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1. Introduction

The federal and state governments have spent millions of dollars each year to maintain
the existing highways and roads (e.g., Table 1, the allocation of funds from FHWA to the
state of Connecticut for the fiscal years 1992-95). To accurately assess the pavement and
bridge condition and optimally maintain roads to their best condition, an efficient pavement
assessment system and an up to date road condition database are essential. Moreover,
according to the U.S. Department of Transportation (USDOT), more than 40% of the
578,000 highway bridges in the United States were either structurally deficient or
functionally obsolete in 1990s (USDOT, Federal Highway Administration, Publication No.
FHWA-PL-90-024). These conditions can limit bridge utility and, if not propérly
monitored and maintained, pose a safety threat to bridge users. An efficient and cost-

effective pavement and bridge condition assessment system is of critical need.

Several technologies, including surficial videé survey, infrared, acoustic sensing, etc.
have been used in highway engineering practice. As an emerging new technology, ground
penetrating radar (GPR) has gained only a certain degree of use in this field in the last
decade or so. Advances in GPR-based detection and inspection systems have the potential
of addressing critical national and international needs for reliable, cost-effective non-

destructive test (NDT) of highways and bridges.

Emerging GPR technology has a natural application as a supplementary device for the
road video survey, which has been widely used in road condition assessment in most states
of the United States for a long time, GPR can be used to identify valuable parameters that
cannot be obtained from a visual evaluation of the road surface, including pavement-layer
thickness and, potentially, damaged or delaminated subsurface areas. In addition,
pavement-layer thickness is a required testing (deflection and elastic properties). Moreover,

it would be possible to obtain an improved characterization of the pavement structure by



Table 1. Allocation of Federal-Aid Hi,g_hwav Funds (FHWA) to the State of Connecticut (1992-95)

Index [Total Other Motor carrier safety [I[VHS Forest highways [|Public lands
1995 Thousands |(thousands Jassistance program  [(Thousands of $) (Thousands of $) |(Thousands of $)
of $) of $)/1  |(Thousands of $)

CT 42,236 1,278 978 427 0 0
Index |Parkways andEmergency |[Projects mandated by [Discretionary Bridge [Discretionary Discretionary
1995 park roads  [relief ISTEA Replacement & ~  [Interstate 4 R Interstate

(thousands off(thousands |(Thousands of $) /2 [Rehabilitation (Thousands of $) |[(Thousands of $)
$) of $) (Thousands of $) .

CT 0 1,943 14,610 8,000 15,000 0
Index [Total Other Motor carrier safety [[VHS Forest highways ‘ Public lands
1994 (Thousands J(thousands [assistance program [(Thousands of $) (Thousands of $) |(Thousands of $)

of $) of $) /3 [(Thousands of $)

CT 16,478 2,871 686 400 0 0
Index [Parkways andEmergency [Projects mandated by |[Discretionary Bridge [Discretionary Discretionary
1994 park roads  jrelief ISTEA Replacement & Interstate 4-R Interstate

(Thousands {(thousands [(Thousands of $) /4 |Rehabilitation (Thousands of §) {(Thousands of $)
of $) of $) (Thousands of $)

CT 0 0 14,609 0 2,088 0
Index [1993 Total 1993 Other|1993 Motor carrier [[VHS 1993 1993 Public
1993 (Thousands |(thousands [safety assistance (Thousands of $) Forest highways [lands(Thousands of

of $) of $)/5 |program (Thousands (Thousands of §) [$)
: of $) ]

CT 22,880 18,351 864 234 0 0
Index [1993 1993 1993 Discretionary Bridge [Discretionary Discretionary
1993 Parkways andEmergency [Projects mandated by [Replacement & [nterstate 4-R Interstate

park roads  [relief ISTEA Rehabilitation (Thousands of $) |(Thousands of $)
Thousands [(thousands [(Thousands of $) /6 [(Thousands of $)
of $) of $)

CT 0 2,617 14,805 9,794 12,917 0
Index 1992 Total |[1992 Other|1992 Motor carrier  [Business enterprise  [Transportation 1992 Projects
1992 (Thousands |(thousands [safety assurance training assistance programimandated by

of $) of $) program (Thousands of $) (Thousands of $) [ISTEA
(Thousarids of $) (Thousands of $) /7|

CT 20,939 14,040 546 120 77 6,156
Index |Forest Public [Parkways and park  [Emergency relief
1992 highways  [|lands roads (Thousands of |(Thousands of $)

(Thousands [(thousands [§)
of $) of $)
CT 0 0 0 0




Explanations of Table 1:

1 Includes Bridge Acceleration discretionary.

2 Projects identified in sections 1103 - 1108 of the Intermodal Surface Transportation
Efficiency Act (ISTEA) of 1991.

3 Includes Bridge Acceleration discretionary.

4 Projects identified in sections 1103 - 1108 of the Intermodal Surface Transportation
Efficiency Act (ISTEA) of 1991.

5 Includes Bridge Acceleration discretionary.

6 Projects identified in sections 1103 - 1108 of the Intermodal Surface Transportation
Efficiency Act (ISTEA) of 1991.

7 Projects identified in sections 1103 - 1108 of the Intermodal Surface Transportation

Efficiency Act (ISTEA) of 1991.

combining the data provided by such an NDT system with that supplied by impact testing
(coring and sampling). Over the last decade, these potential benefits have promoted
transportation agencies and private industry in North America, Europe, and some
developing countries, to start incorporating GPR technology into pavement—assessmeht
engineering practice. However, the most challenging part for using such a non-destructive
test and assessment technology is, inevitably, the reduction of a huge amount of data into a

form that is readily interpretable to highway engineers.

To solve this problem, automatic acquisition and interpretation of GPR data for
pavement assessment has recently attracted tremendous attention and research efforts. As a
preparation phase for future research on the application of GPR techniques for pavement
and bridge assessment, the PI conducted a feasibility investigation on state-of-the-art use of
ground penetrating radar to rapid pavement assessment. This study systematically acquired,
summarized, and reviewed the latest developments in this research area. The performance,
feasibility, and accessibility of different approaches developed in North America and other
countries in the world have been evaluated énd compared in terms of the hardware,

software and survey methodology. Recommendations and justifications for the optimal



approaches, as well as suggestions for future research topics based upon reviews of up-to-
date information are provided at the end of this report. This study can be viewed as a
compilation of valuable information to researchers in the Connecticut Department of
Transportation (ConnDOT) and the University of Connecticut (UConn) to carry out future

projects using GPR in rapid non-destructive pavement assessment.

