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Abstract - It is often implicitly assumed in the informa-
tion fusion field that augmentation of a multi-sensor
suite with additional sensors de facto enhances overall
system performance because of the increase in the data
being input to the fusion process.  In this study, an ex-
plicit assessment of the validity of this assumption is
made in terms of delineating the sensor characteristics
domain wherein this is true (i.e., where fusion benefits do
indeed increase) and quantitatively determine the extent of
such benefits. Initially for illustrative purposes, a two-
sensor suite augmented by a third sensor is used as a case
study for this assessment. The consensus fusion logic,
which is symmetric relative to the multiple sensors in
the sensor suite, is employed as an example in this as-
sessment process. The scope for generalizing this as-
sessment to higher dimensional multi-sensor suites as
well as other types of fusion logic is also discussed.
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domain, consensus fusion.

1. Introduction
The underlying assumption of much of the research in the
area of information fusion has been that addition of in-
formation sources, by definition, has to improve the per-
formance of the fused decision system, since more infor-
mation is being input.  However, it is not clear if this is
always true since the quality of the information being
added has to have an impact on the overall performance.
This issue was first raised in a study [1] dating back to
1980 long before sensor fusion became such a topical
field of endeavor.  The skepticism expressed therein on
the benefits of sensor fusion, while perhaps unduly harsh
now considering the progress made in this field during the
past two decades, still flags a valid point to be considered
in the design of fusion systems for specific application.
Admittedly, no professional well versed in fusion arena is
making the tall claim of achieving through fusion proc-
ess the miracle of Two plus two equals five (the rhetori-
cal question posed in that early study).  Yet, it is valid to
check if and when and under what circumstances the sum
of two plus two will at the least be greater than two, i.e.,
determine whether the fused system performs better than
the best of the components deployed alone.  This ques-

tion has been addressed analytically more recently [2] as
well. The objective of this study is therefore to further
examine this issue in quantitative terms using as an ex-
ample, specific sensor-suite configurations and pre-defined
fusion logic.  A two-sensor suite, which has been ana-
lyzed previously at great length [3], is first used as the
baseline for this assessment of the benefits of augment-
ing with an additional sensor.  The three-sensor suite was
similarly analyzed in subsequent studies [4, 5].  The fu-
sion benefits achieved under the two and three-sensor
suites as derived in these earlier studies are compared here
to quantitatively determine the benefits of augmenting the
two-sensor suite with a third sensor.  Plots showing the
fusion benefits domain are also included.

2. Multi-sensor suite configuration
Figure 1 shows a typical two-sensor suite with the two
sensors in parallel feeding their outputs to a fusion proc-
essor simultaneously. The fusion processor then decides
whether to make a positive decision to be accepted as
final or make a non-decision which acts as a feedback to
the sensor control requesting acquisition of another set of
observations.  The fusion logic itself can be either be pre-
defined or learned in a training phase. The logic could be
precise (crisp), imprecise (fuzzy), Probabilistic (Bayesian,
Neyman-Pearson), Boolean (AND, OR), or based on
other approximate reasoning tools.
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Fig. 1 Fusion system architecture for a two-sensor suite
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Fig. 2 Fusion system architecture for a three-sensor suite

Figure 2 shows an augmented three-sensor suite with a
similar architecture.  Obviously, the addition of a third
sensor adds more flexibility to the fusion logic selection
process, such as for example, a majority voting scheme
or other complex Boolean logic.  Further, one can also
visualize, instead of a single stage fusion process, a two-
stage fusion with the first stage fusing the outputs from
two of the three sensors and the second stage fusing the
output of the first stage with the output of the third sen-
sor.  This study is restricted to the single-stage-fusion
system architecture to maintain correspondence with that
of the two-sensor suite.

3. Analysis

3.1 Two Sensor Suite
We first consider the two-sensor scenario as a base line
for this analysis. Two fusion strategies were considered in
the earlier analysis [3].  These were:
• OR logic based fusion of decisions wherein the
decision of either sensor is acceptable provided it is not
contradicted by the decision of the other sensor, else a
non-decision triggering a repeat look
• AND logic based fusion of decisions wherein
both sensors have to concur to obtain a firm fused deci-
sion, else a non-decision triggering a repeat look

In this analysis, we shall initially consider only the sec-
ond fusion strategy since it is easy to generalize it to
sensor suites with more number of sensors. It is to be
noted in this context that a sensor can also have a non-
decision option. This option may be triggered due to ei-
ther sensor failure, or lack of reliable input to the sensor,
or the decision from one of the sources being less than
acceptable level of confidence associated with it, or other
similar causes. The governing fusion rules for this strat-
egy is shown in Table 1.  Here, for illustrative purposes,
a decision process involving only two primary, object
identification type decisions, namely target and decoy
j T D= { , } are envisaged along with a possible non-

decision (N) indicating that no firm decision (either as T
or D) is possible. Let c wij ij, ,and uij correspondingly

represent the probabilities of correct, incorrect and non-
decision of objects j T D= { , } by the sensor i = { }1,2 .

