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This paper presents an ultrasonic signal processing technique based on the apex-shifted Radon transform
(ASRT) to mitigate near-array artifacts as a more selective filtering alternative to conventional time-gating
strategies for the total focusing method (TFM). The ASRT-based image processing algorithm described here
is used to selectively mute the direct P-waves and surface waves (collectively referred to as direct arrivals)
by their geometry in the time-space domain of full matrix capture data before performing TFM, which are
the sources of near-array artifacts. First, a mathematical formulation and intuitive explanation of the ASRT
is provided. Then, the algorithm’s ability to improve near-array image clarity is demonstrated on a synthetic
model of a steel region with two small inclusions near the array. Here, a significant reduction of the “dead-
zone” artifacts is observed. Then, the algorithm’s performance is shown to be comparable when applied to
experimental data obtained from an Inconel block with holes. From this investigation, the ASRT is concluded

to be an effective tool for enabling ultrasonic imaging within a wavelength of the array.

1. Introduction

Ultrasonic inspection is a mainstay of nondestructive evaluation
(NDE) and material characterization due to its accessibility and flex-
ibility. Accurate ultrasonic inspections are achievable with relatively
inexpensive hardware and offer a high degree of customization to the
sensor array. These inspections also benefit from being fast and can
be completed in real-time or in a matter of seconds. Because of these
benefits, ultrasound is highly convenient for laboratory, in-situ, and
manufacturing scenarios [1-7].

In the field of nondestructive evaluation, ultrasonics are widely
used for defect characterization [8,9]. When ultrasonic waves interact
with defects such as cracks, porosities, and impurities, they cause a
detectable signature in the received signals [10]. The damage detec-
tion capabilities of ultrasound are well-documented for rail compo-
nents [11], welded parts [12], composite parts such as aircraft compo-
nents [13], and heterogeneous media like polycrystalline solids [14].

Raw ultrasonic measurements may be processed in various ways to
glean the most relevant information from the scanned specimen. For
a topographical approach, these measurements will be input into an
ultrasonic imaging algorithm to produce a map of the scanning region
characterized by the differences in its physical properties. Defects, grain
boundaries, and the constituents of a composite part have different
physical properties from the surrounding media, which causes changes
to the wave propagation and allows ultrasonic imaging algorithms to
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resolve these regions visually. Several ultrasonic imaging algorithms
are available, including the total focusing method (TFM), phase co-
herence imaging (PCI), and full-waveform inversion (FWI). TFM uses
a delay-and-sum calculation to quickly resolve a reflectivity map in
a specimen [15,16]. PCI is a similar method to TFM, yet it relies on
the phase dependence of scattered waves to image [17]. FWI is a
significantly more expensive process adapted from geophysics, which
employs wave propagation simulation and gradient calculations to
iteratively converge to an accurate material property map [18]. From
these methods, TFM, in particular, has become a popular research topic
in NDE due to its simple implementation, relatively fast processing
time, and accuracy.

One major limitation in ultrasonic imaging, and for TFM in particu-
lar, is the “dead-zone effect” [19], which imposes a minimum distance
from the scanning array that an image can be clearly resolved. This
effect is caused by the high-amplitude waves propagating directly out
from the source (direct waves) and along the surface (surface waves)
that occupy some portion of the early received signals, which can
obscure wave packets from defects and other areas of interest near
the array. The relative dominance of these “direct arrivals” in the
time-domain ultrasonic signal is primarily a function of the material
wavespeed, excitation time, and excitation frequency, whose presence
directly influences the size of the dead zone. Without compensating
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for the dead-zone effect, ultrasonic imaging algorithms will attempt to
process the direct arrivals, which can lead to strong artifacts in the case
of TFM.