Before its application to pavement assessment, GPR has been used in other areas of
non-destructive testing and subsurface imaging. One successful instance is detecting the
thickness of the iée layer in Antarctica. GPR is enjoying wider and wider applications in
many geotechnical and civil engineering fields. The last decade has seen a rapid
development in using GPR for pavement and bridge assessment. For example, among the
111 papers included in the proceedings of the 6th International Conference on GPR held in
October 1996, which represents the wide applications of GPR in environmental
engineering, geotechnical engineering, mining, geological sciences, water resources
planning, archaeological detection, and planetary science, 16 papers, about 15% of the total
number of papers included in the proceedings, are directly or indirectly related to concrete,
aggregates, and asphalt-property and rapid pavement assessmeﬁt; evidently, this is a
substantial portion for GPR applications. For a practical and optimal highway pavement
assessment, minimization or complete avoidance of traffic obstruction is essential.
Realization of this goal depends on rapid and accurate acquisition and fast processing
techniques. The monostatic GPR survey is therefore naturally the first choice for meeting

this request.

The monostatic GPR survey is characterized by having the transmitting and receiving
antennas moving and kept at a short separation while the survey is being conducted. The
survey vehicle with monostatic GPR equipment can go as far as necessary, because the

survey method sets no limit on the length of the profile. This is the fastest way to carry out




GPR surveys and is particularly suitable for pavement assessment along highways for

engineering purposes.

Use of monostatic survey mode, nevertheless, leads to a small incident angle (the angle

--between the incident waves and the normal of the interface) of the transmitting radar

signals, and the reflected rays project almost exclusively in the vertical direction.
Consequently, limited data coverage in this mode makes subsurface imaging very awkward
and the convergence of inversion Very slow. To keep the advantages of the monostatic
survey mode in its full scale and overcome its disadvantages, a comprehensive approach
involving improvement of the hardware, software and survey methodology should be
considered in an integrated manner. To acquire information on the latest developments for
using GPR in pavement assessment, which will serve as the foundation for development in
the future for research personnel of ConnDOT and UConn, Project 97-4 conducted the
reconnaissance review of the statei—of—the—art use of GPR for rapid non-destructive
pavement and bridge deck assessment. The information resources in this study include
journal publications, manufacturer manuals, technical reports, GPR conference '
proceedings, web pages, as well as tests and research conducted by the research group lead
by the PL. The findings summarized in the following sections reflect an in-depth searching

and compiling of all available literature to the PI.

As defined in the proposal, the task of this project is divided into 3 sub-tasks: (1)
comparison and evaluation of hardware of different GPR systems; (2) comparison and
evaluation of data processing algorithms; and (3) comparison and evaluation of survey
methodologies. We have collected information on current research and field practice of
applying GPR to pavement assessment in all the three aforementioned domains. This report
emphasizes, however, the data processing part and includes a section of data processing

research resulting from the PI's research group on the wavelet transform algorithm. Based



upon findings of the latest development in GPR hardware, software and survey setup, the

report also makes a recommendation for future development in GPR pavement assessment.

2. Ground Penetrating Radar (GPR) Data Acquisition Hardware

The GPR hardware consists of the transmitting-receiving antennas, timing system,
power supply, analog/digital converter (A/D), and the data acquisition control unit. The
hardware of a GPR unit should be evaluated as an integrated system. Based upon the
criteria proposed by Texas Transportation Institute (TTI), the GPR International User’s
Group Committee suggested that the GPR hardware can be evaluated in terms of: (1) Noise
to signal ratio; (2) signal stability; (3) travel time linearity; (4) long-term stability test; and

(5) penetration depth test. First, let’s describe the definitions of these parameters.

2.1 GPR System Evaluation Parameters
(a) Noise to Signal Ratio

The first parameter to be evaluated is the noise to signal ratio (N/S) with the definition

of
N/S =A/ A,

As can be seen, the N/S ratio is reciprocal to the commonly used signal to noise ratio
(S/N). The noise level A, is defined as the maximum amplitude in one time trace. The
signal level A, is defined as the amplitude of the echo from a testing metal plate. The N/S
ratio will be calculated on each of 100 waveforms and the average value will be taken as the
‘ N/S of the system. The noise to signal ratio test result for a GPR unit should be less than or

equal to 5%, i.e.,



N/S £0.05

(b) Signal Stability (Jitter)

Jitter refers to the short term variation in magnitude of a quantity from trace to trace,
when the system is under static operation condition. For a GPR system, jitters can be used
to quantify signal stability in two major parameters: the amplitude jitter and the time jitter.

The amplitude jitter is defined as

I =(A

amp

- Amin)/ Aave

max

where A . is the maximum amplitude of the metal plate reflection for all 100 traces and
A, the minimum amplitude of the reflection for all the 100 traces. A, is defined as the
average trace amplitude of the 100 traces. The time jitter is defined as

Jtime T

= (Tmax - min)/Twin

where T, is the maximum elapse time between time zero to the arrival of the reflection
echo for all 100 traces and T,;, the minimum elapse time for all the 100 traces. T, is length

of the time window. Both the amplitude jitter and the time jitter should not exceed 1%, i.e.,

Jmp< 0.01, T, < 0.01

> Ytime
(c) Traveltime Linearity

When conducting the test of traveltime linearity, the GPR antenna of
transmitter/receiver pair is placed in the air at three different positions, aiming at a thick
reflector. At these three different distances from the reflecting object the amplitude of the
GPR echo falls about 15%, 30%, and 50% respectively. The segmental distances, travel

times, and velocities are used to define the Variation in Velocity Factor




_ |v32 _v21|
vy, +v,)/2
where the numerator is the absolute difference in velocity of the 2 segments, and the
denominator is the average velocity. The inaccuracy in.Pulse Velocity is given by
q

iv31 -
Se=lta 1

c

where the numerator is the deviation of the measured velocity from c, the speed of light
(electromagnetic wave velocity in vacuum). Both the Variation in Velocity Factor, év, and

the Inaccuracy in Pulse Velocity, &, should be less than 5%.
(d) Long Term Stability

There are two measures for evaluating the long term stability of a GPR system: the
Long Term Amplitude Variation (LAV) and the Long Term Time Window Shifting (LTS).

