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Abstract-The most important sensors for gathering target
information onboard a submarine are passive sonars.  Prob-
lems concerning fusion of these passive sonars are dis-
cussed.  Three typical passive sonars - passive noise sonar,
passive ranging sonar and acoustic pulse surveillance sonar
– are supposed to constitute a passive sonar system for data
fusion.  This paper is concerned mainly with problems of
significance in system development, such as tactical appli-
cation background, special fusion techniques and own-ship
maneuver considerations.
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1. Introduction

For tactic reasons, passive sonars are considered to be
the most important sensors onboard a modern subma-
rine, for which stealth is vital.  Basic submarine un-
derwater operations, such as surveillance, search, de-
tection and tracking, are usually guided by passive
sonars.  Almost all of modern passive sonars are capa-
ble of processing multiple targets.  They can detect,
sort, track, record and display many targets simultane-
ously.  When several such passive sonars are intro-
duced on the same platform to form a multisensor
system, fusion techniques are needed to handle this
multisensor multitarget problem.  This is the task of a
unit known as fusion center, which is part of the com-
mand and control (C2) system.  Fusion center receives
and processes the multitarget information from the
sensors.  The information received is usually in large
amount, of miscellaneous type, inaccurate and could
even be misleading.  The output of the center is more
concise, more accurate and more meaningful tacti-
cally.

A modern submarine is usually equipped with many
other sensors, e.g. radars and ESM, in addition to pas-
sive sonars.  Fusion center should handle all these sen-
sors, not just passive sonars.  For the fusion system to
be effective, it is important to coordinate the passive

sonars and the other sensors.  In reference [1], a fusion
framework of a hierarchic structure for all the subma-
rine sensors is proposed.  It is suitable for systems
with special groups of sensors that need to be handled
relatively independently.  Because of the importance
of passive sonars and the similarity of their informa-
tion, they can be treated as a group.  Fusion may be
conducted among themselves at first, then with other
sensors or groups.  This structure, among other things,
makes submarine sensor fusion unique.  In this
framework, it is evident that the passive sonar fusion
system, which is the major topic of this paper, is one
subsystem of the entire sensor fusion system.

Meanwhile, special requirements and problems arise
from the overwhelming importance of passive infor-
mation and the passive property of the information
itself, and need to be satisfied or treated specially
when such a passive fusion subsystem is developed.
These specialties are exactly what interest us in this
paper.

Suppose the passive sonar system is composed of
three typical passive sonars onboard submarines: pas-
sive noise sonar, passive ranging sonar and acoustic
pulse surveillance sonar.  Information collected by
these sensors can basically be classified into two cate-
gories: positional information and characteristic in-
formation.  Positional information reflects target posi-
tion and motion, such as bearing, distance, course and
velocity.  Characteristic information includes target
type and identity.  The techniques to process them are
quite different.  This is concerned mainly with the
former type of information.

2. Passive Sonar Systems and Tactical Back-
ground

There are plenty of common techniques, devices,
software and systems that can be used to develop
military systems.  Adjustments have to be made, how-



ever, due to the special requirements of a particular
system.  These requirements are usually put forward
by the system itself and the tactical environment to
which the system is supposed to be exposed.  Meeting
these requirements is a basic prerequisite of system
development.  In fact, the importance of understanding
the sensor system itself and its application back-
ground, especially the tactical background, can never
be overemphasized.  System developers should bear
this in mind in the entire process of system develop-
ment.

2.1  Passive Sonars

Passive noise sonar is the fundamental sensor of a
submarine.  It serves both as search sensor and as at-
tack sensor.  For positional information, noise sonar
provides the angle-of-arrival (azimuth angle, or bear-
ing) measurement of an acoustic source.  This bearing
information is the basic information source for a sub-
marine.  Needless to say, a comprehensive modern
passive noise sonar can provide much more informa-
tion than bearing.  The accuracy of bearing measure-
ments is relatively good.  Under some disadvanta-
geous conditions, however, such as in shallow water,
high water temperature, complex sea current, other
sudden changes in the underwater acoustic transmis-
sion media, the measurement error can grow signifi-
cantly.

