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corresponding track parameters are output at the
conclusion of report processing.

EXAMPLE OF CORRELATOR/TRACKER
PERFORMANCE

The preceding section described the overall func-
tioning of the correlator/tracker algorithm. In this
section, a simple example is analyzed pictorially to il-
lustrate some of the features discussed before. In the
example, two ships move along straight-line paths
that are perpendicular. Sensor reports on ship 1 are
assumed to come in every hour on the hour, while re-
ports on ship 2 arrive every hour, 15 minutes after the
hour. There is a small amount of noise in the mea-
surements, and each reported 90% ellipse is actually
circular with a 10 nautical mile radius. None of the
reports supplies any unique identification informa-
tion, so the correlator must depend only on the po-
sitional data.

Figure 3a shows the 22 reports (correctly asso-
ciated together) that were used for this example,
along with the estimates generated by a tracker. Fig-
ure 3b shows the most likely hypothesis produced by
the correlator/tracker 2 hours after initiation of
operation (after five reports have arrived). There is as
yet no confusion, and the pictured hypothesis is, in
fact, the correct hypothesis. However, the fifth re-
port is close enough to both tracks that they have
been combined into one cluster. (Until the fifth re-
port was processed, two clusters existed, one for each
track.) The single cluster is indicated in Fig. 3b by the
untinted area surrounding all the reports. One hour
later, when two more reports have been processed,
Fig. 3¢ shows that the most likely hypothesis (accord-
ing to the correlator) is not the right one; the third re-
port from ship 2 (the red one) had been incorrectly
associated with the track for ship 1 (blue). Observe
that there is still just one cluster.

Figure 3d demonstrates how later reports can cause
the correlator to revise decisions of previous associa-
tions. Three new reports have arrived, and now the
top-rated hypothesis is the correct one; the third re-
port from the red target (the sixth report overall) is
now correctly associated with the other reports from
that target.

As more reports are processed, it may be seen that
the decision revision can also work to a disadvantage.
In Fig. 4a, the next two reports have been processed,
and still another hypothesis has risen to the top. In
this hypothesis, the fourth report from the blue tar-
get (the seventh overall) has been incorrectly asso-
ciated with the red target. Another feature of the cor-
relator/tracker algorithm appears for the first time in
Fig. 4a, namely, report deletion. For the example an-
alyzed here, a time window of 5 hours was used. That
is, any report over 5 hours old is deleted from the
hypothesis matrix and, consequently, from the pic-
ture. When the twelfth report arrived (with an obser-
vation time of 6.25 hours), the first report (made at
1.00 hours) was therefore deleted and is missing from
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Fig. 4a. Five hours later, the situation appears as
shown in Fig. 4b, wherein the reports that were caus-
ing most of the confusion have been automatically
deleted (along with all the other old reports) because
they are more than 5 hours old. Notice that since
there are no longer any ambiguities between the
tracks, the single cluster has been split into two
clusters.

Figures 3, 4, and 5 demonstrate the two factors
that can cause changes in the rankings of hypotheses.
First, when several hypotheses have comparable
probabilities, new reports that cause relatively small
changes in probability can result in major switches in
the relative ranking of hypotheses. This phenom-
enon, seen in Figs. 3¢, 3d, and 4a as three different
hypotheses assume the number one ranking, is also il-
lustrated in Fig. 5. From 4 to 6 hours, the correct
hypothesis moves from third to fifth to third to first
to second while its probability changes only slightly.

The other factor that causes changes in hypothesis
rankings is hypothesis merging, which results from
report deletion. As ambiguous reports are deleted,
starting at 8.25 hours, the correct hypothesis rapidly
rises to the top because it is merged with other, now
identical, hypotheses. By the end of this example, the
hypothesis shown in Fig. 4b is the only significant
one remaining.

ALGORITHM TESTING

The correlator/tracker described in this article has
been subjected to testing using real-world data col-
lected during recent Fleet exercises. Unfortunately,
the value of such testing is limited by the general lack
of ““truth’’ concerning the real-world sensor reports.
In particular, the true associations of the reports and
the actual positions of the ships were not known for
the bulk of the data. Consequently, extensive testing
in the future will make heavy use of models designed
to simulate ship motion and sensor reports realistical-
ly. Because ship motion is simulated, ‘‘true’’ ship
positions are known. However, no matter what data
are used in testing, quantitative assessment of corre-
lator/tracker operation requires the evaluation of
specific measures of performance. Although the de-
velopment of quantitative correlator/tracker mea-
sures of performance is still in the preliminary stage,
several basic measures have already been identified as
meaningful. Three of these were used to evaluate the
correlator/tracker’s performance on the example just
described. The results are shown in Table 1 (based on
using the most likely hypothesis in all clusters).

Radial error is a standard measure of the location-
al accuracy of the correlator/tracker (particularly the
tracker). It is defined as the distance between the ac-
tual position of a target and its position as estimated
by the correlator/tracker.