There are various approaches to overcome the dead-zone effect [20,
21]. Repositioning the scanning array allows the dead zone to be
moved outside the region of interest. However, it requires multiple
acquisitions. In addition, the specimen must be large and accessible
enough to be scanned from multiple points. Wedge transducers, in
particular, have been shown to be effective in reducing the dead-zone
depth [21]. Time-gating simply images the portion of the signals after
the direct arrivals, which negates any artifacts but prevents the near-
array region from being imaged at all [22]. Thresholding is a similar
strategy that can overcome the amplitude disparity between the direct
arrivals and scattered signals by limiting the signal amplitudes to a
certain maximum value. However, this strategy is ineffective in cases
where the direct arrivals overlap with the scattered wave groups. More
selective masking is possible through strategies such as the normal
moveout correction (NMO), which allows the direct arrivals to be
targeted surgically. However, by deleting the direct arrival waves, any
overlapping scattered waves will also be partially destroyed [23]. Ha
et al. [24] introduced the technique of using an autoencoding neural
network to detect defects within the dead zone. However, imaging such
defects is not the primary focus of such a technique.

This paper proposes a selective approach to muting these direct
arrival wave groups via the Apex-shifted Radon transform (ASRT) [25,
26], which can mitigate dead-zone artifacts and enable clearer near-
array imaging. The ASRT is a generalized Radon transform, a sig-
nal processing technique introduced in 1917 [27] and popularized
in geophysics, where it is employed for denoising [28] and multiple
attenuation [26,29] tasks. Denoising is a familiar term in the domain of
NDE, referring to the task of enhancing the signal-to-noise ratio of the
receiver signals. Multiple attenuation refers to tasks that mute signals of
multiply-reflected wave packets to emphasize the primary reflections.
In both cases, the ASRT is used to process seismic signals by either
isolating or muting targeted portions of the data to emphasize useful
information and de-emphasize spurious readings and clutter. Similarly,
for SHM and NDE ultrasonics, it is applied to the time-space ultrasonic
signals during preprocessing. This work is a continuation of the work
in applying ASRT to an ultrasonics setting [30]. The ASRT transforms
the time-space domain wave packets into a new domain parameterized
by their geometry via path integration. Then, in the Radon domain,
isolating or deleting specific elements of the signals becomes much
easier with minimal perturbation to the nearby data. In the previous
paper, the ASRT is used as a wave packet extraction algorithm primarily
for denoising tasks. In this investigation, however, the ASRT is used for
the inverse task as a wave packet deletion technique to mute the direct
arrivals received by an ultrasonic transducer. Additionally, whereas the
original work maintains a focus on ultrasonic signals and a structural
health monitoring discipline, this work is concerned with the effects of
the ASRT on TFM images. This manuscript will first detail the theory
and working principle of the ASRT-based dead-zone compensation tech-
nique, along with an overview of ultrasonic array scanning and TFM.
Next, the technique is demonstrated on a numerical model of a steel
region with two near-array inclusions that are occluded by near-array
artifacts as a feasibility study. The technique is subsequently applied to
real data acquired from an additively manufactured Inconel specimen
for experimental validation. Some discussion is included about the
other uses of the ASRT in ultrasonic testing, and the conclusions and
potential future work are summarized.

2. Theory and working principle
2.1. The total focusing method and near-array artifacts

Ultrasonic array data is acquired via source-receiver pairs, where
the signal source is an element that excites ultrasonic waves in the
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medium, and the receiver is the element that measures received am-
plitudes. The receiver records a time-domain signal, which is a one-
dimensional measurement of a wave signal sampled over a finite time.
It is common for some or all of these elements to serve as both sensors
and receivers. These elements can then be arranged into an array of
various shapes, including linear and ring-shaped, which allows for
better coverage of the specimen [31].

The acquired time-domain receiver data are stored in a three-
dimensional digital object, organized by receiver number and source
event. This is a common ultrasound data storage strategy referred to as
full matrix capture (FMC) [32]. FMC provides a convenient method of
analyzing the received ultrasonic signals, as slices of the 3-D object can
be viewed independently to understand the response from a specific
source excitation or at a specific receiver across each source. When
all FMC data is interpreted with a delay-and-sum imaging algorithm,
the result is the total focusing method (TFM). FMC and TFM are very
popular data acquisition strategies and imaging methods in ultrasonic
inspection. One common issue in TFM is the presence of a near-array
artifact caused by surface waves and direct waves (referred to together
for bulk wave imaging as “direct arrivals”) as shown in Fig. 1. This
effect can be aggravated by lengthy or low-frequency excitation and
low material wavespeeds, all of which increase the relative proportion
of signal occupied by the direct arrivals.

