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Abstract: This paper is concerned with the problem of
associating measurements from several passive (angle-
only) sensors. Contrast with the static problem when
measurements at a given time are processed, we present
here a technique, processing measurements from several
consecutive scans. Here we use a particular feature of
Hough Transform for batch data processing. The
technique is derived assuming presence of clutter, missed
detections and an unknown number of targets. An effective
heuristic technique for ghost elimination is proposed here
which preliminary reduces considerably the total number
of so called ghost intersections and thus alleviating
consequent Hough Transform algorithm implementation.
This Hough Transform algorithm as it can be seen from
numerical results presented here, initiates tracks and
successfully resolves the ambiguous measurement-target
associations. The main advantage of presented here
approach is avoiding the S D matching problem which is
known to be NP-hard.

Keywords: Data Fusion, Hough Transform, Passve
Sensors.

1 Introduction

This paper concerns the use of Hough transform (HT)
method for multisensor data as<ociation. Several passve
(angle-only) sensors observe common surveillance aea
The sensors g/nchronously send measurements of
unknown number of targets at one and the same moment
of time. The corresponding Data Aswciation (DA)
problem is usualy considered in two ways. static and
dynamic. In the static DA problem the measurements
propagated to a common time ae dustered into classes,
where each classbelongs to particular target. The optimal
clustering maximizes a corresponding likelihood function.
Many authors have investigated this problem [5,6]

In this paper the dynamic ceaseis considered, when data
from several conseautive scans are procesed. The
sampling intervals (periods of scans) are not necessarily
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equal. It is supposed that targets move redili nealy and
that the passve sensors are with known fixed pasitions.
The target sites are obtained by trianguation of beaing
measurements from at least two sensors. However,
multiple targets creade anumber of false trianguations,
cdled ghosts that can not be discaded on the base of
information obtained from just two sensors. To overcome
this problem it is necessary to use alditional sensors to
resolve anbiguous measurement-target associations.
Unfortunately, for number of sensors more than or equal
three the corresponding matching problem can be shown
to be NP-complete (the so-cdled *“combinatorial
explosion” arises) [5]. A speda attention deserves dense
target scenario with presence of heavy clutter, when the
most of the known algorithms dramaticdly reduce their
efficiency.

Recently, a new DA approach using HT has been
proposed for adive sensors (radars) [4]. It succesSully
overcomes the combinatorial explosion. Here, one solution
for DA problem using HT is developed in the cae of
passve sensors. A new transform equation is applied. This
approach alows both to deted and initiate existing tradks
and to rejed false tradks, consisting of ghosts. A heuristic
ghost elimination technique is also developed. It increases
the probability of recmgnizing false tradks. The proposed
HT algorithm improves the overal system performance
and capabilities.

This paper is organized as follows. In Sedion 2 the
problem formulation is given. The main pruning rules and
heuristic ghost elimination technique ae described in
Sedion 3. Sedion 4 is devoted to data asciation
agorithm, based on HT. The origina HT is briefly
described in Sedion 4.1. A presentation of HT as template
matching technique is given in Sedion 4.2. The new
transform equation is proposed in Sedion 4.3. In Sedion
4.4 we describe the philosophy of DA agorithm, based on
HT, and his ability to deted and to rejed ghosts. Sedion 5
provides me gplicaion results and Sedion 6 gives
summary and conclusions of this work.
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2 Problem For mulation

Let suppose that several passve sensors trad at least two
targets in k conseautive scans. When missed detedions
and false darms don't exist, the lists of reports from the
sensors contain equal number of measurements. But in
more @mmon case, when fase darms and missd
detedions are assumed, the number of measurements
varies from scan to scan. If the index S is used to denote
the sensor number and t is used to denote the temporal
dimension (the scan number) the measurements receved
in k conseattive scans can be denoted by:

Zt)....2,t).Z).... 2, ), 2 (), 2 (&) - Every
measurement z°(t) can be expresed as a sum of true
target beaing B° measured from the “North” diredion
andthemeasurement errar® ~ N(0,03) at the scart :

(1) =B+ 1)

In this paper it is assumed that data synchronously arrives
from the sensors. Thus, to oltain the target position it is
necessary to trianguate beaing measurements arriving in
one and the same frame from ead pair of sensors. To
ill ustrate the problem let consider two targets in common
surveillance space without false darms and missed
detedions. In this case exadly two measurements will be
recaved from ead sensor in a scan. The trianguation will
give four potential positions for two existing targets
(figure 1).
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Figure 1. Two sensors observe two approaching targets

In dynamic cee the measurements from several
conseautive scans are procesed simultaneously. As a
result of trianguation tradks consisted of ghosts appea in
paralel with red tradks. Correlation logic has to be
applied to recognize and initiate the true redili nea tradks
and to reject the tracks consisting of ghosts.

3 A Preliminary Ghost Elimination

For the dosen scenario a heurigtic technique for
preliminary ghosts elimination is proposed. The basic idea
can be ill ustrated by means of the most simple scenario in
which two sensors observe two approacing targets (figure
1), in which casdour triangulations argeneratd

As we don't know which of these trianguations are the
true targets it is necessry to creae dl feasible
partitionings of them. This partitioning is one of the
pruning rules of the diminating technique. In our case the
possble partitioning is (1,2) and (3,4). It isaso olviously
thatpartitioning (1,3) and (2,4) awnfeasible

And now, if the difference A, =z (t, )~z (t,),
concerning trianguation 4, is too small this trianguation
can be found to be out of a maxima range of sensor
sensitivity D, . Obvioudly, this trianguation has to be
stated as a false one. But trianguation 3 has to be stated as
a false intersedion, too, becaise it is coupled with
triangdation 4 in a feasible partitioning. A particular case
of thisruleiswhen A, ; <0, i.e, the trianguation isin a

half-spacebehind the sensors and it has to be stated as a
false intersection.

In brief, the ghost regjedion algorithm is based on the
next two rules:

 Out-of-range elimination;

« No more than one target on a beam.

According these two rules the dgorithm can be set out
in two-sensor case & foll ows. Asaume we have two lists of
measurements receved from two sensors in one scan:

z4.z),...,z8 andz ,z;,...,.z- .

1. For eah i and | (i,j=1n) the differences
A;; =z -z are computed

1.1. If the difference A, <0, the dement of

L=

matrix M(i, j) is setto zerg

cosz" and

12 1f A;; >0, compute the ratios: -
i
cosz;
sna; ;-
1.2.1. If any of them exceeals the value of

. ... D
normalized range of sensors’ sensitivity — |
K,L

the dement M(i,j) is =t to zeo (By,
denotes distance between corresponding
Sensors).

12.2. Otherwise,M(i,j) =4, .

The second part of the dgorithm includes chedking of
the rows and columns ™.

2. Omitting aready proceseed rows, chedk

consealtively ead row and count the non-zero

elemengin it.



2.1. If there is no one row with a single non-zero
elementthenGo To 2.5.

2.2. If all rows are already processed, GoZ6.
2.3. If find arow, say k, which single non-zero
element isM(k,l), setM(i,1)=0, forall i # k.
2.4. Mark the rowk and column | as processed
and Go Ta.

2.5. Repea all steps from 2 to 2.4, but instead of
rows, check columns.

2.6. End

The example bellow ill ustrates the dficiency of this
approach for a pair of passve sensors ( By, =20km)

observing an area with size -80km+80km. As it is

shown on figure 2, there ae two red trgjedories and a
false one. The second false trgjedory is placed out of the
surveill ance region and it is not displayed here. Implying
this technique the true tragjedories are recmgnized and the
false one is rejected (figure 3).
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Figure 2. Two real trajectories and a false one
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Figure 3. Recognizing of true trajectories

This preliminary technique does not solve the problem
of ghosts elimination entirely, so another, more powerful
approach, based on HT application is proposed below.