The inability of the noise sonar to provide distance
information is compensated by passive ranging sonar.
Ranging sonar has three or four groups of hydrophone
symmetrically mounted on both flanks of the subma-
rine.  It provides passively both bearing and distance
information by processing the time-of-arrival differ-
ences between the hydrophone groups.  The problem
is that the range measurement error is usually large,
especially at the beginning of detection, and it is also
geometrically correlated.  Target distance and the
relative bearing of the target to the submarine have a
significant impact on the ranging error.  The larger the
distance, the larger the error.  In addition, the error is
the smallest when the target is on the beam of the
submarine.  The farther away the target is from the
beam, the large the error.  The ranging error some-
times is so large that the detected distance information
cannot be directly used for fire control purposes.

Acoustic pulse surveillance sonar intercepts acoustic
transmissions from active sonars.  It can provide
bearing information of the detected pulses.  Other in-
formation such as frequency, pulse length and pulse
repetition frequency, is also available.  The bearing
measurement error is much larger than (usually several
times of) its counterpart of the other two sonars.  That

is why its positional information plays a minor role in
the fusion system.

The detection regions of the three sonars are quite
different.  Acoustic pulse surveillance sonar is omnidi-
rectional.  Its detection range is the largest of the three.
Passive noise sonar usually has a sector of blind zone
around the stern of the submarine, because its array is
usually located in the bow sonar dome.  Its detection
range is smaller than that of the acoustic pulse sur-
veillance sonar, but larger than that of the passive
ranging sonar.  Passive ranging sonar has two sector
blind zones around the stern and the bow, respectively.
Its detection range is the smallest.  Fig. 1 illustrates the
detection zones of these sonars.

Figure 1. Detection zones of the sonars

Generally speaking, the ability of all these sonars to
resolve or distinguish multiple targets is much weaker
than their radar counterparts.  This is also mainly due
to the disadvantageous physical media.  And the reso-
lution is seriously affected by factors such as envi-
ronment, geometry and signal intensity, other than
sonar’s own physical properties.  All these factors
should be considered and treated properly when the
fusion system is developed.

2.2  Tactical Background

The most typical scenario of a multitarget engagement
is a submarine versus military force formation (battle
group) case.  In this case, the targets are formatively
scattered. Since the movability (speed) of a marine
formation is limited and the separations between the
targets are usually large enough (compared with air
battle groups), it is quite often true that the first sensor
contact involves only one target (and most likely made
by the passive noise sonar).  Gradually, as the forma-
tion gets closer, other targets enter the sight of the
sensors, also caught by noise sonar first.  This is a
picture quite different from that of an air engagement
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with radars as major sensors.   In an air battle engage-
ment case, the speed of the aircraft formation is so
high that the first radar contact is quite possibly the
whole formation, which is a dense target problem.
From this point of view, it seems much easier to han-
dle the sonar problem than the radar one.  Unfortu-
nately, this is not true because the sonar case has its
own problems.  The number of targets may be smaller,
the requirements on reaction time may be not so strin-
gent, but the available information usually has much
poorer quality, is inadequate and quite often is of only
a passive type.

In addition, when the real engagement begins, which
means that the targets notice the existence of the sub-
marine, the situation becomes complicated immedi-
ately. Counter actions begin.  The formation begins to
change.  Targets begin to maneuver.  They begin to
counter detect the submarine by using every possible
measure.  Before long, they may launch weapons, hard
or soft.  Only at this time, the real challenge for the
sensor system as well as the fusion system comes.

Of the three sonars, the operation of the acoustic pulse
surveillance sonar is peculiar.  It depends not only on
the sonar itself but also on the operation of the active
sonars onboard the targets.  For the target warships to
use active sonars, tactically it often means that they
have noticed the submarine threat.  If this is the case,
the upcoming military actions will be hardly predict-
able.  Although it is very difficult to cope with such a
situation, and it seems to be a task more suitable for
human intelligence, the fusion system should at least
has some measures for this situation.

3. Single-Sensor Multitarget Processing

It is essential to the fusion system that each sensor
processes its multitarget positional information effec-
tively.  The prerequisite of excellent performance of
any fusion system is that each single sensor can pro-
vide well-sorted multitarget information within its
own domain.  The most important positional informa-
tion passive sonars can get is target bearing sequences.
Therefore, the fusion problem is usually bearing-to-
bearing fusion or bearing-to-track fusion.  There is no
ideal tool for such fusion problems, although many
powerful techniques are available, which are, how-
ever, more suitable for track-to-track fusion problems.
In view of this, single-sensor processing is particularly
important.