2.2. Apex-shifted Radon transform

The proposed filtering technique relies on the apex-shifted Radon
transform (ASRT), which is a family of line-integral transforms that
collect the energy of a scalar field along a specified geometry. This
geometry is often a polynomial or conic section, making it ideal for
collecting wave packets from time-space (+ - x) domain ultrasonic
signals since linear shapes (such as direct arrivals from a linear array)
and hyperbolic shapes (such as the scatter from a point-like defect as re-
ceived by a linear array) are common. The ASRT generally parametrizes
these geometries by their curvature and their horizontal and vertical
axis offset values. In the case of this paper, a linear ASRT is used in the
¢t - x domain ultrasonic signals, so that the “curvature” is simply the
inverse of the wavespeed, the horizontal offset is the receiver position,
and the vertical offset is the time coordinate. The Radon image of a
well-captured shape will appear at the coordinate of the geometry’s
apex, which is the central axis of symmetry/antisymmetry. For instance,
a line’s apex is its y-intercept, and a hyperbola’s apex is its vertex.

The general discrete polynomial forward ASRT [25] is

ny—1
mT, g y) = Y, dt =1+ g, = y)" %)),
=0 @)
k=0,...,nq—l

i=0,...,n,—1,

y
where m represents the model Radon domain, and d denotes the
original data domain. The Radon domain is a 3-dimensional region
parameterized by 7, the time delay, ¢, the Radon coefficient that defines
curvature, and y, the apex-offset value. For the linear Radon transform
employed in this paper, parameter q is defined as time/distance, which
is the slowness quantity and corresponds to the inverse wavespeed of a
wave group. The apex offset parameter y is used to perform the ASRT
with respect to each y;, which corresponds to a specific apex location
as an offset from y,, the reference y value generally assigned as the left
edge of the 7 - x domain. Then, n, is the number of receivers, n, is the
number of apex locations, and n, is the number of curvature bands used
in the transform. In addition to the number of selected apex locations
n,, the curvature is sampled at a density according to the total width of
the curvature band ¢ divided by the number of samples n,. The chosen
values of n, and n, heavily impact the resolution and computational
expense required to compute the Radon transform, which is inversely
related to the resolution of the transform.
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Fig. 1. An illustration of the concept of “direct arrivals”, which are the direct wave and surface wave groups. Direct waves propagate directly radially outward from the source
location and are generally high in amplitude, and surface waves propagate along the surface when the source is located there, and are often the highest amplitude wave group
in 7 - x data. In part (a), a wavefield snapshot containing these two wavegroups is included, and in part (b) the ¢ - x domain representation of these waves is shown.

For this application, the ASRT is used to target the ultrasonic direct
arrivals, which emanate from the excitation source. As such, the apex
location y; will generally correspond to the spatial position of the
source or sources, and in the case of a single-source excitation, only
one y; needs to be considered, making the Radon domain effectively 2-
D. Similarly, 7 and x correspond to the time and space coordinates, and
x is generally discretized by each receiver position (i.e., the ultrasonic
array’s pitch).

An inverse ASRT exists to restore the Radon domain data to its
original 7 - x domain. The discrete inverse ASRT is defined as

ng—lny,—1

dt,x;) = Z Zm(r,qk,yl-),jzo,...,nx—l. 2
k=0 i=0
To facilitate implementing the ASRT digitally, the following steps
are taken to represent the ASRT as a matrix operation: By taking
the temporal Fourier transform of Eq. (2), the inverse ASRT can be
represented in the frequency domain as

anl nyfl
D(@,x) =Y Y M(w,q,y)e %", ©)
k=0 =0
where D and M are the Fourier transformed data and model domains
respectively, now indexed by frequency w instead of time coordinates
tand 7.
Eq. (3) can then be written in terms of matrix operations, i.e.,

D=LM. ()]

where D and M are the matrix forms of the frequency domain data
and model domains. L is the apex-shifted Radon operator, which takes
the form of n, many L; matrices of size n, x n, concatenated, each
representing apex-offset value y;. L is defined by

