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1 Introduction 

Information/decision fusion problem are centuries old. 
Initial attempts at solutions go back to Condorcet in 
1786 (democracy models) and Laplace in 1818 (com- 
posite methods). Over the past decades the meth- 
ods of information/decision fusion have proliferated 
into very diverse areas. In engineering systems, these 
methods have been particularly useful in a number of 
applications. 

In engineering design, some of the early works of 
information/decision fusion are due to von Neumann 
[18] and Chow [5] .  It was shown by von Neumann 
that a reliable system can be built using unreliable 
components by employing simple majority rule fusers. 
If error densities are known for individual pattern rec- 
ognizers, then an optimal fuser was shown to be im- 
plementable as a threshold function [5]. Many ap- 
plications have been developed for distributed sensor 
systems, sensor-based robotics, face recognition, deci- 
sion fusion, recognition of handwritten characters, and 
automatic target recognition. 

Recently, information/decision fusion has been rec- 
ognized as an independently growing field with its own 
principles and methods. While some of the fusion 
problems in engineering systems could be solved by 
applying existing results from other domains, many 
others require original approaches and solutions. In 
turn, these new approaches would lead to new appli- 
cations in other areas. 

There are two paradigms at the extrema of the spec- 
trum of the information/decision methods: 

(i) Fusion as Problem: In certain applications, fu- 
sion is explicitly specified in the problem state- 
ment. Particularly in robotics applications, many 
researchers realized the fundamental limitations 
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of single sensor systems (Brady [3], and Abidi 
and Gonzalez [l]), thereby motivating the deploy- 
ment of multiple sensors. In more general engi- 
neering applications, similar sensors are employed 
for fault tolerance, while in several others, differ- 
ent sensor modalities are required to achieve the 
given task. In these scenarios, fusion methods 
have to be first designed to solve the problem at 
hand. 

(ii) Fusion as Solution: In many instances (e. g., 
DNA analysis), a number of different solutions to 
a particular problem already exist. Often these 
solutions can be combined to obtain solutions 
that outperform any individual one. The area of 
forecasting is a good example of such paradigm 
(see next section). Although fusion is not explic- 
itly specified in these problems, it is used as an 
ingredient of the solution. 

A newer aspect of information/decision fusion prob- 
lems that arises in engineering applications is the re- 
quirement of fast and efficient computation. Although 
recent advances in computing systems and methods 
enable us to execute several fusion algorithms faster, 
it is necessary that the algorithms be implemented in 
a computationally efficient manner to have a greater 
impact in practical problems. Furthermore, these effi- 
cient implementations must go hand in hand with the 
fuser design. 

This preface is organized as follows: In Section 2, 
we briefly review the history of information/decision 
fusion methods to illustrate the spectrum of applica- 
tion areas. In Section 3, we present a summary of the 
papers contained in these proceedings. Relevant re- 
search issues and applications are discussed in Section 
4. 
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2 Brief History 

We provide brief descriptions of some sample areas 
where information/decision fusion methods have been 
applied. Our motivation is to display the wide spec- 
trum of disciplines for which the methods of infor- 
mation/decision fusion have relevance; no attempts, 
however, are made to make the list or items on the 
list complete. 

(a) Political Economy: One of the earliest works 
in the area of decision fusion is the Condorcet 
jury model proposed in the context of democracy 
models [lo]. The problem is to determine the 
conditions under which a democracy as a whole 
is more effective (in a probabilistic sense) than 
any of its constituent members. The basic results 
exploit the statistical independence between the 
constituents of the democracy. These methods 
are currently being investigated in the area of po- 
litical economy and democracy models (Grofman 
and Owen [lo]). 

(b) Composite Methods: While asserting the per- 
formance of probabilistic methods, it was ob- 
served by Laplace [8] that a suitable combination 
of two probabilistic methods will perform better 
than any of the constituents. This line of research 
continues to be pursued in various formulations 
(see Clemen’s review article for some of the im- 
portant formulations [SI). 

(c) Forecasting: In a ground-breaking paper in the 
area of forecasting, Bates and Granger [2], showed 
in 1969 that better performance can be achieved 
by combining forecast methods instead of choos- 
ing the best individual one. These methods con- 
tinue to have significant impact on the theory and 
practice of forecasting methods (see Granger [9] 
for an interesting review). 

(d) Reliability: The problem of building a reli- 
able system using unreliable components has been 
studied in 1956 by von Neumann [l8]. He showed 
that (under certain independence assumptions) 
simple majority based systems will be adequate. 
This work continues to have impact on the meth- 
ods in the area of reliability. 

(e) Pattern Recognition: The problem of combin- 
ing statistically independent pattern recognizers 
was studied in 1965 by Chow [5] who showed that 
a simple threshold rule with weights computed 
from the error probabilities of the individual rec- 
ognizers is optimal. This work continues to have 

influence on a number of models studied in po- 
litical economy. More recently, several practical 
pattern recognition problems that could not be 
solved by using single (best) recognizer could be 
solved by employing a system of pattern recog- 
nizers (Bunke [4]). 