4 Measurement association algorithm
based on Hough Transform

4.1 Theoriginal Hough Transform

HT was patented in 1962 [1] as a mathematicd
transformation of points from input space referred to as
feaure space(FS) into curvesin a spedal parameter space
(PS) and was used for straight line detedion. This method
is based on the fad that, all points from a straight line
pasitioned in FS can be mapped in a single point in PS.
Many applicaions in image reaognition use HT for
detedion of different image fedures - straight lines,
circles, dlipses, and etc. [3]. The most commonly used
mapping equation for straight line detedion is o cdled
normal HT equation [2]:

p =xcosf+ysing.

)

The dgorithm maps ead point (x,y) from FSto a
curve in the PS (p,8). For ead value of the discrete

parameter 6 in (2) the crresponding values of parameter
p (the line€s dift from the mordinate ceter) are

cdculated. If several pointsin FSlie on a straight line the
corresponding curves are interseded in a single point in
PS. A simple “voting” algorithm is used to locde this
point. For this purpose the PS is partitioned into set of
acamulators ead with size (Ap , A8). Thus, the obtained

above results can be @nsidered as addresss of the
acamulators, which contents are respedively increased
by unity. A redanguar strip (template) in the FS
corresponds to every acamulator from PS, so the
acamulator parameters from PS can be mnsidered as
template parametersin FS. The pek of votes will occur in
the acemulator which corresponding template includes
the most part of points of a line.

One of the most valuable feaures of HT agorithm is
that its computational complexity depends almost linealy
on number of processed points.

4.2 Hough Transform as template matching
technique

The presence of additive measurement noise (1) leals to
spreading the trianguation points around the true straight
line trajedory. This means that corresponding curves into
PS will not intersed predsely in one point. In this way the
HT ads as an estimator of the closeness of trianguations
to the templates. A brief description of this fedure is next
given.

Let g isthe parameter vedor in PSand d, denotes j-
th intersedion point receved in a dcosen coordinate

system in FS (for example, d; = (xg ,y,i)), in data frame
k. A templae of i-th trak :r(d,qi) can be

determined for a particular value of ¢; by the eguation
r(d,q;)=0. The dgorithm tests ead recaeved padnt
using this expresson. For a particular point d; and



template r, the value ¢/ =r(d,,q ) is cdculated. The
degree of closeness of the point d) to i -th cheded

template is expressed by /. If the dedsion threshold is
denoted byQ , the voting rule can be described as:

/\i(k):%“ if O] j=1..m for which [¢/|<Q
TR, iffor 0d] j=1.m [¢]>0 '

Here Al(k) expresssthe result of voting procedurein i -
th acawmulator in frame k; m, isthe number of paintsin

frame k. The magnitude of possble mrrelation between
the pointsfromany n conseautive frames and template g,

is expressed as:

I+n my
A = Z Z/\{ (k), 1=123,...
k=l+1 |=

Suppose H, is hypothesis that spedfies the target
existence ad H, is the dternative hypothesis. By the

following test an inference can be taken about
existence/absence of a target trajedory corresponding to
templateq; :

Hy: if
H,: if

Ai > gthres
/\i < gthres

4.3 Transform Equation for Passive Sensors

The implementation of HT for redilinea trgjedory
detedion and for beaing-only sensors requires new form
of mapping equation. An appropriate mapping eguation
for adive sensors using measurements arriving in polar
coordinates is proposed in [4]. It is modified here for
passive sensors as follows:

P=pP + Py =P+ Py - 3)
In the transform equation corresponding terms are:

cosz-

pK = Dil,(j Si”(ll/—ZK) = BK,Lw_ijL)S.n(W_ZK),
K
p"=D! sjn(w—sz) = BK,L%M(QU—Z}),

pc}f)r = DK COS(W—UK)y
Pk =D, cos(-a,).