These two variables are measured according to the following procedure:

(i) Turn the system on for two hours.

(ii) Allow the first 20 minutes for system stabilization, then start to measure the
amplitude and arrival time of an echo from a reflecting metal plate.

(i1i) Take measurements at one-minute interval for the full 120 minutes, so that 120

readings are obtained for both amplitude and arrival time.

The LAYV is defined as
LAV=(A_,.-AL)Ay

where A__ and A are the maximum and minimum amplitude of the 100 readings between
20 minutes and 120 minutes, respectively. A, is the amplitude measured after 20 minutes.

The Long Term Amplitude Variation (LAV) should be less than 3%. The LTS is defined as




/T

min) win

LTS =(T, - T

where T__ and T,;, are the maximum and minimum arrival time of the 100 readings
between 20 minutes and 120 minutes, respectively. T, is the length of the time window.

The Long Term Time Window Shifting (LTS) should be less tHan 5%.
(e) Penetration Depth

The ratio of the amplitudes of the GPR echo from a metal plate, penetrating through
pure water with a thickness of 2 wavelength of the electromagnetic (EM) wave in water
and through air with a height of 1 wavelength in air, is defined as the Water Penetration

Index (WPI)
WPL= A, /A,

The higher the penetration Index, the better the GPR’s penetration power. The Water

Penetration Index (WPI) should be greater than 25%.

As an real case example, a test set with the Geophysical Survey System Inc. (GSSI)
GPR system using the 1 GHz air-launched antenna deploying the above procedures and

criteria generated the following results (Scullion, et al, 1996):
(1) Noise/Signal Ratio 4.85% (<5%)
(2) Amplitude Stability 0.35% (<1%)
(3) Travel-Time Variation 1.02% (<2%)

(4) Long Term Stability 2.35% (<3%)

(5) Water Penetration Index  35.44% (>25%)



Testing results show that this particular set of the GSSI GPR system has met the specified

quality control standard.

2.2 GPR Performance Evaluation in Practice

Instead of providing the information for evaluating the system, as described in the last
sub-section, GPR pavement assessment service vendors provide some more practical
parameters such as the error in thickness estimate, minimum layer thickness recognition,
and scanning rate, among other less often used parameters. Table 2 lists these parameters
for several different systems; they are relatively straightforward, easier to evaluate, and of

direct interest to highway engineers.

It is apparent that GPR performance is not determined by the system alone; coupling of
the system with different earth or engineered materials will also alter the performance level
of a particular GPR unit substantially. Table 3 lists the electrical and electromagnetic

parameters of some commonly encountered earth and engineering materials. The dielectric

permittivity (€), velocity (v) , skin depth () and the transition frequency (®,) are:

E=¢,¢,
Y= 1 _ 1 __¢
€Ly '\/erEO#O «/E
s=2 |&
O\ H
-2
€

The electromagnetic constants shown in the above formulas are the dielectric

-12
permittivity in free space, €, = 8.854 x 10 F/m (i.e., Farads/meter); and the magnetic

7
permeability in free space, i, =4n x 10 H/m (i.e., Henries/meter). The velocity is the

10
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speed at which the radar wave propagates in the media. The skin depth characterizes how
deep a radar wave can penetrate the material before dead off. The transition frequency
marks the lower threshold for proper functioning of the radar system in that particular kind
of material. For example, for the Texas aggregates, the transition frequency is 0.027 MHz.
It means that in the frequency range above 0.027 MHz, all electromagnetic signals behave
as propagating waves, rather than diffusive EM fields. For radar systems with working
frequency band above 10 MHz the transition frequency of aggregates is well below, so that
the GPR is a superior detecting tool for aggregates. This is true for most engineered
materials. GPR may encounter difficulty, however, when working in areas with rich clayey
soils (with transition frequencies in the range of ten to hundreds of megahertz, also see

Table 2).

2.3 New Developments in GPR Antenna Technology

The characteristics of the antenna is the critical segment in determining if a GPR system
is superior in collecting high quality measurement data. We will put our emphasis on
evaluating the performance of antennas. The transmitting-receiving antenna is the most
critical hardware component to determine the performance of a GPR system. Basically,
there are two types of antenna systems used in pavement assessment: the air-launched horn
antenna and the ground coupled flat bow-tie antenna (Smith, 1995). From information
gathered so far, we see that for rapid pavement assessment the most commonly used
antenna is the horn antenna with a central frequency of 1 GHz and higher. Some systems
also use a combination of air-launched horn antenna and ground coupled ones. Using the
ground coupled antenna has no major impact to the survey speed; however, changing the
worn-out sliding strips at a regular time period may increase the budget for survey

expenses.
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The GPR antenna differs from a radio communication antenna in that it is a short-pulse
antenna, operating near the ground and characterizing signals in time domain. The desired
antenna performance is to transmit and receive short duration time domain waveforms (on
the order of a few nanoseconds). The duration of the signal impulse depends on the trade-
off between the resolution and the penetration depth. The tail of the signal must be
minimized to prevent masking of targets from the air-ground interface. To reduce the tail
most GPR antennas are using resistive loading (Shlager et al, 1994). To minimize the
influence of varying ground condition on the antenna, a' new method is to elevate the
feeding point of the antenna and embed dielectric materials between the antenna and the
ground (de Jongh et al, 1998). To reduce the radiation of the GPR antenna into the upper
halfspace into the sky, shielding has been used. The horn antennas are all shielded. High-

frequency ground-coupled dipole antennas are usually shielded.