According to the fusion structure proposed in [1], the
main goal of single-sensor processing of positional
information is to separate multitarget measurements

into distinguishable measurement sequences or tracks.
The original measurements might be incomplete, tan-
gled with each other, and of course inaccurate, or
might be simply false alarms.  The basic procedure for
such a multitarget processing problem for each sonar
may be nothing special but the concrete techniques are
not so common.  Fig.2 illustrates the processing pro-
cedure of single-sensor multitarget information.

Figure 2. Single sensor processing procedures

3.1  Initialization

System initialization is very important in that it affects
the effectiveness of the system significantly.  A poorly
initialized system can take much longer time to get the
desired results than that of a well-initialized one.
Sometimes a system could even collapse because of
bad initializations.  For this passive sonar fusion sys-
tem, initializations mainly include two aspects.  One is
the determination of the initial gate size for the meas-
urement association process.  The other is the initiali-
zation of the association algorithm itself, if the algo-
rithm is a recursive one.  Algorithm initialization is a
widely studied problem (see, e.g., [2,3]), and thus will
not be discussed here.

Two types of measurements - bearings-only and bear-
ings plus ranges - are involved in this system.  Corre-
spondingly there are two types of gates.  For the bear-
ings-only case, the shape and size of the gate are de-
termined by the bearing gate, which is of a sector
shape.  For the bearings plus ranges case, the shape
and size of the association gate are confined to the
bearing gate and the range gate.  The mostly widely
adopted shape is a ring sector, although other shapes,
such as rectangles, can also be used.

Passive noise sonar and acoustic pulse surveillance
sonar belong to the bearings-only category.  The gate
initialization - i.e., the determination of the initial
bearing gate size - is not as easy as it appears.  It is
evident that an optimal size would depend upon many
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factors, such as the sampling interval, the speeds and
courses of and the distance between the target and the
own-ship, the measurement error level and the resolu-
tion capability of the corresponding sonar.  Most of
these factors are not obtainable and thus it is impossi-
ble to get a perfect gate size.  In practice, conservative
measures are taken to get a larger gate.  For example,
the speeds of the target and the own-ship are replaced
by their maximum possible values.

For passive ranging sonar, the sizes of the initial
bearing gate and range gate should be determined.
Conservative measures are also needed in this case to
account for the initial uncertainties.  For example, at
the beginning, the distance measurement error may be
much higher than the normal level, for the distance
processor of the sonar may be not yet stable.  Factors
like this have to be taken into account when deter-
mining the gate size.  Anyway, sector ring shaped gate
is a very common gate.  Its counterpart can be easily
found in other sensor fusion (e.g., radar fusion) appli-
cations.

3.2  Association

In each step, new measurements should be evaluated
to determine if they could be associated with any ex-
isting sequences or tracks, or simply a starting point of
a new sequence or track.  When the association gate is
determined, this should not be a difficult problem, for
which many algorithms are available (see, e.g., [3]).
What is important is to develop an algorithm that is
acceptable from an engineering point of view.  A
common approach is to modify an existing algorithm
according to the particular requirements of the appli-
cation.

3.3  Evaluation of Track or Sequence Quality

At the end of each step in the recursive process, each
sequence or track should be evaluated in some way.
The evaluation result is used to decide as to maintain,
modify or abandon the existing sequences or tracks, or
to initiate new sequences or tracks.  Practically, some
simple yet effective techniques are used in real system
development.  For example, a credit accumulator may
be designed to serve as such an evaluator for each se-
quence or track.  For each step, if there is a new meas-
urement that is successfully associated with a particu-
lar sequence or track, a certain number of credits are
added to the corresponding accumulator.  Otherwise,
the credits are lowered.  Relying on the credit number,
a sequence or track may be declared as a false one, a
possible one, a conformed one, or discarded one, etc.
The thresholds can be determined by offline simula-
tions and underwater trial tests.

3.4  Smoothing and TMA

For a conformed sequence or track, further processing
like measurement sequence smoothing and target mo-
tion analysis (TMA) can be done to improve the asso-
ciation result.  However, it is not necessarily con-
ducted at this stage.  With more processed information
available, smoothing and TMA may be done more
effectively in the fusion center.  The fact that bearings-
only TMA is difficult and time consuming due to poor
observability [4] makes it probably better to handle it
in the fusion center.  That is why the corresponding
boxes of these two parts in Fig. 2 are drawn in dashed
lines.

