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ABSTRACT

The Time of Delay (TOD) estimation of multiple
echoes is here solved with an iterative multitarget
detection/tracking algorithm. The evaluation of the
TODs is based on their a-posteriori probability, while
a first-order Markov model is used for a-priori prob-
ability estimation. The effectiveness of the algorithm
(low false-alarm rate and robustness) is also experimen-
tally proven. Moreover the algorithm exhibits a better
noise rejection and an improved target resolution with
respect to algorithms that perform separate detection
and tracking.

1. INTRODUCTION

Many remote-sensing applications involve detection
and tracking of the time of delay (TOD) of echoes
of known waveform. When a moving active sensor is
used to perform several measurements, the same target
medium is illuminated from different locations. The
TODs of backscattered echoes are closely related to
the physical properties of the propagating medium and
form a profile (also indicated as interface to under-
line the physical meaning) that we propose to identify.
Detection and TOD estimation are considered to be
the major performance issues as detection of erroneous
echoes (false alarms) introduces errors. In addition,
these errors accumulate and bias the physical model
estimation.

The TODs of the echoes, when present, are spa-
tially continuous across the scans. We propose to ex-
ploit this continuity for both the detection of multiple
interfaces and the tracking of their TODs. The multi-
target detection/tracking algorithm is obtained by ap-
plying iteratively the single target detection/tracking
one. The basic idea is based on the framework pre-
sented in references [1] [2]. But we estimate the TOD
of each interface after detection/tracking of interfaces
instead of estimating only TODs of isolated echoes af-
ter echo detection. This is obtained by evaluating the
a-posteriori probability density function (pdf) for a set
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of hypotheses each of them corresponding to a different
TOD. Lateral continuity of echoes, that pertain to the
same interface, is based on a first-order Markov model
for the evaluation of a-priori pdf.

The algorithm has been applied to a monostatic
pulse radar system {Ground Penetrating Radar - GPR)
that has been designed for the estimation of layer thick-
nesses and of structural features in road and highway
pavements from the TODs of backscattered echoes [4].
The GPR system is mounted on a vehicle that per-
forms a continuous survey at the speed higher than 50
Km/h. The amount of measurements is approx. 15-
20 Mbytes/Km (or 12.5-16.7 Mbytes/min) and multi-
target detection/tracking is the only feasible approach
that can be realistically considered for real-time imple-
mentation of GPR in pavement profiling.

2. DETECTION/TRACKING ALGORITHM

In active sensor systems, the measured signal at space
location z; = ¢{Ax (or the i-th scan) is modelled as a
superposition of L; echoes that correspond to L; inter-
faces (or targets):

L;
s(xit) =Y a(m:)wt — (@) + nlai,t); (1)

1=1

w (t) is the known pulse waveform having time resolu-
tion T,; ai(z;) and 7i(x;) are the amplitude and the
TOD, respectively, of the echo due to the [-th target;
n(z;,t) is the zero mean uncorrelated Gaussian noise
with variance 62. The TODs that correspond to the
l-th interface are laterally continuous (when present),
and slowly varying across scans: |7;(x;) — Ti(zi41)]| <
Ty. The number of the interfaces L; may change from
one location to an adjacent one up to one interface,
|Liy1 — L;] < 1, but it is bounded by the maximum
number of interfaces L (0 < L; < L). According to
model (1), these assumptions involve multiple targets
(up to L) that may be continuous or discontinuous
aCross scans.
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For one echo only, the likelihood ratio test is use-
ful to discriminate between two alternative hypotheses:
Hy (z;) and H; (x;). Hy (z;) denotes the presence of an
echo within the observation window T > T, regard-
less of its TOD 7,(z;), while Hyp (z;) indicates absence
of echo [i.e. s(z;,t) = n(z;,t)]. When the pulse wave-
form w(t) is known, the correlation filter represents the
optimum approach for the estimation of echo amplitude
and TOD [6).