[Ll L, Lny] %)

where each submatrix L; is defined as
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Fig. 2 provides an intuitive graphical depiction of the discretized
ASRT as shown with a general symmetric curve shape. In practice,
there are many shapes along which this summation can be calculated,
including linear, parabolic, and hyperbolic. Each of the three will best
capture wave packets that appear in the time-space domain as similar
to the selected shape. The energy along the three parameters of the
Radon domain is collected by a summation represented by the dotted
green lines. A summation is performed with respect to each possible
curvature or slope, time coordinate, and apex location in the domain.
Here, the apex refers to the axis of symmetry or antisymmetry on
the selected curve shape and is the point of focus for the ASRT. The

Table 1

SPECFEM2D steel two-inclusion simulation parameters.
Parameter Symbol Value Unit
Time step size dt 25 ns
Vertical grid size dz 1.833 mm
Horizontal grid size dx 1.833 mm
# of vertical spectral elements n, 60 -
# of horizontal spectral elements n, 60 -
# of sources ng 32 -
# of receivers ng 32 -
Array pitch - 2.9 mm
Array width - 89.9 mm
Array central frequency f 0.5 MHz

energy collected by the summation is then transformed into the 3-
D Radon domain, where the geometry of interest is now collected in
discrete point-like regions indexed by the apex time, apex location, and
curvature parameters.

2.3. Error quantification

The effectiveness of the ASRT for the direct arrival mute task can
be quantified by the ratio of the power of the desired defect-scattered
signals, Pg, to the undesirable direct arrival signals, P,. The increase of
this power ratio can then be used to indicate the degree of improvement
from the ASRT-based processing. This is effectively a signal-to-noise
ratio (SNR) calculation, a common quantity that can be expressed in
terms of a power ratio.

The power ratio Ilz—z can be expressed in decibels (dB) as

PS AS
5> =20-logyg <A_D> @

D

Here, Ay and A are the root mean square (RMS) amplitudes of the
signal’s scattered and direct portions respectively.

3. Mitigating near-array artifacts in numerically simulated steel

To demonstrate the use of the ASRT to mute direct arrivals for en-
abling near-array imaging, a synthetic proof-of-concept is constructed
using the spectral element wave propagation solver SPECFEM2D and a
python framework, SeisFlows [33-36]. A 110 mm x 110 mm square
steel region is created with two inclusions of an arbitrary wavespeed,
as seen in Fig. 3(a). The simulation is initialized with an array of 32
elements with a pitch of 2.9 mm centered over the domain. The domain
is modeled using 60 x 60 spectral elements, and the simulation uses a
25 ns time step size. The relevant simulation parameters are collected
in Table 1. The simulation employs a perfectly matched layer (PML)
absorbing boundary, which negates any boundary reflection behavior.
Compared with holes, inclusions like the ones present in this model
induce weaker scattered waves that are likely to be buried by the direct
arrival waves. These inclusions are within 3 and 7 wavelengths of the
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The 3-D Apex-shifted Radon
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Fig. 2. An intuitive diagram of the apex-shifted Radon transform process. From the 7 - x domain signals, a summation is performed with respect to the three Radon domain
parameters curvature g, apex time 7, and apex spatial location y. This results in a 3-D Radon domain that can be restored to the original domain via the inverse ASRT.
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Fig. 3. A 2-D numerically simulated steel specimen with two inclusions. Part (a) is a schematic of the steel region containing two inclusions. Part (b) is the TFM image of the

raw signals obtained from the steel region.

array, respectively, making the near inclusion especially challenging to
image.

From Fig. 3(b), it can be seen that the presence of these obscuring
near-array artifacts worsens the visibility of both artifacts. The pro-
posed ASRT-based processing tool is then used to mute the undesirable
artifact in a process outlined in Fig. 4.