Under these definitions, we can write:

c w u j T D iij ij ij+ + = ∀ = =1 1 2             (1) { , }; { , }
Under the traditional target detection literature terminol-
ogy, c wiT iT, , and wiD  represent correspondingly the

detection, leakage, and false alarm rates for the sensor i.
Here, it is interesting to note that, qualitatively speaking,
one can arbitrarily reduce wij , by setting the threshold for

acceptance of decision high enough.  Of course, this
course of action has the not so desirable effect of reducing
cij  also.  That is, by appropriate threshold selection, one

can arbitrarily reduce the leakage or false alarm rates, but
at the cost of reducing the detection rates as well.  While
such actions have no obvious benefit in the traditional
processes, there are considerable benefits that can be ac-
crued in the recursive process conceived here.  With these
definitions, we shall now recall from the earlier analysis
the fused probabilities of correct decision, incorrect deci-
sion, and non-decision of the two-sensor suite.

3.1.1 Initial Performance

Let paj
k( ) , qaj

k( ) , and raj
k( ) represent the fused probabilities

of correct, incorrect, and non-decision of object
j T D= { , } after the kth fusion attempt.  We can then,

based on fusion rules given in Table 1, write

p c caj j j
( ) ( )1

1 2 2=                                                    

q w waj j j
( ) ( )1

1 2 3=                                                  

r c c w waj j j j j
( ) [ ( )1

1 2 1 21 4= − + ]                             
Considering the case of a sensor suite with identical sen-
sors (i.e., equal probabilities of correct decision, incorrect
decision and non-decision), equations (2) through (4) re-
duce to

p caj j
( ) ( )1 2 5=                                                         

q waj j
( ) ( )1 2 6=                                                        

r c waj j j
( ) [ ( )1 2 21 7= − +  ]                                       

Table 1. Fusion rules matrix for a two-sensor suite.

Sensor Suite Sensor No. 2
Component 2-T 2-D 2-N

1-T F-T F-N F-N
Sensor No. 1 1 -D F-N F-D F-N

1-N F-N F-N F-N

Here the prefixes 1, 2, and F for the three decisions T, D,
and N denote the decisions as being from the sensors 1,
and 2, and fusion processor F respectively.



Examining equations (5) through (7), it can be seen that
while the initial correct decision rate of the fused system
under the AND logic strategy is worse (i.e., less) than
those of the individual sensors, its incorrect decision rate
is better (i.e., less) than those of the individual sensors.
Thus the performance of the fused system from the cor-
rect decision rate perspective will be better only after a
certain number of recursions, but from the incorrect deci-
sion perspective it is better right from the first.  These
observations in fact hold well for the general case de-
scribed by equation (2) through (4) as well. Accordingly,
we shall concentrate first on the asymptotic behavior,
i.e., under an unlimited number of observations, of the
fusion process.

3.1.2 Asymptotic Performance

The asymptotic values of these fusion probabilities with
unlimited number of observations is shown [6] to be:
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Substitution of equation (2) and (3), in equation (8) and
(9) gives
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Once again for illustrative purposes, consider the scenario
with the two sensors having identical performance charac-
teristics.  Under this scenario, equation (11) and (12) re-
duce to
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3.2 Three Sensor Suite

3.2.1 Initial Performance

We now consider the three-sensor suite shown in Figure
2.  Once again using AND (i.e., consensus logic), the
fusion rules for this case will be as given in Table 2. The
probabilities of correct- ( paj ), incorrect- ( qaj ), and non-

decisions ( raj ) for this fusion strategy are then given by

equations (15), (16), and (17) where cij , wij , and uij  are

the correct-, incorrect-, and non- decision probabilities of
the ith individual sensor.

p c c caj j j j
( ) ( )1

1 2 3 15=                                               

q w w waj j j j
( ) ( )1

1 2 3 16=                                            

r c c c w w waj j j j j j j
( ) [ ( )1

1 2 3 1 2 31 17= − + ]                   
These equations correspond to the consensus strategy
studied previously in detail in the treatise on decision
fusion [6] wherein both consensus and majority strategies
were analyzed for the general case as well as particular
cases with sensors with identical performance characteris-
tics. Other studies [7] have also dealt with the general
case under majority based fusion.  Here, for purposes of
comparison across many strategies some of which are
more complex, we consider the special case of three sen-
sors with identical performance characteristics, i.e.,
c c c cj j j j1 2 3= = = , w w w wj j j j1 2 3= = = , and

u u u uj j j j1 2 3= = = .  For this special case, equations

(15) through (17) reduce to

p caj j
( ) ( )1 3 18=                                                         

q waj j
( ) ( )1 3 19=                                                        

r c waj j j
( ) [ ( )1 3 31 20= − +  ]                                       

Here, it is interesting to note that given only a single
observation, both the fused correct- and incorrect- decision
probabilities will be correspondingly less than the indi-
vidual sensor correct- and incorrect- decision probabilities
with the fused non-decision probability being greater than
the sensor non-decision probability.