(d) Neural Networks: Recently, new methods that 
employ a group of neural networks to perform a 
certain task such as function estimation have been 
studied. The neural network ensembles have been 
shown to have distinct advantages over single neu- 
ral networks [ll]. 

(e) Probably and Approximately Correct 
(PAC) Learners: If the agents are such that 
the probability of error itself is probabilistically 
bounded, several fusion methods are shown to 
perform at least as well as the best agent [15]. 
Results in another direction show that a single 
learner, which is only marginally better than a 
randomly guessing learner, can yield high perfor- 
mance systems (by employing suitable recursive 
teams of such learners [16]). 

(f) Sensor E’usion: In the area of sensor fusion, 
often sensors are characterized in terms of the 
random errors, and various fusion methods are 
employed to improve the overall quality of the 
sensor information. Although many of the fu- 
sion methods in this area are domain specific, one 
of the common themes is to be able to combine 
the agents that are subject to probabilistic er- 
rors; see Brady [3], and also Abidi and Gonzalez 
[l]. A general analytical formulation of this class 
of problems has been studied in Rao [13]. 

(g) Decision E’usion: The problem of distributed 
decision fusion was addressed by a number of re- 
searchers. In one of the basic version of this prob- 
lem, the sensor information is processed by indi- 
vidual agents and only their decisions (but not 
the entire data) are transmitted to fusion cen- 
ters. This line of work received renewed attention 
in 1980’s and continues to be extensively stud- 
ied (see Dasarathy [7] for a comprehensive treat- 
ment). More recently, the formulation where only 
a sample is known has been studied (Naim and 
Kam [12], Rao and Iyengar [14]). 

(h) Human  D N A  Analysis: A multiple sensor- 
neural network has been developed by Uber- 
bacher amd Mural [17] for locating protein-coding 
regions in human DNA sequences. It was clearly 



demonstrated that a composite system of multi- 
ple sensor systems is more effective than a single 
method in these applications; this system is uti- 
lized by thousands of users weekly. 

Note the diversity of the disciplines described above 
- they include forecasting, political economy, robotics, 
biology, reliability, and pattern recognition. Many 
of these results have been reinvented independently. 
However, the technical derivations leading to the fuser 
design are almost identical in a number of disciplines. 
One of our main motivations in organizing this Work- 
shop was to foster communication, exchange, and 
cross-fertilization of ideas from various disciplines, to 
reduce such duplication efforts. 

3 Summary of Papers 

The papers of these proceedings address various facets 
of the information/decision fusion area, and can be 
classified into the following broad (non-exclusive) cat- 
egories: 

Mathematics of Information/Decision Fu- 
sion: The area of information/decision fusion 
incorporates contributions from probability the- 
ory, statistics, combinatorics, analysis, and ge- 
ometry. Typically a unique combination of these 
areas is employed in designing and analyzing in- 
formation/decision fusion methods. A minmax 
approach based on mathematical statistics is pro- 
posed to obtain fusion rules in the paper by Ba- 
jcsy et al. Indirect scoring methods are proposed 
for the difficult problem of preference fusion in the 
case of three or more alternatives by Chebotarev 
and Shamis. Fusion rule estimation when the er- 
ror distributions are unknown is developed based 
on empirical process theory by Rao. The fusion 
of microparameters to obtain macroparameters in 
physical systems is described by Rozonoer. A fas- 
cinating geometric perspective on voting methods 
is provided by Saari. A rigorous statistical ap- 
proach to the problem of sequential decision fu- 
sion is described by Veeravalli. Voting as a means 
for increasing the decision reliability in a complex 
system is described by Zuev and Ivanov. 

Motion Estimation and Robotics: Multiple 
sensors are needed to solve most problems that 
arise in motion estimation and robotics. Mul- 
tisensor fusion methods for sensory intelligence 
in robotics are presented by Kak and Kosaka. 
A motion-compensated spatio-temporal filter for 

image sequences is described by Boo and Bow. 
A calibration-free multi sensor scheme for motion 
estimation, tracking and grasping is described by 
Ghosh et at. A waveform fusion method for im- 
proving tracking is described by Rago, Willett, 
and Bar-Shalom. Methods for dynamic scene 
analysis by integration of radiometric and ge- 
ometric cues in optical flow are described by 
Negadaripour . Systematic approaches for the 
integration of vision modules are described by 
Pankanti. Seetharaman e t  al. describe methods 
for passive surveillance for video image sequences 
with imprecise sensor measurements. 