2.1. Single-target detection/tracking algorithm

Let us assume, at first, that there is only one in-
terface in the model (1): 0 < L; < L = 1. For
the i-th scan, the signal s(z;,t) is uniformly sam-
pled in time (time sampling is At with M samples
or bins/scan) and arranged in column vector s; =
[s(zi,t1),...,8(xi,ta)]T. Echoes may have any of M
TODs within the time sampling bins. Thus, a se-
quence of M + 1 disjoint sub-hypotheses h,,(z;) (m =
0,1,..., M) is defined as a partition of the whole hy-
potheses space [U;‘i1 hj(z;) = Hi(z;)]. Hypothesis
hp(z;) (with m = 1,..., M) indicates that the echo is
present with TOD t,, = mAt, hypothesis ho(z;) holds
true when the echo is absent [ho(z;) = Ho(x;)).

The a-posteriori pdf of the M + 1 sub-hypotheses
Plhm(x;) | Si], evaluated for all the data up to the i-
th scan (i.e. S; = [s;,...,s1]), allows us the maximum
a—posteriori (MAP) or the minimum mean square er-
ror (MMSE) estimation of echo TODs as the max-
imum or the mean value of a-posteriori pdf (evalu-
ated for m = 1,...,M) respectively. Similarly, the
interface detection depends on the a-posteriori pdf
ZTA:{=1 plhm(z;) | S;]- From the Bayes’ theorem, the
a—posteriori pdf plh,(x;) | S;] is described by:

P [m (2:)18:] = Tip [8ilhm (z:)] p [Am (xi)lsi—l](é)
for m = 0,1,...,M. Here p [hy (z;) | Si—1] denotes
the a-priori pdf that hypothesis A, (x;) holds true in
the i-th scan; p[s; | Am (z;)] is the conditional pdf of
observations conditioned to the presence of an echo
with TOD mA¢ and under the assumption that the ob-
servations s; are independent of all other observations
up to the (i-1)-th scan; T'; represent a normalization
term. The a-posteriori pdf of detection (here denoted
with superscript d) is derived from the union of all sub-
hypotheses h,, (z;):

M
P [Hy (2:)18:]= D p [hm () ISi].  (3)

m=1
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The a-posteriori pdf of tracking (superscript t)
Y4 hm Zg Si
P [hon (1) 18] = ol @ISy
2 P [hm (2:) [S4]

m=1

for m > 1, is the probability that hypothesis h,, (z;)
holds true conditioned to the assumption that an
echo has been detected in the i-th scan, regardless
of its TOD. For each scan an interface is assumed
to be present if the a-posteriori pdf of detection is
¥ [Hy (x:)|Si] > 1/2; the estimation of interface
TOD 7 (z;) is then performed based on the a-posteriori
pdf of tracking p® [h,, (x;) |S;] exploiting the MAP or
MMSE criteria. Both interface detection and interface
tracking pdfs need to be evaluated to assess the pres-
ence and the TOD of an interface. At the i-th scan, the
pdf value of sub-hypothesis ho(x;) allows us to check if
the hypothesis Hp (z;) [or, equivalently, H;(z;)] holds
true. Therefore, at the i-th scan, the algorithm can
be either in tracking-state (i.e., it is tracking the TOD
corresponding to an interface) or in not-tracking-state
(i-e., there is no-interface).

2.2. Conditional pdf with known waveform w (t)
The conditional pdf p[s;|hn, (z;)], for m > 1, is
evaluated by assuming that the waveform w(t) is
known. Equation (2) is more conveniently rewritten
in term of the likelihood ratio function of the data
samples A[s;|hp (z:)] = plsilhm (z:)] /pIsilho (:)):
P [hm (2:)[Si] = T Alsilhm (2:)] p [hm (i) |Si-1] by
changing the normalization term I'; only. If the time
interval is long enough to contain the waveform with-
out edge effects, the likelihood ratio is simply given by
(m >1):

Al (2] = exp { -Z2 2270t L 5)

where E,, is the energy of the waveform and g(z;,t,,) =
ZkM=1 s(x;, tx) w(ty —mAt) denotes the correlation be-
tween the measured data s(z;,t) and the waveform
w (t) delayed by t,, = mAt (note that Afs;|ho (z;)] =
1).