3.5 Gate Adjustment

With more and more information poured in, the pic-
ture becomes clearer and clearer.  It is very natural that
the association gate, usually the gate size only, should
be adjusted, although the shape also can be changed.
The size can be reduced gradually, i.e., step by step.  It
can also be reduced periodically.  Sometimes it needs
to be enlarged when a normal association fails.  Albeit
seemingly easy, this problem can be troublesome.  In
practice, however, to determine when and how to ad-
just the associate gate is a problem of more engineer-
ing than theoretical.  So engineering tools, such as
simulation and trial and error, are always available and
are powerful weapons for fighting against this prob-
lem.

4. Multisensor Fusion

Multisensor fusion is the fusion center’s task.  Because
the input data from each sensor may be bearing se-
quences or tracks, three possible fusion forms exist:
bearing-to-bearing, bearing-to-track and track-to-track
fusion.  Which form the fusion center should take de-
pends on the type of data it can get.  If bearings-only
TMA is not done at the sensor level, which means
noise sonar and surveillance sonar can not provide
track data, then track-to-track fusion is not possible in
this case, because only ranging sonar can provide track
data.  Even if bearings-only TMA is conducted at the
sensor level, track-to-track fusion is not the only fu-
sion form.  Bearings-only TMA sometimes can not
provide a unique track solution (e.g., before an own-
ship maneuver), or can only provide a poor solution
(e.g., shortly after an own-ship maneuver, or more
generally, under poor observability conditions) [4].
Bearing-to-bearing fusion or bearing-to-track fusion is
still necessary in these cases.  Anyhow, bearing-to-



bearing fusion and bearing-to-track fusion are more
fundamental in passive sonar fusion applications.

Detailed techniques for the aforementioned fusion
forms have been introduced in  [1].

Fusion results can be sent back to sensor level proces-
sors to improve their performances.  This feedback
channel can also be used by the sensors to help each
other.  The fact that the detection radius of noise sonar
is usually larger than that of ranging sonar makes it
quite possible that the multitarget information has al-
ready been well processed (e.g., initiated, classified)
by the noise sonar before the ranging sonar can detect
the target.  In this case, the ranging sonar information
can be used to refine and enforce the results of the
noise sonar.  On the other hand, the result of the noise
sonar can be used by the ranging sonar to improve its
own multitarget information.  The poor quality of the
bearing measurements makes it very difficult for the
surveillance sonar to finish the multitarget positional
information processing by itself.  The help from the
other two sonars and the fusion center is very valu-
able.

5. Own-Ship Maneuver

Own-ship maneuver is very important in multisensor
multitarget tracking.  It is also a difficult problem be-
cause many factors must be taken into account and not
fewer requirements need to be considered.  For exam-
ple, at the initial phase, own-ship maneuver is mainly
concerned with enhancing the sensors’ capability to
detect and distinguish multiple targets.  The corre-
sponding requirements, however, differ significantly
for different sensors.

Own-ship maneuver in a multitarget environment is
quite different from that of a single target.  In the sin-
gle target case, the goal of maneuver is to maximize
the degree of the system observability.  From a more
practical point of view, the criterion is to find maneu-
ver strategies so that the solution of the system con-
verges in the shortest period of time.  This has been
shown to be a difficult problem.  It is further compli-
cated when other basic practical considerations are
taken into account, such as ensuring ideal observation
of the tracking sensor and ideal target and own-ship
geometry for the possible forthcoming attack or other
tactical operations.

The multitarget case is no doubt much more chal-
lenging.  Theoretically, the maneuver optimization
criterion for a multitarget system can be defined as
maximization of the so-called global degree of observ-

ability of the tracking system, which is an index used
to measure the comprehensive ability of the system to
track all the targets as a whole.  However, to use such
a criterion to optimize own-ship maneuver strategies
may be difficult.  First, it is next to impossible to de-
fine such a global degree of observability due to the
complexity of the problem.  As a matter of fact, even
the degree of observability for the single target case is
still not perfectly defined.  Secondly, it would be very
difficult to get precise and optimal results that are
physically meaningful using this criterion.  Thirdly,
the implementation of such optimal maneuver strate-
gies, if exist, is very difficult, if not impossible, in
practical situations.