““Freedom from impurity,”” P,, indicates the puri-
ty of the tracks developed by the correlator. When-
ever the correlator identifies a given track with a par-
ticular target, P, is defined to be the number of re-
ports in the track that were observations of the actual
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Figure 3 — The performance of the correlator/tracker algorithm is illustrated with a simple two-ship crossing-track ex-
ample. Black plus signs mark the reported position of a ship; the colored squares and circles give the position and 90% con-
fidence ellipse as estimated by the tracker at update. The colored arrows point to the estimated position of a ship projected
by the tracker to the time of the next report in the track. The tip of each arrow is connected with a green line to the estimated
position as updated using the next report. Figure 3a shows the true associations of all 22 reports used in the example.
Figure 3b illustrates the situation as determined by the correlator/tracker soon before confusion begins. In Figs. 3c and 3d,
the most probable hypothesis (according to the correlator) is shown after two more and five more reports, respectively, have
arrived. Notice that the sixth report was associated incorrectly in Fig. 3c, but correctly in Fig. 3d. In Figs. 3b, 3c, and 3d, only
one cluster is maintained by the correlator, as indicated by the untinted area enclosing all the reports in each figure.

target divided by the total number of reports in the Conversely, ‘‘freedom from inconsistency,”” C,,
track. Thus, a P, value of 1.0 implies that all the re- indicates how consistent the correlator was in its as-
ports in the track were truly observations of the tar- signment of reports of a given target. Whenever a
get whose identity was associated with the track; a track is identified with a target, C, is defined as the
value of 0.5 implies that only 50% came from the tar- number of observations of the target that went into
get whose identity was associated with the track. the identified track divided by the total number of
34
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Figure 4 — The example begun in Fig. 3 is continued in Fig. 4a, as two more reports are processed, and the most likely hy-
pothesis is shown. Since the first report was over 5 hours old, it was deleted. Note that the associations of reports six and
seven have changed again. After all reports have been processed, the most likely hypothesis is as shown in Fig. 4b. Since
the reports causing confusion have been deleted, this hypothesis is the only significant one remaining. Although only one
cluster exists in Fig. 4a, by the time of Fig. 4b the ambiguities between the two tracks have disappeared and two distinct

clusters have been formed.
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Figure 5 — The correlator/tracker may make incorrect de-
cisions, but they are not final dr permanent decisions.
Although the algorithm ranks the correct hypothesis as low
as fifth most probable (at 4.25 hours), later reports cause
the relative standings to change, and it settles at number
two from 6.25 to 8.25 hours. At that point, confusing reports
begin to be deleted, so that hypotheses are merged. The
probability of the correct hypothesis increases rapidly, and
that hypothesis finishes at the top. (The probabilities given
in this figure are calculated by the correlator and are nor-
malized after each report, so that the probabilities of the
hypotheses remaining after pruning at each step add to
one.)

observations of the target. Thus, a C. value of 1.0
implies that all reports of a target were assigned to a
single track; a value of 0.5 implies that only 50% of
the reports were assigned to the track identified as be-
longing to the target in question. Note that for a cor-
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relator that tends to create too many tracks, P,
would generally be high and C, low; the opposite is
true for a correlator that tends to create too few
tracks.

To produce the numbers in Table 1, calculations
were made at fixed time intervals (every hour on the
half hour). (Each of the three measures of perfor-
mance was computed for both ships, and means were
calculated from the 10 samples corresponding to the
10 calculation times.) Therefore, the radial error for
ship 1 is always based on an estimate projected a half
hour ahead (from update), while that for ship 2 is
based on an estimate projected a quarter hour ahead.
For comparison with Table 1, the average sensor re-
port radial error was 1.8 nautical miles for ship 1 and
2.2 nautical miles for ship 2.

Table 1 — Correlator/tracker measures of performance.

Mean Mean Mean
Radial Freedom Freedom
Error Sfrom from
(nmi) Impurity Inconsistency
Ship 1 4.0 0.975 0.915
Ship 2 4.5 0.937 0.967

SUMMARY AND FUTURE EFFORT

This article has described a correlator/tracker al-
gorithm that accepts and processes data from mul-
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tiple sensor systems, making use of not only reported
geolocational data but also any other information
that would uniquely identify the ship. Consistent
with the operational situation, the algorithm handles
reports emanating from sensors with nonunity detec-
tion probabilities and nonzero false alarm rates; it
has also been structured to allow processing of re-
ports arriving out of sequence. The corre-
lator/tracker automatically creates multiple hypoth-
eses, which it evaluates and prunes based on a re-
cursive, Bayesian processing scheme. The capability
for track initiation and termination is also included.

The correlator/tracker algorithm described here is
newly developed and thus has much room for im-
provement. The algorithm should be revised to allow
processing of additional types of sensor data. This in-
cludes processing of scan data, preassociated track
data, and reports containing platform line-of-bear-
ing, velocity, or nonunique identification informa-
tion. Other potential design improvements are ori-
ented toward increasing algorithm performance and
reducing storage requirements and computation
time. These may involve more sophisticated report
prescreening and report deletion functions, track
smoothing (rather than interpolation) when handling
out-of-sequence data, and a feasibility check to dis-
card unlikely associations prior to the probability
calculation.

Substantial future effort is required with respect to
the interface between the correlator/tracker and its
user. This includes the design of operator decision
aids and meaningful graphical displays. The algo-
rithm must also be made amenable to operator inter-
vention for the purposes of resolving highly ambig-
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uous associations, overruling correlator decisions,
and adjusting algorithm control parameters.

Finally, the correlator/tracker algorithm will re-
quire extensive testing. This testing is necessary for
choosing optimal control parameters, for assessing
sensitivity to different operational factors, and for
determining the utility of the added features men-
tioned above. Quantitative evaluation of the test re-
sults will make use of the measures of performance
discussed previously as well as several others. Taken
as a group, these correlator/tracker measures of per-
formance will reflect both the quality of the report
associations and the quality of the tracker state
estimates.

Work is continuing in order to implement these
correlator/tracker design improvements and to de-
fine the additional measures of performance to use
when testing the algorithm. As testing of the algo-
rithm continues using real-world data, it will likely
yield additional insight, leading eventually to an
automated algorithm that provides the multisensor
correlation and tracking capability necessary to
maintain accurate ocean surveillance pictures in an
operational environment.
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