A simple way to compensate for waveform distor-
tion, that frequently is considered in applications, is
by using analytic signals both for s(z;,t) and w(t). In
this case, the likelihood ratio (5) needs to be modified
accordingly [3].

2.3. First-order Markov model

The lateral interface continuity constraint is applied
in the form of a relationship between the a-priori pdf
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of the i-th scan and the a-posteriori pdf of the (i-
1)-th scan. This is obtained assuming a first or-
der Markov model for the evaluation of the a-priori
pdfs [2]. The a-priori pdf for the i-th scan are
thus obtained by using different transition probabili-
ties for detection pdf p(¥) [Hy(z;)|S;_1] and tracking
pdf p® (A, (2:) |Si-1):

P [Hy(2:)|Si—1] = (1 —q)p D [Hy(zi-1)|Si—1] +
+qp'?D [Ho(z:i-1)[Si—1]  (6a)

N

PO [hm () [Si-1] = Z be P [k (zi—1) |Siz1] .-
k=N

(6b)

The transition probability for detection ¢ is the
probability to change from the state of interface absent
to interface present or viceversa. The transition prob-
abilities for tracking by have an even symmetry with
respect to by (bg > bi) and their sum is normalized to
one. The choice of the shape of the transition probabil-
ities by as well as the width N depends on the specific
application; in any case the value N is bounded by the
pulse resolution N < T, /At. We preferred here a tri-
angular shape: b, = (1 — |k| /N) /N. To preserve uni-
form stationary pdf across the scans, mirror boundary
conditions should be adopted in equation (6b). Transi-
tion of a-posteriori detection probability from interface
absent to interface present (lock transition) or from in-
terface present to interface absent (unlock transition)
are mostly dominated by the SNR term and by the
transition probabilities ¢ and br. A general analysis
of the lock/unlock transition is rather cumbersome,
however analytical results may be derived using hor-
izontal interfaces and N = 1. Steady state values of
p9) [Hy (x;) |S;] when the algorithm is both in tracking
and in non-tracking mode is symmetrical with respect
to the threshold. During the initialization phase, the
a-priori pdf of detection and tracking are chosen to be
uniformly distributed.

The a-priori pdfs for the M + 1 hypotheses to be
used in Bayes’ formula (2) are derived from the a-priori
pdfs for detection and tracking as described in equa-
tions (3) and (4).

2.4. Multitarget detection/tracking algorithm

The approach discussed so far is for detecting and
tracking one interface only. In presence of more than
one interface, the detection/tracking algorithm tracks
the TOD of the interface that has the largest SNR.
This tracking ambiguity could be avoided, in principle,
by processing sub-sequences of time samples. In prac-
tice, errors are difficult to avoid when two interfaces
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are close to each other (because of limits in echo res-
olution), when one interface splits into two interfaces,
or when several interfaces merge into one.

Multitarget Tracking Simulation [SNR=0dB]
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Figure 1: Multitarget tracking of simulated data (from
the top): synthetic data with SNR=0 dB [the wave-
form is: w(t) = (1 — £2) exp(—#2/2), where t = t/T,,;
T, = 10At]; MAP estimation of interface TODs;
residual s(4) (¢, z;) after tracking (tracking parameters:
g = 0.01, N = 4); p@ [H, (z;) |R;] for various itera-
tions from{=1to ! =3.