First, the raw data is thresholded by limiting the received signal
magnitudes to a value slightly greater than the scattered wave intensity.
This limits the disparity of intensity between the direct arrivals and
scattered waves without altering the intensity of the scattered waves
(Fig. 4(b)), which will result in a more balanced distribution of values
in the Radon domain. To understand the utility of thresholding, Fig.
6 compares the results of performing the Radon transform on non-
thresholded and thresholded input signals. In the non-thresholded case,
the Radon domain representation of the source signature is significantly
overshadowed by its highest amplitude components, and filtering tasks
may struggle to identify the entire source signature. In the thresholded
case, the Radon signature of the source is significantly longer (along
the vertical time axis) and is more easily processed. As previously
mentioned, performing TFM on the unfiltered signals produces a highly
artifacted result Fig. 4(c). Instead, in Fig. 4(d), the Radon transform is
applied to the thresholded data, converting the 3-D FMC object into a
4-D tensor with dimensions of time, slowness, the number of events,
and the number of focusing axes in the Radon domain.

Assuming a point-source excitation and a linear array (a common
ultrasonic scanning setup) allows for simplification. When only one
source is activated, the direct arrivals will always emanate from that

source location, so the dimension of focusing axes should be limited to
only the source location. In the case of a one-dimensional linear array,
the linear Radon transform is sufficient because the direct arrivals are
themselves expected to be linear.

With these assumptions in place, the filtering task in the Radon
domain becomes trivial. Since the information in the Radon domain
is characterized by its vertical intercept value, the filtering task can be
limited to the curvature band at the early-time portion of the Radon do-
main where the direct arrivals converge. This has the added benefit of
limiting the number of apex locations, n,, to one, significantly reducing
the computational expense of the process. In this case and the following
cases, the Radon curvature is sampled at 401 discrete bands, such that
n, = 401. Based on the authors’ experience, these parameters are an
effective compromise between computational expense and resolution.
By selecting the region around the intercept at the source coordinate
as in Fig. 4(d), both linear “arms” of the direct arrival will focus in the
Radon domain at symmetric locations. The entire band of curvature can
be deleted rather than surgically muting the target regions. Along the
time axis, the duration to mute is decided by visual inspection. From
Fig. 4(b), the direct self-excitation of Source 15 is concluded by 5 ps, as
do the Radon domain signatures corresponding to the direct arrivals in
Fig. 4(d). Therefore, the first 5ps of the Radon domain are muted for
the entire curvature spectrum, meaning that all linear wave packets
intersecting this region are significantly attenuated after filtering and
reconstruction.

After returning the filtered receiver data from the Radon domain to
the time—space domain, the signature of the direct arrivals is drastically
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Fig. 4. The ASRT-based near-array artifact mute technique in flowchart form as demonstrated on a numerical simulation of a steel region with two inclusions. In part (a), the
numerically simulated domain is shown. In part (b), the raw signals obtained from this region are displayed, which can be directly imaged with TFM to produce a heavily artifacted
image as in part (c). Instead, by performing the ASRT in (d), the direct arrivals causing this artifact can be filtered out by eliminating the early-time band of the Radon domain
as shown, producing a clearer image (e) from signals (f).
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Fig. 5. Comparison of the unfiltered (blue line) and ASRT-filtered (red line) received signals for the source 15-receiver 15 pair of the numerical steel data. The signals are
normalized to their respective maximum values for comparison. For the unfiltered case, only the source excitation signal is visible, and the response of the domain is nearly
invisible due to its comparatively small magnitude. When the threshold and ASRT are used, the source signal is muted and the response becomes clearly visible with minimal
artifacts from the ASRT. This is consistent with the calculated 38.723 dB improvement to the power ratio. In this numerical case, the ASRT is found to eliminate the shape of the
source signature almost entirely.
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127.04 mm

Fig. 7. The Inconel specimen data acquisition setup with a linear array transducer
mounted on the top surface, centered over the largest hole. Due to a limited aperture
and frequency, the objective is to image the three largest/closest holes. The holes are of
decreasing size and are aligned by their bottom edge. This test is repeated twice, once
with the specimen in this “far-hole” configuration and also flipped over its horizontal
in the “close-hole” configuration.

lowered, as seen in Fig. 4(f). In this case, the combined thresholding
and ASRT processes reduce the direct arrivals to 1/350 of their original
amplitude. Some remaining energy from the direct arrivals is still seen
in Fig. 4(f), the significance of which is related to the choice of Radon
domain muting strategy. For this investigation, a rectangular region is
muted (as in Fig. 4(d)) for ease of implementation, but more advanced
selection techniques exist in literature [29].