In terms of new antenna development, there are several newly proposed techniques that
have emerged in recent years. Engineering material testing and pavement and bridge deck
assessment have received special attention (Huston et al, 1998; de Jongh et al, 1998).
Huston et al (1998) reported the design of the low impedanée mismatch antenna (LIMA).
This design reaches a higher radiation efficiency and greater penetrating depth by reducing
the impedance mismatch at the antenna aperture. The flared and tapered plates provide a
smooth irﬁpedance transition from antenna to the air. To reduce the resonance and tail in the
time domain signal and increase the antenna-ground coupling efficiency, de Jongh (1998)
conducted the comparison of radar signal transmitted-received with air-filled and dielectric
material-filled horn antennas. As an alternative approach to us the time domain impulse
signal, some researchers also use frequency domain continuous waveforms geared by the
stepped frequency technique (Kong et al, 1998; Noon, 1996; Sato, et al, 1995; Stickley et
al, 1998). Noon (1996) provided a comprehensive review of the GPR technique using the
stepped frequency approach. The main advantage of the stepped frequency technique is that

it is relatively easy with existing technologies to efficiently sample the received signals
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using low speed A/D converters at relatively low data rates. Kong et al (1998) designed a
wide bandwidth stepped frequency radar system using a HP 8719 network analyzer. The
response of the system remains flat in the frequency of 2.3 GHz to 5.3 GHz. A similar

approach has been implemented in studies using the borehole radar (Sato, et al, 1995).
3. Ground Penetrating Radar (GPR) Data Processing Software

The GPR data processing and interpretation software is the actual tool for extracting,
from the raw GPR data, the pavement and bridge information of interest to highway
engineers. A typical GPR pavement assessment software package generates several
parameters as the final products: (1) interface depth (thickness) profile; (2) velocity
estimation (related to material property) in each layer; and (3) crack density (crack/meter)
and anomalies (voids or rebars). Typical service work can generate data as much as 25-30
Mbytes/km for detailed roadway surveys. Without automated processing, data
interpretation would not be possible for anything other than tiny projects. Automated
interpretation also attains a level of consistency. The proprietary post-processing software
also provides a myriad of data presentation formats that have been designed by road and
bridge engineers. All system generated data is also produced in machine readable formats
for direct import into commercial software packages. In this section we first evaluate the
current status of GPR data processing software. Then we present a GPR pavement
assessment data processing example from Road Radar. Finally we discuss some new

developments in data processing algorithms.

3.1 Current Status of GPR Pavement Assessment Software

The data reduction and processing-interpretation software used in currently available
GPR pavement assessment systems consists of two fundamental parts: data pre-processing
and pattern recognition. In the data pre-processing part, the GPR raw data are reduced and

analyzed to extract fundamental pavement layer information. The interpretation part deploys
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artificial intelligence such as the neural network algorithm for feature recognition (such as
rebars and voids filled with water or air) and expert system (with the assistance of human

operator) to top level feature classification.

Traditional time and frequency domain preprocessing operations are applied to the raw
GPR data in the data pre-processing stage. The purpose of pre-processing is to determine
the physical parameters (dielectric constant, the critical parameter to determine the radar
wave velocity, and electric conductivity) for the road or bridge cross-section and produce
interface reflection amplitude, continuity and thickness profiles for each layer in the
structure. Actually a fair amount of road/bridge information could be extracted from only

the preprocessing stage.

In the pattern recognition part, the neural network technique is a common approach to
identify structural anomalies such as rebars in bridge decks or voids in road base. Neural
networks have been used in many areas for classifying or simplifying complex data sets. In
the field of NDT, neural networks have proven to be an effective means of interpreting the
complex signals obtained from pulse-echo testing of concrete and other engineering
materials. Several authors have reported using artificial neural networks to assist in the
analysis of GPR data (Pratt and Sansalone, 1992; Molyneaux et al, 1995; Attoh-Okine,
1995; Shaw et al, 1998). Molyneaux et al (1995) investigated the ability of a three-layer
network to classify A-scans according to the presence or absence of a rebar, to assign the
bar (if present) into one of six depth categories and to categorize the diameter of the bar.
Attoh-Okine (1995) found that a Kohonen network (self-organizing map) could be used to
classify the ‘substructures of various pavements from the Fourier transform of radar
waveforms. Shaw et al (1998) described a data collection and extraction technique using
the neural network topology and training algorithm. They compared the results from
different approaches and found that results for radial basis function networks were a little
better than using linear analysis. However, when using the multi-layer perceptron

networks, the target recognition results were much better.
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To illustrate the data-processing flow in a GPR pavement assessment system, the next
sub-section presents an example of the principle of GPR software used by Road Radar,

Inc.

3.2 Example: GPR Pavement Assessment Software of Road Radar System

The automated data processing and interpretation software used by Road Radar, Inc. is
sketched with block diagram in Figure 1. As mentioned before, most GPR pavement
assessment software consists of pre-processing and interpretation. The raw data from the
antennas first goes through the time-domain and frequency-domain analyzer to get thé
fundamental information of the signals. The feature of the Road Radar System pre-
processing software which differs from other GPR processing is that it determines the layer
velocity at each measurement point. The ability to measure the radar signal propagation
velocity is necessary for accurate structural measurement. The measured velocity combined
with the measured signal propagation time can then be used to determine the Jayer thickness
or depth to an event. In this way it provides a high level of accuracy without the need for .

calibration cores.

After data pre-processing, a neural network based radar reflector récognition module
reduces data density by approximately 90-95%. This is the major step to turn the data-rich,
information-poor raw GPR data into data-slim, information-rich radar anomalies. The Road
Radar System processing-interpretation software package was developed under a graphical
user interface (GUIj environment. This graphical radar interpretation environment exploits
a rule based expert system paradigm to allow a technical individual with limited radar
experience to successfully process typical road data. On simplistic planar layer road
structures, the system can perform automatic interpretation of the radar data. On more
variable construction surveys, the system interprets consistent sections and defers to the
operator for guidance at the transition points which typically represent construction joints or

other discrete subsurface anomalies. The final output from the software are layer thickness,
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Figure 1. Flow chart of data processing software used by Road Radar System.




velocity in each layer, and distribution and interpretation of anomalies. A typical graphic
profile output with interpretation will be shown in Section 4 - GPR Pavement Survey
Methodology. Besides the above mentioned software from consulting firms, other
commercially available GPR pavement assessment software includes PAVELAYER from

Infrasense Inc. and ROADSEG from Texas Transportation Institute (TTI).