Here D and D!, are the target ranges computed by
trianguation from sensor K and sensor L, respedively.

The wrredion terms pf. and pg, transform results from

locd sensor coordinate system to absolute polar
coordinate system and depend on the sensors pasitions

(Dg.ay) and (D_,a,). Instead of angle 6 in (2) the

target headingy =6 +7—2T is used here.

4.4 Ghost detection using Hough Transform

Hough Transform tradk detector discovers red tracks
when two conditi ons are satisfied. The both conditions can
be used successively to reject ghosts.

The first of them was discussed in Subsedion 4.2. A
set of measurements will be acceted as a track if these
measurements are ordered on, or nea to a straight line.
Otherwise this st of measurements will be regjeded as a
tradk. In pradice the trgedories consisting of ghosts very
often are not straight lines and they will be rejeded even
in the case of two sensors.

Sometimes, however, a set of ghost trianguations can
med this condition and will be acceted as a red
trgjedory. For this reason, template matching technique
can only reduce the number of ghosts, but can not solve
the problem entirely. The main advantage of this technique
is that it can be gplied in the simplest case when two
passive sensors are used only.

The second condition is more powerful, but it assumes
more than two sensors. If three or more sensors are used,
the lines formed by ghosts will be mnfirmed (even if they
satisfy the first condition) only by one pair of sensors,
becaise ghosts' coordinates depend on sensor's pasitions -
unique for ead possble pair of sensors. For n sensors the
red trgecory will be cnfirmed C? times at the same

place while the ghost trgjedories will be deteded at
different locations depending on particular sensor pair. An
example is demonstrated on figure 4 and figure 5 for 3
sensors.
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Figure 4. Three sensors observe two trajectories
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Figure 5. Parameter space for three sensor case

5 Application results

The proposed algorithms have been tested extensively on a
variety of scenarios. On the figure 2, figure 6 and figure 7
the results from HT tradk initiation agorithm are
presented. The results are receved by standard HT
algorithm without preliminary ghost eli mination technique.
The scenario includes two approaching targets and two
sensors, with coordinates (10,-77/2) and (10,77/2) . The

spedal of targets and their diredions are randomly chosen.
Sensor data ae receved in 8 scans without missed
detedions and false darms. The red target positions are
signed with “0” on figure 1. The symbad “X” is used to
display the receved noisy measurements (or
corresponding to them triangdation points - red and
ghosts). On the figure 6 the acamulator contents can be
sea. The results from hypothesis test are shown on figure
7. There ae several pedks, corresponding to red and false
trajectories.
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Figure 6. Parameter space histogram

Figure 7. Parameter space after threshold detection

The dficiency of preliminary ghost elimination
technique in the same cae is demonstrated on figure 3,
figure 8 and figure 9. As a result al ghosts were

eliminated and the number of potential tracks was reduced.

The scenario of two tracks observed by three sensors
was smulated. Every pair of sensors processes sparately
the scenario using the preliminary technique. The
combined picture of FSis displayed on figure 4, where it
can be seen that not al ghost intersedion have been
rgeded. But, if the three PS, obtained from HT are
combined (figure 5) the true target trgedories g¢and out
definitely against the others.

Figure 8. Parameter space histogram
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Figure 9. Parameter space after threshold detection

6 Conclusion

The paper concerns the dynamic data asociation problem
for multiple passve sensors with known pasitions and in
the presence of false darms. The Houghtransform is used
to resolve the anbiguous measurement-target associations
and to rejed trgjedories of ghosts in the cae of two and
more sensors. The main advantage of this approad is that
in the cae of three sensors data assciation problem
solved by means of HT is not NP hard task. A heuristic
ghost elimination technique is a'so propaosed in the paper.
This technique in addition increases the probability of
reaognizing false tradks, consisting of ghosts espedally for
two-sensor case. Numerical results are also presented.
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