Some compromise measures may be taken to cope
with this problem.  For example, instead of trying to
maximize the global degree of observability of the
system, a practical alternative is to maximize the de-
gree of observability of a single-target system that
involves only the most interesting target.  Since it is
almost impossible to obtain the states of all targets
simultaneously, a surely reasonable solution would be
to try to get the state of the most interesting target.
How to select the most interesting target is a problem,
but not a difficult one.  In fact, there are several
choices, including the one with the highest signal to
noise (S/N) ratio, the one with the fastest rate of bear-
ing changes, the one that exhibits the most serious
potential threat, to mention a few.  As such, the com-
plicated problem of own-ship maneuver optimization
for multitarget tracking is converted into the simpler
problem of maneuver optimization for single-target
tracking.  While a really optimal solution to the single-
target tracking problem is still difficult to obtain [5,6],
there exist at minimum many rule-of-thumb maneuver
strategies that are effective and can be easily imple-
mented (see, e.g., [7]).

Similar to the single-target case, observability is
sometimes not the only concern.  There might be
many other things that should be considered.  In prac-
tice, the objective of own-ship maneuver in a multitar-
get environment varies from case to case.  For exam-
ple, when targets are detected by the noise sonar only,
which means they are still out of the reach of the
ranging sonar.  If the range information is needed ur-
gently, the maneuver strategies should be those that
get the targets into the detectable zone of the ranging
sonar as soon as possible.  The resultant maneuver
strategies out of this requirement should be quite dif-
ferent than those from the bearings-only observability
approach.

For the passive ranging sonar, the requirements are
relatively simple.  The basic rule is that putting most



targets or the most interesting target on or around the
beams of the submarine.  In some cases, however, this
is not enough.  Sensor properties, application envi-
ronment, and even tracking algorithms can affect own-
ship maneuver strategies.  For example, under some
ideal conditions the detected distance information is
highly reliable.  Maneuver is not necessary if this is
the case.  When the detected distance is not so ideal,
some algorithms weigh the detected bearing informa-
tion much heavier than the detected distance informa-
tion.  These algorithms are relatively close to those
bearings-only tracking algorithms and distance infor-
mation plays a supplementary role.  Own-ship maneu-
ver strategies no doubt should be also close to those
strategies for bearings-only tracking in such cases.

Because the operation range of a passive ranging sonar
is relatively small, maintaining stealth while maneu-
vering is another important concern.

Under some more complicated circumstances, e.g., the
targets are also aware of the existence of the subma-
rine, maneuver is not mere a fusion concern any more.
It is more a tactical problem in this case.  The real
decision making burden is left for the commander of
the submarine, although some maneuver strategies
may be recommended.

6.  Some Further Considerations

The corner stone of the hierarchic fusion structure
recommended in [1] is distributed processing.  It is
well known that centralized systems have some ad-
vantages over distributed systems, such as higher ac-
curacy.  The recommendation of the distributed in-
stead of centralized structure has been justified in [1].
In fact, such a centralized system is very difficult, if
not impossible, to realize.  For a centralized sonar fu-
sion to be really superior in aspects such as accuracy,
the input information has to be directly from the hy-
drophones of all the sonar arrays.  This is almost im-
possible, especially if the sonars and the fusion system
are developed by different manufacturers.  In addition,
the complexity of underwater acoustic signal process-
ing makes the task of fusing all this tremendous
amount of information in a central fashion unbearably
tough.  Besides the fact they are easy to realize, dis-
tributed fusion systems have many nice properties,
such as more flexibility and better survivability, that
are extremely important for military systems and can
well compensate for the possible loss of accuracy.

The coordination of the passive fusion system and the
other related systems is another problem that needs
attention.  Closely or loosely, directly or indirectly,

passive sonar fusion system is connected to many
other systems, such as other sensor systems, C2 sys-
tem, navigation system, weapon system, steering sys-
tem.  The information flow between these systems is
very complicated, especially during intensified en-
gagements.   The system might collapse if it is not
well designed to handle this problem effectively.  It is
intrinsically a problem of information flow control and
management.  There are many commercial systems
and techniques for this problem, but careful selection
and adaptation is required.

7.  Conclusion

Passive sonar fusion is the basic and key component of
submarine sensor fusion.  There are many distinctive
features in such a fusion system that need to be prop-
erly treated.  Only some major aspects have been pre-
sented.  Several problem-solving principles for system
development have also been discussed.  It should be
emphasized that a modern passive sonar system could
be more complex than the model system used in this
paper [8].  The system may include more passive so-
nars, and they may be more diversified.  The structure
of the system itself may be quite different.  In some
systems, the sonars are completely independent.
There is no information channel at the sensor level.
Some other systems, however, are highly synthesized.
All their component sonars are connected and organ-
ized by data buses, which means the systems them-
selves are distributed.  While the realizations of these
systems can be quite different, the basic principles and
considerations should be similar.
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