3.3 New Data Processing Software Algorithm

In recent years, more efficient and accurate GPR data processing algorithms have been
proposed by different researchers. Among the new approaches, it is worth paying special
attention to the interface tracking technology using multitarget probability density function

(PDF).

Spagnolini (1997) proposed a layer-stripping algorithm to detect the depth to the
interfaces and the EM velocity within layers. This approach has average accuracy, but is
very efficient for processing a large quantity of data in a real-time mode. The layer
thickness and dielectric permittivity of material in each layer are simultaneously solved by
using an inverse scattering approach for monostatic GPR survey. The material parameter
estimation is obtained from EM inversion by using the layer-stripping algorithm after echo
detection. Multitarget detection estimates the time of delays (TODs) that pertain to the same
interface. TODs are then mapped in depth by time to depth scaling, which is performed
according to the permittivity values estimated from echo amplitudes. The estimation of
interface TODs becomes the major issue to make the analysis of pavement thickness fully
automatic. It is better to estimate TOD of interfaces after interface-detection instead of
estimating TODs of isolated echoes after echo-detection. Lateral continuity of echoes that
pertains to neighboring scans is exploited by tracking the detected echoes so as to reduce
the probability of false alarms while preserving the continuity of interfaces. This approach
is equivalent to the multitarget tracking (Bethel and Rahikka, 1987; Bethel and Paras, 1994)

but in a monostatic mode. The lateral continuity of interfaces is explicitly assumed in model
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parameterization of the EM inversion. Thus, both EM inversion and interface detection are

optimized to take into account lateral continuity of materials.

In the multi-interface detection algorithm, the first-order Markov model can be used to
describe the lateral continuity by relating the a priori probability density function (PDF) of
the i-th tracé to the a posteriori PDF of trace (i-1)-th. This is obtained by assuming a
Markov model for the interface generation process. The a priori PDFs for trace i-th are
thus obtained from the a posteriori PDFs for trace (i-1)-th by using different transition

probabilities for detection and tracking.

In summary, this method can be understood as a two-step approach. First, the interface
is detected and echoes are spatially tracked, then the echoes that belong to the detected
interface are moved from the data. More iterations are applied to the reduced set of data

until a given threshold in the overall residual has been reached. The analysis results

- suggest that the optimum processing sequence in pavement assessment could be the use of

the detection and tracking approach jointly with EM inversion (layer-stripping) for time to

depth mapping of those interfaces tracked in time domain.

In Section 5, discussing the direction of data processing software development, we will
describe the on-going research conducted by the PI's group on wavelet transform.
Combination of the wavelet transform method and the neural network approach may lead to

a new breakthrough in GPR data processing for pavement assessment.
4. GPR Pavement Survey Methodology

The purpose of a radar pavement survey is to provide pavement engineers with
subsurface information for either project-level rehabilitation design or network-level work
planning. The degree of information detail and survey spacing along the highway depends
upon the particular requirements of the project engineers. The survey methodology varies

when the GPR technique is used in different projects.
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4.1 Objectives at the Network Level and the Project Level

At the network level, the objective of pavement assessment is to locate pavement
segments and check expected performance. Another purpose is to gather enough
information to estimate current and future budget for improvement and/or maintenance. At
this level, the radar can be used to detect segment changes and can also be used in
conjunction with other methods (e.g., the high-frequency seismic survey) of non-
destructive evaluation of a pavement structure by measuring thickness of the layers at the
point of testing to provide an overall thickness profile. Generally, GPR data is collected
every 0.1 mile. At this sampling rate, the data acquisition and storage process will not
place any limit to the speed of the survey vehicle. A survey along a single lane may be
adequate at this level. The estimated cost for surveying at the network level is about $30-

60/lane-mile.

At the project level, the object of GPR survey is to provide information in detail for the
selected pavement management system project. Traditionally, this information has involved
areview of structural and surface condition to determine the structure betterment required.
For example, if the pavement has failed, then reconstruct; if some remaining life exists,
then over-lay; if structurally sound, then functionally rehabilitate. GPR survey at this level
is in a more detailed mode. Multiple passes may be needed in a problematic segment to
provide lateral extent of subsurface events. Meanwhile, the sampling rate is much higher
than surveys at the network level. Thus, the speed of the vehicle needs to be slower, and
the cost of survey is higher than at the network level, it is about $100-300/lane-mile. To
improve the efficiency of the survey at the project level and to increase the width of GPR
signal coverage, a single transmitter with multiple receiver radar system has been proposed
by a research group in the Lawrence Livermore National Laboratory. The sketch of this

idea is shown in Figure 2 (Warhus et al 1993; Nelson 1994).
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4.2 GPR Pavement Assessment Survey Methodology

There are different kinds of GPR antenna combinations in GPR pavement assessment
practice (e.g., see Table 2). The simplest one is using the ground-coupled flat bow-tie
antenna. Figure 3 shows an example by using the ground coupled bow-tie antenna (i.e.,
the GSSI 400 MHz antenna), made by the University of Nebraska-Lincoln. The GSSI SIR
antenna system can provide GPR survey data in 4 channels; 2 in co-polarization setup and
the other 2 in cross-polarization setup. Sato et al (1995) discussed the advantages for using

the combined polarization antenna setup in boreholes.