Table 2. Fusion rules matrix for a three-sensor suite

Sensor Sensor Sensor 3

1 2 3-T 3-D 3-N

2-T F-T F-N F-N

1-T 2-D F-N F-N F-N

2-N F-N F-N F-N

2-T F-N F-N F-N

1-D 2-D F-N F-D F-N

2-N F-N F-N F-N

2-T F-N F-N F-N

1-N 2-D F-N F-N F-N

2-N F-N F-N F-N

Here the prefixes 1, 2, 3, and F for the three decisions T,
D, and N denote the decisions as being from the sensors
1, 2, and 3, and fusion processor F respectively.



Thus under this strategy, fusion benefits in terms of bet-
ter (higher) fused correct-decision probabilities can accrue
but only with multiple observations.  On the other hand,
in terms of better (lower) fused incorrect-decision prob-
abilities, fusion benefits become apparent even with only
a single observation irrespective of the values of the sin-
gle sensor performance characteristics.

3.2.2 Asymptotic Performance

Use of equation (15) and (16), in equation (8) and (9)
gives

p
c c c

c c c w w w
aj
k j j j

j j j j j j

|
( )

max
( )=

+[ ]
1 2 3

1 2 3 1 2 3

21
  

    
               

q
w w w

c c c w w w
aj
k j j j

j j j j j j

|
( )

max
( )=

+[ ]
1 2 3

1 2 3 1 2 3

22
  

    
                

As before for illustrative purposes, consider the scenario
with the three sensors having identical performance char-
acteristics.  Under this scenario, equation (21) and (22)
reduce to
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3.3 Comparison across the two suites
We can now compare the initial and asymptotic perform-
ances under the two- and three-sensor suites by comparing
the corresponding equations.  Comparing first the initial
performances, i. e., equations (2) and (3) with equations
(15) and (16) respectively, it is easy to see that the initial
correct decision probability will be at the most as good or
worse (less) under the three-sensor suite as compared to
the two-sensor suite. On the other hand, the incorrect
decision probability will be as good or better (less) under
the three-sensor suite as compared to the two-sensor
suite.  This is because the non-decision probability will
be as much or more under the three-sensor suite.
Now comparing the asymptotic performances, subtracting
equation (11) from (21), we have
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It is clear from equation (25) that addition of a third sen-
sor is beneficial as long as its correct decision rate is bet-
ter than its incorrect decision rate, i.e., c wj j3 3> .

For the simplifying scenario of sensor suites with identi-
cal sensors, equation (25) reduces to

∆p p p
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Figures 3 and 4 portray this increase in the system per-
formance in the sensor-parameter space.  The top half in
each case represents the domain in which the addition of
the third sensor offers benefits in terms of increase in the
correct decision rate.  The converse is the case in the bot-
tom half of the sensor-parameter space.  One could also
compare the performance of the suite relative to the sin-
gle sensor by comparing the two equations, (13) and (23),
against the correct decision rate of the single sensor.
This is illustrated in Figure 5.  The two curved bounda-
ries therein are obtained as follows. Expression (13) will
be greater than the single sensor correct decision rate cj ,

when

w c cj j j< −[ ]( )
/

1
1 2

                                    (27)

Similarly, expression (23) will be greater than cj , when

w c cj j j< −[ ]2 1 3
1( )

/
                                    (28)

As shown in Figure 5, the fusion benefit domain is larger
for the two-sensor suite as compared to the three-sensor
suite.  This region represents the scenario wherein the
two-sensor suite has better performance than the three-
sensor suite.

4. Concluding Comments
The paper presents an analysis designed to delineate as to
when and to what extent the augmentation of a two-
sensor suite with a third sensor would be beneficial from
the view point of overall system performance under the
AND fusion logic.  The analysis can be extended to
suites with more than 3 sensors also in a similar fashion.
Other fusion strategies can be conceived for both two-
sensor and three-sensor suites as defined in the earlier
studies [3, 4].  A thorough analysis of all combinations
of these strategies and other weighted decision fusion
logic, which is deemed beyond the scope of the current
study, is desirable to make a global assessment of the
benefits of adding a third sensor.  Here, the individual
sensor decisions were deemed to be crisp or precise.  One
could also visualize the scenario wherein these individual
sensor decisions can be soft or imprecise with fuzzy
memberships in the different possible decision choices.
These and other potentially promising avenues are cur-
rently under exploration and will be presented in due
course in future forums as applicable.
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Figure 3. Third sensor benefit at different incorrect decision rates.
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Figure 4. Third sensor benefit at various sensor correct decision rates
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