined standard uncertainty is sensitive to the parameters
of the mathematical model, plate thickness (especially in
the measurement of small geometrical parameters), and the
distance between two points.

Each source is quantified and incorporated into a final
expanded uncertainty using the standard formula [45] (Ac) =
kx (N, W26 (x;))"/%, where Wi- is the sensitivity coeffi-
cient, o (x;) is the standard uncertainty. Expanded uncertainty
is based on the standard uncertainty multiplied by a coverage
factor of k = 2, which provides a confidence level of 95%.

IV. CONCLUSION

The work presents the methodology of reliability evaluation
of signal processing methods used to reconstruct the dispersion
curves of the phase and group velocities of Lamb waves.
The reliability of the method is associated with the system-
atic error and measurement uncertainty evaluation. According
to the requirements of ISO 17025, method validation and
verification are carried out by quantitative assessment of its
accuracy. The methodology provides the main characteristics
and sources of uncertainties, which mainly affect the accuracy
of the obtained results. The present methodology includes an
algorithm for estimating the optimal uncertainty. Based on the
presented algorithm, two different tests, using simulated and
experimental parameters are recommended to be performed
for the verification of the proposed method. In both cases,
the results obtained must be compared with the calculated
dispersion curves by the reference method. The results of the
mathematical verification are used for the calculation of the
mathematical model uncertainty. The experimental results are
used to calculate key characteristics such as the systematic
average error and the expanded uncertainty. The expanded
uncertainty covers all the significant components that have
been identified.

The verification methodology with the evaluated budget of
uncertainties can be applied equally within different industries.
Using the presented calculations, the analysis can be mini-
mized, saving cost and time. New standards for certification
testing, inspection, and monitoring can be developed based on
the provided methodology in the future.
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