Another type of antenna, the air launched horn antenna (Figure 2), is more commonly

used in the pavement assessment practice. Examples of GPR pavement survey system

using only the horn antenna include Pulse Radar, the GSSI SIR-10, etc. It has the -

advantage of no direct friction between the antenna and the surface, so that it won’t place
any constraint on the speed of the survey vehicle. Research condﬁcted by Infrasense Inc.
(Maser, 1997) in Minnesota using highway-speed horn antenna radar equipment and
automated analysis software, can accurately measure ésphalt thickness. To accurately
measure concrete and base thickness, lower speed ground coupled equipment also must be
used. In that project, researchers collected radar data for pavement layer thickness at 40
MN/ROAD research pavement sections in Minnesota to obtain accurate asphalt pavement
layer thickness data on the sections. A blind comparison between radar asphalt thickness
data and available cores shows an R-squared of 0.98. For concrete thickness, the R-square
was 0.76. The report details results for base and subbase thickness and for the layer

thicknesses of the four aggregate sections.
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Figure 2. The Ground Penetrating and Imaging Radar (GPIR) truck proposed by

the Lawrence Livermore National Laboratory.

Figure 3. The GPR van of University of Nebraska at Lincoln with GSSI system.
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Besides using single type antennas for pavement assessment, some systems use a
combination of the air-launched horn antenna and the ground coupled bow-tie antenna. For
example, the Road Radar System uses a 2.5 GHz air-launched horn antenna and a 1 GHz
ground-coupled array antenna, combined with a video logging camera. The technically
superior hybrid radar hardware comprises one half of the total Road Radar System.
Meanwhile, the post-processing software environment completes the system. The hardware
setup of the Road Radar System is shown in Figure 4. A comprehensive graphical signal
processing environment combines time and frequency domain techniques with rule-based
expert systems and neural network based pattern recognition to automate the radar data

interpretation process.

Figure 4. Road Radar data acquisition system components. (1) 2.5 GHz air-

launched horn antenna; (2) video logging camera; (3) 1 GHz ground-coupled array
antenna; (4) Radar system control and data acquisition;-(5) Distance measuring

instrument; (6) RF electronics.

The output formats produced by Road Radar may be client specified. Standard formats
include the continuous multiple layer thickness profiles and raw radar data annotated with
identified features such as: cracks, voids, structure changes. Other data can also be
included such as: deflection measurement at specific locations and underground

infrastructure. Tabular presentation of thickness of each layer at client selected intervals
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includes means and standard deviations. A piece of GPR survey profile output is shown in

Figure 5.

The following list summarizes survey-methodology issues.

(i) Project scope (network level, project level);
(ii) Antenna type (surface contact antenna, air-launched horn antenna);

(iii) Frequency of GPR signal (all above 1 GHz).

Clients can specify either a network-level or project-level survey. The speed of the survey
vehicle depends on data sampling rate (spacing). High sampling rate (at the project level)
places a limit on the survey speed. The frequency range currently used in practice is 1-5
GHz. Air-launched horn antenna is the favored kind of antenna in GPR pavement
assessment survey. Combination of the air-launched antenna and the ground coupled dipole
antenna may yield more subsurface information, with a bit higher budget for ground-

coupling antenna maintenance (changing the worn-out sliding strips).

4.3 New Developments in Multi-Channel Acquisition

Although the ground penetrating radar has been used in the simple monostatic mode for
a number>of years in geotechnical and transportation applications, the use of a single-
channel setup has not allowed the considerable benefits possible with multi-channel
acquisition. The past couple of years, however, have seen new developments in multi-

channel acquisitions in GPR road surveys.

Peacock [1997] of Geotechnica LTD in UK proposed and implemented a new GPR
acquisition hardware system using the multi-channel idea. This multi-channel radar system
uses eight transmitter/receiver pairs in a closely coupled configuration as a single antenna

with full digital control and data acquisition. The antenna is entirely controlled by a high-
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speed microprocessor which connects other antennae to an acquisition computer on a 1
Mbyte/sec SDLC network link. The network protocol permits a maximum of 255 antennae
to link together on a drop-down bus topology. The functionality of one antenna is shown in

Figure 6.

~ Rx timing _L
~ Control Timing channels  [—9>
microprocessor [#] channels
Tx timin —
i channelg —>
>
; g.
- |
Communicatons Date Distance
controller acquisition interface

R 1AL

Figure 6. GPR Data acquisition functional schematic sketch proposed by

Geotechnica (Peacock, 1998).

The use of a multi-channel system permits a major improvement in the quality of GPR.
Such an improvement is attributed to the high power of the transmitters and the ability of
velocity-based stacking to attenuate reverberation and focus the overall antenna response to
a common reflection point. Inclusion of the velocity data promiseé depth information in the
final cross sections and allows the use of migration techniques, which, for many years,
have constituted the single most important data-processing technology used in exploration

seismology.
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5. GPR Data Processing Research Carried Out By the PI: Wavelet

Transform

During the fiscal year of 1997-98, besides the feasibility study via literature search
defined in Project JHRAC 97-4, the PI also devoted a substantial portion of his time to the
study of GPR data-processing algorithms. Among the advancements in this area, he found
that the technique of wavelet transform may be an optimal candidate for improving data-
processing and -interpretation software packages, and would lend itself as an excellent

topic for follow-up studies on GPR pavement assessment in the future.
5.1 Introduction of the Wavelet Transform

In recent years the digital signal processing technique of wavelet transform has been
very successfully applied in a number of scientific and engineering fields. The advantage of
the wavelet transform technique is that it can combine reduction, compression, denoising,
time-frequency analysis, and feature recognition for the same data set. The vast quantity of
data generatéd by a road survey poses severe limits to survey speed and length. Any
technique with potential to compress large data sets without loss of information is worth
further investigation. Besides processing the GPR data, this technique can also be used in
data processing and compression of other pavement assessment methods that involve a

large amount of data such as the video camera survey.

Wavelet transform methods found their origin as an analysis tool for examining
scattering of seismic waves. In the last few years, it has been proven that they are useful
and popular in many fields. Wavelet analyses can characterize temporal or spatial behavior
of geophysical signals. They can filter and enhance data, as well as remove unwanted

signals. In addition, they can be used to detect specific events in the compressed data.