Distributed Decision Fusion: In modern en- 
gineering systems, enormous amounts of data are 
produced by sensors. This data is processed by 
local systems to make decisions, which are sub- 
sequently transferred to a center where the local 
decisions must be combined. Such architectures 
require less information transfer and as a result 
achieve high reliability. An overview of these sys- 
tems, which have become increasingly popular, is 
provided by Dasarathy. Methods for achieving 
constant false alarm rate in distributed detection 
systems are described by Gowda e t  al. A dynamic 
formulation of this problem is solved by Brooks 
and Iyengar. An adaptable version of the dis- 
tributed decision fusion problem where some of 
the probabilities are unknown are described by 
Chen and Ansari. 

Applications: The variety of applications in- 
volving information/decision fusion is fascinating 
and inspiring. A text classification system based 
on multiple classifiers is described by Dasigi, 
Mann, and Protopopescu. A neural network 
based approach to fusing data from different sys- 
tems for forecasting is described by Donaldson 
and Kamstra. A multi-sensor system based on 
neural networks for gene identification and anal- 
ysis is described by Matis e t  al. Applications of 
fusion methods for symbolic classification rules 
and neural networks are described by Cloete. 
Neural network approaches for multichannel ob- 
ject recognition and bimodal recognition of com- 
bined speech/image signals are described by Hess, 
Liang, and Huang. 

Approaches Inspired by O t h e r  Disciplines: 
Fusion seems to be a natural phenomenon in nat- 
ural and physical systems, and consequently it is 
not surprising that several fusion methods for en- 
gineering originated in such systems. Intelligent 



sensor fusion methods based on biological and 
cognitive foundations are described by Murphy. 
Multisensor systems for image and scene analysis 
based on physics are described by Nandhakumar. 

4 Research Issues 

In this section, we first identify research issues in the 
general area of information/decision fusion, and then 
discuss the computational and information-theoretic 
issues that are specific to a large number of engineering 
applications. 

4.1 Design and Analysis Issues 

The open issues in information/decision fusion area 
include the following: 

Optimal Fuser Design: The problem of design- 
ing a fuser that optimizes a given error criterion is 
an extremely challenging problem in all but sim- 
ple systems. While statistical independence sig- 
nificantly simplifies the fuser design, it is not a 
property easily satisfied and/or verified in real- 
life engineering systems. The fusion problem is 
easily solved in Boolean case, but in general may 
lead to paradoxes. In practice, most fuser design 
methodologies are ad hoc and are formulated in 
the specific application context. General system- 
atic methods are needed for efficient fuser design. 

Total System Design: In many applications, 
the solution involves the design of the individ- 
ual systems as well as the fuser. In some in- 
stances, simple methods can be easily designed. 
Such methods can be combined using a fuser to 
yield higher performances. Systematic methods 
are required for the overall system design that in- 
cludes the elements as well as the fuser. 

Computational and Information Complex- 
ity: The problems of information/decision fusion 
could be quite complex both from an information- 
theoretic and computational viewpoint. Estab- 
lishing lower and upper bounds for the complexi- 
ties of various fusion problems enables us to focus 
our attention in the areas that are likelily to have 
a large impact. 

Dynamic Adaptation: In real-life systems, in- 
formation is dynamic and the fusion system must 
be able to adapt to the new information in a 
timely and efficient manner. Methods to adapt 

the fuser “on-line” will be extremely useful in 
practical applications. 

(e) Fault Tolerance: The addition of a fuser to a 
system typically increases the system’s complex- 
ity and may decrease its overall reliability. Also 
the continued operation of the fuser plays a very 
critical role in the performance of the entire sys- 
tem. Thus it is very important to design fusion 
methods that produce satisfactory results under 
the failure of the various components, including 
the fuser. 

4.2 Computational and Information- 
Theoretic Issues 

The developments in computing algorithms and sys- 
tems enable the processing (storage and retrieval) of 
samples of large quantities that were deemed imprac- 
tical a couple of decades ago. These developments 
have the potential to solve a number of informa- 
tion/decision fusion problems arising in real-life ap- 
plications. But in order to take advantage of the com- 
putational power, it is necessary to develop efficient 
algorithms that provide performance guarantees based 
on the sample sizes that can be currently stored and 
retrieved. 

Several information/decision fusion problems have 
been solved under an independence condition or a 
complete knowledge of probability distributions. How- 
ever, as mentioned before, in real-life applications 
(e. g. engineering systems), the independence can sel- 
dom be guaranteed, and the problem of modeling the 
required probability densities is very difficult in gen- 
eral. Most often, information about the system is ac- 
tually obtained from empirical data collected through 
experimentation and/or operation. To be relevant to 
a large class of engineering problems, a solution to the 
information/decision fusion problem must satisfy the 
two following requirements: 

(a) Guaranteed Performance Using Limited 
Data: In real-life applications, the information 
about systems is finite and small, and is often 
in the form of empirical measurements. The fu- 
sion methods must guarantee a reasonable perfor- 
mance based on the available data. 

(b) Fast Computation: The fusion rule must be 
computable expeditiously. Thus the computa- 
tional complexity of the program implementing 
the fusion rule must be a low-order polynomial. 
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