e

Tracking of multiple interfaces is performed here it-
eratively, each iteration corresponds to detection and
tracking of one interface only. Let T;(z;) be the es-
timated TOD for the [-th interface at the [-th itera-
tion and let s()(z;,t) be the corresponding data (su-
perscript denotes that all the interfaces, up to the (I-
1)-th, have been detected/tracked). The maximum
likelihood estimate of echo amplitude, if present, sim-
ply follows from correlation filter output evaluated at
the estimated TOD 7i(x;): ai(x;) = g(z:,Ti(x:))/ En-
Both TOD and amplitude of the echo that corresponds
to the I-th interface are known. To avoid multi-
ple tracking of the same interface, echoes of the I-th
tracked interface are removed from s(’)(xi,t). There-
fore the data to be used for the (I+1)-th interface detec-
tion/tracking (or (I+1)-th iteration) is: s(+1(x;,t) =
sO(z;,t)— @y(x;) w(t — Ti(x;)). For the first itera-
tion it is: s(Y)(w;,t) = s(x;,t). Detection/tracking it-
erations are performed until the residual s(+V)(z;,t)
achieves a reasonable level or the detection probability
pD[Hy (x4) |S§l+1)] is mostly below threshold and/or
by limiting the maximum number of iterations [ < L.

Fig.1 shows a simulation of the multitarget detec-
tion/tracking algorithm for two interfering sinusoidal
interfaces (SNR=0dB) where it has been assumed L =
3. After | = 2 the a-posteriori probability of detection
is mostly below threshold; this corresponds to the case
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when no more interfaces are to be tracked. In addition,
s (x;,t) after tracking L = 3 (potential) interfaces
does not show any residual interface to be tracked.

The iterative approach followed here for multitarget
tracking is similar, in practice, to the inverse probabil-
ity used in ref.[1] to avoid tracking the same target
several times. Both methods are compared in the next
section.

3. APPLICATION TO MONOSTATIC GPR

In monostatic GPR applications (see ref.[4]), layer-
stripping inversion is a well known technique to es-
timate the permittivity profile in heterogeneous me-
dia from the estimation of the TODs {7;(z;)} and
amplitudes {a;(x;)}. Up to now, the multitarget de-
tection/tracking appears to be the only feasible ap-
proach for layer-stripping inversion in real-time appli-
cation of GPR. Fig.2 (a) shows an example of exper-
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Figure 2: Comparison between multitarget tracking
algorithms. (a): data from monostatic GPR mea-
surements; (b): multitarget tracking algorithm after
echo detection (parameters according to [1]: Py = 0.4,
Pf = 001, ¢ = 0.01,L = 7); (c) multitarget de-
tection/tracking algorithm (N = 4, SNR = 5dB,
q=001,L=7).

imental GPR data (T, =1ns); the first echo (time
sample m ~ 50) corresponds to air/ground interface,
later echoes are asphalt/concrete (m ~ 300) and con-
crete/ground (m ~ 500) interfaces. Echoes are dis-
continuous along depeer interfaces because of low SNR
(mostly due to signal attenuation) or for complex struc-
tural features. Comparisons between the multitarget
tracking algorithm applied after echo detection 1] and
the multitarget detection/tracking one proposed in this
paper are shown in Fig.2 (b) and (c), respectively.
TODs have been estimated with MAP criterium and
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the tracking parameters have been optimized for both
methods. According to comparative analyses shown
in ref.[5], it may also be concluded that, with respect
to multitarget tracking after echo detection, our mul-
titarget detection/tracking algorithm shows: i) better
time-resolution of interfaces in multilayered structure,
i) less false alarms and iii) better continuity of the re-
constructed interfaces. Results of other applications of
multitarget detection/tracking algorithm to geophysics
validate these results.

4. CONCLUSIONS

Tterative technique for detection/ tracking of multiple
interfaces have been proposed as a two-step approach:
first the interface is detected and echoes are spatially
tracked (either using MAP or MMSE criteria), then
the echoes that belong to the detected interface are re-
moved from the data. Compared to methods that track
the TOD after echo detection, the detection/tracking
algorithm shows good capability (tradeoff between de-
tection and false alarms) to detect and track the TODs
of interfaces that are discontinuous, overlapping, and
closely spaced (compared to the waveform resolution).
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