The key advantage of the wavelet transform over the conventional Fourier transform is

its capability of localizing the target information in both the time and frequency domain
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simultaneously. The wavelet transform distinguishes itself from the Short Time Fourier
Transform for time-frequency analysis in that it has a zoom-in and zoom-out capability.
Thus, the approach is suitable for time-frequency analysis of radar signals. Application
capability of the wavelet transform depends on the selection of the wavelet functions. The
popularly developed wavelet functions are orthonormal and compactly supported, but they
do not have a finite impulse response and linear phase. In using radar for non-destructive
assessment, the orthonormality of this kind of wavelet functions is undesirable, especially
when subsequent compléx processing is required. The non-orthogonal wavelet transform
algorithm avoids phase distortion problems, hence provides a better choice for GPR
applications. In seismic studies it was applied to remove coherent noises. The signals
reconstructed by using the wavelet transform show significant improvement in the signal to

noise ratio.

Another advantage of the wavelet transform is that there exist proven, fully-developed
algorithms capable of achieving compression ratios ih excess of 100:1 in the processing of
seismic reflection data, which is very similar to the processing of GPR data. Although the -
compression algorithm is “lossy”, in the sense that it introduces noise into the final
reconstituted data set, the compression noise leads to no observable loss of geophysical
information at compression ratios substantially greater than 100:1. The compression
algorithm employs the wavelet transform to characterize data on the basis of. a number of
subbands having different temporal and spatial frequency content. The coherency and
redundancy of multidimensional seismic datasets permit efficient quantization of the data
by each wavelet-transform subband, such that a very small number of bits per data sample
will accurately represent the data. The ability to compress data by such large factors leads to
the possibility of storing entire field datasets onto the hard disk of the on-vehicle computer
or transmitting entire field datasets from a survey vehicle directly to a processing center

nearly in real time.

29



5.2 Research on Wavelet Transform and Testing Data Collection

The PI presented a paper to the 7th International Conference on GPR in Lawrence,
Kansas in May, 1998 on using the wavelet transform in environmental application (Liu and
Oristaglio, 1998). In this paper the authors presented a method for imaging subsurface
features by calculation of the instantaneous parameters of GPR time traces. Figure 7 shows
a GPR profile acquired over a subsurface gasoline contaminant plume. Wavelet analysis for
time trace at the location outside of the plume (Figure 8a) is significantly different from that
within the plume (Figure 8b). Extraction of the instantaneous phase through the use of the
wavelet analysis may allow identification of the interfaces between asphalt, base and

subbase in pavement assessment.

1200:

Figure 7. A GPR profile collected at the former Wurtsmith Air Force Base in
Michigan, courtesy from W.A. Sauck. The central frequency of the antenna is 100
MHz. The total scan length in travel time is 400 nanosecond, consisting of 512
samples in each trace. A total number of 1,576 traces scanned 300 feet in horizontal
distance (oriented with west to the left) on the surface in an approximately east-west
direction.
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The PI’s group also collected a test dataset over asphalt pavement using the 1 GHz
RAMAC/Radar system. In the profile we can clearly identify the base of the asphalt layer.
This is only a test dataset using ground-coupled bow-tie antennae, but it is encouraging that
by just such a simple test, we do see the main features of pavement structures. This test
dataset was collected on the Depot Campus of the University of Connecticut and is shown
below as Figure 9. From the profile it is clear that the interface between the asphalt layer
‘and the base is different between the far right at the profile from the rest. The reason is not
known at this stage; more direct ground-truth information is needed to verify the existence

of this anomaly.

Profile Length(m)
1.0 15 2.0 25 3.0 35 (m)

Depth (meter)

—

Figure 9. GPR profile along the asphalt paved path in front of the Coventry
Cottage, Depot Campus, Storrs, CT. The GPR system is the RAMAC/RADAR by

MALA Geoscience, Inc. using 1 GHz antenna.
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6. Conclusions and Suggestions

As a summary of previous sections, the PI highlights the following conclusions and
makes a number of suggestions, in accordance with the findings, to the Joint Highway

Research Advisory Council (JHRAC) and ConnDOT.

(1) The GPR survey is close to mature to be considered as a major non-

destructive testing technology in highway pavement assessment.

(2) In terms of GPR hardware, there are mainly two types of antenna to be used
in practice: the air-launched horn antenna and the ground coupled bow-tie

dipole antenna.

(3) In terms of GPR data processing software, the neural network analysis is

the major tool used in identifying subsurface events.

(4) In survey methodology, the GPR survey employs a different approach for
jobs at the network level and the project level. The surveys conducted at the
network level tend to be a reconnaissance, with low associated cost. The
surveys at the project level are for detailed subsurface features, and thus

more costly.

(5) During the last several years, there has been significant progress in the

areas of hardware, software, and survey methodology development.

In the future, when ConnDOT plans to use GPR for rapid pavement assessment, the PI

has the following suggestions:

(1) The horn antenna with stepped frequency in 1 - 5 GHz should be the at the

top of the list in terms of hardware.
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(2) Using software based upon neural network with association of wavelet

transform to substantially reduce the amount of data involved.

(3) GPR surveys may still be in monostatic mode, but use the multiple

transmitter-receiver array to get in situ velocities.

(4) Upon purchasing or evaluating GPR systems, request information on the
system parameters mentioned in Section 2 from potential vendors. The PI is
willing to help on conducting a thorough system cheék and evaluation using

the criteria discussed in Section 2.

Disclaimer: ~ The contents of this report reflect the views of the author who is responsible
for the facts and accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the Connecticut Department of Transportation or the
Federal Highway Administration. The report does not constitute a standard, specification,
or regulation. Neither the United State Government nor the State of Connecticut endorse
products or manufacturers. Trade mark_s or manufacturer names appear herein only because

they are considered essential to the objective of this document.
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Appendix II: Information on GPR Equipment Venders and GPR pavement
assessment and bridge deck inspection vendors

Road Radar Inc.
14535-118 Avenue
Edmonton, Alberta
Canada, T5L 2M7
email: mesher@rrl.com

web: http://www.rrl.com/

Ground Penetrating Imaging Radar (GPIR)
Lawrence Livermore National Lab

Defense Sciences Engineering Division
and Laser Engineering Division

‘web: http://www-dsed.lInl.gov/documents

Geotechnica Litd.