Finally, TFM can be performed on the ASRT-filtered signals, allow-
ing for comparison between the raw and masked signals (Fig. 4(e)).
The power ratio metric described in Eq. (7) can be used to compare
the improvement of the ASRT-based mute technique using the source
15 receiver 15 pair. For the presented results, the unfiltered signals
have a power ratio of —45.008dB, while the filtered signals have a
power ratio of —6.285dB. This gives an improvement of 38.723 dB.
This power ratio increase is clearly seen in Fig. 5, which compares
the time-domain representation of the centrally located source 15-
receiver 15 pair signals for the unfiltered and filtered cases. In the
unfiltered raw signal, the only clearly visible response is the direct
arrivals. When the ASRT-based filtering is used, the increased relative
amplitude of the scattered signals compared to the source signature
accounts for the improved contrast of the defects in the TFM image.
Due to the high resolution and the lack of reflections, noise, and other
outside influences, the technique is shown to almost eliminate the
direct arrivals for this source and receiver pair.

4. Near-array imaging in experimental data

To validate the ASRT-based near-array artifact mute, the process
as presented above is applied to experimental measurements from
an additively manufactured Inconel specimen with an array of holes
spanning the width, pictured in Fig. 7.

The specimen is scanned using a 0.5 MHz linear array transducer
with 32 elements and a pitch of 2 mm centered over the largest
hole from both the far- and near-sides relative to the holes. The far-
side scan setup is depicted in Fig. 8(a), and the near-side case in
Fig. 10(a). In both cases, each of the 32 elements excites a five-peak
signal in the Inconel specimen one by one, and all elements act as
receivers. Received amplitudes are measured at a sampling frequency
of 10 MHz for 1 x 107 s. The signals from this scan are stored in a size
1000 x 32 x 32 FMC object, with the 15th source slice given as a visual
example in Fig. 8(b).

The Inconel medium used here was previously determined to have
a wavespeed of 5700 m/s, so for the 0.5 MHz excitation, the holes
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in the far-side case will be within five wavelengths from the array
and the close-side case will be approximately one wavelength away.
Performing TFM on the raw data obtained by these scans as in Fig.
8(c) and Fig. 10(c), the near-array artifacts are found to have by far
the highest signature in the region, covering nearly half of the domain
and confirming this prediction.

First, the far-hole case is considered in Fig. 8. To mitigate the near-
array artifacts, the ASRT mute process is applied. As in the numerical
example, the domain is first thresholded. Next, the forward Linear
ASRT is calculated for each source as seen in Fig. 8(d), where the direct
arrivals are collected along the top band in two symmetric regions of
high energy. This band is deleted, heavily reducing the signature of
linear regions of all slopes intercepting the source coordinate for the
first 13.97 50 us (220 samples), which is a filtering condition designed
to eliminate the direct arrivals specifically from the received signals.
After performing an inverse ASRT, the TFM image of the filtered data
can be obtained as in Fig. 8(e), and the filtered signals that produced
this TFM image can be seen in Fig. 8(f) with the direct arrivals heavily
attenuated. In the filtered case, this artifact is reduced by about 90%.
In this case, since the holes are about five wavelengths from the array
and the excitation signal is five-peaked, there is a significant overlap
between the direct arrivals and the hole-scattered waves. Hence, the
artifact reduction is significant and nontrivial to produce. For this case,
the unfiltered signals give a power ratio of —42.438 dB, and the filtered
signals give a power ratio of —4.240 dB, indicating a 38.198 dB improve-
ment. As in the numerical case, the source 15-receiver 15 signal shows
the relative amplitude improvement of the scattered signals in Fig. 9.
For the far-hole case, the source signature remains largely unchanged,
except for minor shape distortion. However, the relative amplitude
of the scattered signals is significantly higher in the filtered case.
There are some spurious artifacts in the early portion of the scattered
signals, where the ASRT has not perfectly captured the undesirable
signal components. However, the overall shape remains unchanged,
and the filtered case functions well for TFM imaging. Next, in the
considerably more difficult close-hole case seen in Fig. 10, the same
process is repeated, starting with the raw signals in Fig. 10(b). In this
case, the holes are about one wavelength from the array, meaning there
is a very significant overlap between the direct arrivals and the target
hole-scattered waves. The direct arrival waves filtered in the Radon
domain (Fig. 10(d)), resulting in clean signals (Fig. 10(f)). Compared
to the raw TFM image in Fig. 10(c), the filtered TFM in Fig. 10(e)
has significantly better image quality, and the holes in the specimen
have become identifiable. This is a significant result, as the artifacts
induced by the near-array effects would otherwise pollute the image too
much to visually discern the holes. In the far hole case, the unfiltered
signals have a power ratio of —41.791dB, and the filtered signals give
a —12.575dB ratio, which shows a 29.217dB increase. To show this
power ratio increase, Fig. 11 again compares the unfiltered and filtered
signals for the source and receiver pair at element 15. In this more
difficult case, some additional shape distortion is present, seemingly
due to interactions between the direct arrivals and scattered signals,
which create more difficult shapes for the ASRT to capture. Since the
frequency content is mainly undamaged, however, the TFM image is
still found to accurately detect the presence of defects. The power ratio
improvements are tabulated in Table 2 for comparison between cases.

From the cases presented here, the ASRT near-array artifact mute
technique is effective on real data with a similar performance to the nu-
merical example. In the far-hole example, the potentially large presence
of the near-array artifact is emphasized, with the pollution of nearly the
entire specimen domain obscuring the holes near the bottom edge. In
the close-hole case, the algorithm’s capability to uncover the holes at
approximately one wavelength distance from the array is demonstrated.
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Fig. 8. The ASRT near-array artifact mute process as applied to real data from an Inconel block with holes. In part (a), the Inconel specimen is represented, from which specimen
the raw signals in part (b) are obtained. Directly imaging with TFM using the raw signals provides an unclear image as in part (c) which must be aggressively thresholded to
visually identify the signature of the holes. Instead, the ASRT is performed as in part (d), where the early-time curvature band of the Radon domain is muted at each source
location in a slice-by-slice fashion of the total FMC object. By imaging the filtered signals, the artifact presence is reduced by a factor of 10 as seen from part (e), and an example
of the filtered signals used to produce this image from the source 15 excitation are given in part (f).
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Fig. 9. Comparison between unfiltered (blue line) and ASRT-filtered (red line) received signals for the source 15-receiver 15 pair in the far-hole experimental case, normalized by
their respective maximum values. The unfiltered case is dominated by the direct arrivals, which overshadow the rest of the signal. Using the ASRT-based technique, the scattered
signals become visible. In this experimental case, the direct arrivals’ relative amplitude is reduced to the same order of magnitude as the scattered signals, but they are not totally
eliminated. Additionally, some spurious peaks are visible from Radon transform artifacts, but these are not found interfere significantly with TFM imaging. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. The ASRT near-array artifact mute process is again applied to real data from an Inconel block with holes, this time with the block oriented with its holes near the
transducer. In part (a), the Inconel specimen is represented in the close-hole orientation, from which the raw signals seen in part (b) are obtained. The poor results of raw TFM
imaging is shown in part (c) where the holes in this case are unidentifiable. In part (d), the Radon transform is performed and the early-time curvature band of the Radon domain
is muted at each source location. After filtering, TFM is performed to produce an image containing visible holes in part (e) from the filtered ¢ - x signals in part (f).
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for comparison. The unfiltered case is again dominated by the direct arrivals. The ASRT is used to mute the direct arrivals, making the response clearly visible. In this case, due to
interactions between the scattered and direct arrival wave packets, the filtered signals have some shape distortion, but the frequency information is found to be preserved. (For
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Table 2
ASRT direct arrival mute power ratio % comparison.
x

Case Unfiltered % (dB) Filtered %5 (dB) Improvement (dB)
x R
Numerical steel domain —45.008 —6.285 38.723
Experimental inconel block (Far) —42.438 —4.240 38.198
Experimental inconel block (Close) -41.791 -12.575 29.217
5. Discussion — 0.05
"Tails" 0.04

From the results presented here, the apex-shifted Radon transform
is an effective tool for selectively filtering 7 - x domain data, and the
results of this filtering process are shown to enhance ultrasonic imaging
with TFM. In both cases, the ASRT filtering technique reduces the
amplitude of the target wave packets by about 90% when combined
with a thresholding task to limit the initial amplitude of the direct
arrivals to just above the amplitude of the other received signals. The
ASRT is easily paired with several simple filtering tasks, including
thresholding, linear moveout correction (LMO), and simple attenuation
correction, which can all situationally be employed to improve the final
result.