Unit 20, Applins Farm, Farrington
Blandford, Dorset DT11 8RA, UK
phone: 01747 812104

fax: 01747 812204

e-mail: peack @ geotechnica.demon.co.uk

MALA GeoScience
Skolgatan 11,

S-930 70 Mala, Sweden
phone: 46-953-107-10
fax: 46-953-102-25

e-mail: geoscience @malags.se

Geophysics GPR International Inc.
2545, Delorimier Street

Longeuil, Québec J4K 3P7
Canada

phone: 514-679-2400

fax: 514-521-4128

e-mail: gprmtl @citenet.net

http://www.geophysicsgpr.com/index.htm

Geophysical Survey Systems, Inc.
13 Klein Drive,

P. O. Box 97

North Salem, N.H. 03073-0097
phone: 800-524-3011

phone: 603-893-1109

fax: 603-889-3984

e-mai: gssisales@aol.com

web: http://www. geophysical.éom

Sensor & Software, Inc.
1091 Brevik Place,
Mississauga, ON

LAW 3R7 Canada
905-624-8909 (phone)
905-624-9365 (fax)

Infrasense, Inc.



‘l

14 Kensington Road
Arlington, MA 02174
phone: 617-648-0440

fax: 617-648-1778

e-mail: info@infrasense.com

web: http://www.infrasense.com

Pulse Radar, Inc. .

10665 Richmond, Suite 170
Houston, Texas, 770424
phone: 713-977-0557

fax:713-977-2159
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Appendix IV: A Glossary of Technical terms

Air-launched horn antenna
A type of GPR radar antenna that uses a horn-shaped aperture and is suspended at a
certain height from the ground surface.

Borehole radar
A radar system specially designed for using in the boreholes. The major difference
between the borehole radar and the surface GPR is that the antenna of borehole radar is
designed in a cylindrical shape for lowering down to the borehole.

Dielectric permittivity and dielectric constant
The dielectric permittivity, along with electric conductivity, and magnetic permeability,
describes the electromagnetic properties of a material. The dielectric permittivity can be
expressed as a combination of the dielectric permittivity of free space (vacuum), ¢,, and
a relative factor, the dielectric constant, ¢,, i.e.,

E=E,E,

The dielectric permittivity of free space is merely a constant in the unit of farads/m. The
dieléctric constant is a dimensionless number and varies from 1 (air) to 81 (water) in
accordance with the dielectric property of the media.

Electric conductivity
The property determines the efficiency of the electric current conducting in the medium.
It is reciprocal to the commonly used resistivity.

Electromagnetic impedance

The electromagnetic impedance is defined as the square root of the ratio of the magnetic

permeability and the dielectric permittivity. Using a simple formula it is

z=|E
£
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where Z is the impedance, u \the magnetic permeability, and & the dielectric
permittivity. The contrast of impedances of two adjacent media determines the feature
of reflection and transmission of the electromagnetic waves.

Electromagnetic (EM) wave velocity
The speed at which the electromagnetic waves propagate. The electromagnetic wave
velocity in the air is close to the light speed in vacuum (~300,000 km/sec). In earth
media, the electromagnetic wave velocity is about one third of the light speed. The
dielectric permittivity and the magnetic permeability of a medium determine the EM
wave velocity in it.

Expert system
A computer software package that integrates human experts’ knowledge and
experiences in certain field and generates an ‘opinion’ similar to a human expert would
give. Such a system is a combination of interactive database and data processing
software. A computerized medical diagnostics package may be the best example of such
an expert system.

Fourier Transform
A mathematical operation that conducts mapping signals between two associated
domains. The most frequently domains used in engineering problems are the time
domain and frequency domain. The Fourier transform could also be performed in
space domain and wave number domain.

Ground-coupled antenna
The GPR antenna that has placed near the surface of the earth for transmitting and
receiving signals. The spacing between the ground-coupled antenna and the surface is
between zero to a couple of centimeters.

Magnetic permeability
The material property describes the magnetic strength is the magnetic permeability (in

units of henries/meter). Similar to the dielectric permittivity, the magnetic permeability
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| can also be expressed by a dimensionless factor, u,, and the magnetic permeability

of free space (vacuum), u,, i.e.,
1=,
For most non-magnetic materials the relative permeabilities are always close to unity.
Monostatic GPR
GPR surveys using the set up that the transmitting- and the receiving- antenna are kept
with a constant, short spacing.
Multi-target tracking
Data processing techniques that tracing multiple features in the time domain scans in the
GPR records.
Neural networks
A mathematical algorithm that simulates the reactions of human neural system to
external signal input. Neural network technique can be used as an artificial intelligence
pattern recognition of targets existing in the digital signals. First, the networks need to
be trained to recognize certain patterns, then they can be used in pattern recognition
' practice.
Radar wave velocity
See Electromagnetic wave velocity.
Transition frequency
The frequency at which the behavior of the electromagnetic signals varies between
diffusive fields and propagating waves. If the frequency of the electromagnetic signal is
lower than the transition frequency, it is essentially a kind of diffusive field. If the
signal frequency is higher than the transition frequency, it behaves like a wave. The
transition frequency is intrinsically determined by the electromagnetic properties of the

medium in which the radar signal is transmitting and receiving. Specific, the transition

frequency is defined as the ratio of the electric conductivity and the dielectric

permittivity. Using a simple equation it is
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o, =—
€

where o, is the transition (angular) frequency, ¢ is the conductivity, and € the
dielectric permittivity. To make the radar work properly, it has to assure that the
frequency used higher than the transition frequency of the medium.
Wavelet transform (WT)

A new kind of integration transform developed just in the last couple of decades. It
terms of the function of mapping signals from one domain (e.g., time) to another
domain (e.g., frequency), it is very similar to the Fourier Transform (FT), for which
engineers and scientists are more familiar with and use more frequently. Nevertheless,
one major difference and advantage the wavelet transform (WT) over FT is that it is
capable to locate the frequency content features in time domain, or vice versa. In
contrast, FT of a time domain signal can only tell the frequency content in general, but
is unable to tell the frequency content variations with respect to time. Another important
advantage is that after WT decomposition, one can keeps the useful information and
greatly eliminates constituents that are irrelevant or noisy. So, WT is also a great tool in

data reduction.
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