From the results in the experimental data section, specifically in
Fig. 8(f), it can be observed that the ASRT removes more of the
direct arrivals from near the apex (at the source x-coordinate) than at
the “tails”, which can be seen in greater detail in Fig. 12. This is a
known phenomenon due to the spatial truncation effect, which occurs
when the theoretically infinite Radon domain is represented in a finite
approximation [29]. Because of this approximation, energy pockets in
the Radon domain are only mostly focused, and some of their energy is
distributed throughout the rest of the Radon domain. When the filtering
is performed, the high-density region is removed, but the uncollected
portions remain, which are reconstructed in the observed “tails”. Here,
an LMO is useful since the ASRT is better at focusing on 0-slope linear
shapes than sloped ones.

Aside from the truncated g-axis, another important characteristic of
the Radon domain is the periodicity of the r axis. If a wave packet
intercepts the target apex outside the ¢ (time) boundaries of the ¢ - x
domain, it will be collected in the Radon domain at a r location on
the other end of the r axis. For instance, if a linear wave packet would
intercept the apex location y 3 ps before the acquisition window begins,
then it would exist in the Radon domain at z = n, —3x 107, as seen in
Fig. 13. This is sometimes important for filtering the entirety of a target
wave group, which may “spill” into the opposite end of the r axis of
the Radon domain.

6. Conclusion
This paper has demonstrated the use of the apex-shifted Radon

transform to enable near-array imaging in the total focusing method.
From the results presented here, it is concluded that the ASRT is an

“Tails” -0.03

-0.04

Fig. 12. A representative well-focused Radon domain representation of a wave packet
including the dispersive “tails” containing information about the portion of the captured
wave packet located far from the apex. A naive filtering procedure may not capture
these tails, leading to an incomplete capture of the target wave packet.

effective tool for heavily attenuating the direct arrival wave groups
in the ¢t - x domain, and the presented methodology is shown to
successfully increase the visibility of detected defects in TFM images
for both numerical and experimental cases. The results presented in
this work indicate a positive outlook for the ASRT as an ultrasonic
nondestructive evaluation preprocessing technique.

First, the theory of the apex-shifted Radon transform is briefly
outlined, and an intuitive working principle is described. Next, an
illustrative numerical example is presented to clearly demonstrate how
the ASRT can be used to mute the direct arrivals, heavily reducing the
signature of the obscuring artifact. Then, an experimental case is pre-
sented where an Inconel block is scanned with a 0.5 MHz transducer,
producing a large near-array artifact. The ASRT is again found to be
effective in significantly reducing the signature of the artifact.

Several avenues exist to improve this technique. The high-resolution
Radon transform is an iteratively optimized solution to the Radon
transform that can be employed to better focus the Radon domain. With
a higher-resolution Radon domain, the muting of target wave groups
will be more effective.

In this paper, this technique has only been demonstrated on linear
arrays. The 7 - x domain representation of wave groups received by
different array geometries, such as ring arrays or 2-D arrays, will
require different Radon domain formulations to successfully filter.
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Fig. 13. The periodic nature of the time-axis of the Radon domain demonstrated by comparing the Radon transform of the numerically generated received signals for the steel, as
in Fig. 4(b) and (d). The surface waves are collected in the Radon domain at the expected time coordinate of their intercept (left) at the top of the time-axis (highlighted by red
circles). The signals are then time-gated or “cropped” for comparison (right), yielding a Radon domain where the surface wave signature is found at the bottom of the time-axis.
The signature from the direct waves are not visible in this case, being located outside the cropped region.
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