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Abstract 
 

Decision making is one of the most important human abilities. We utilise it 
from the very small decision of choosing a lunch restaurant to the much 
more complex decision situations involving heterogeneous groups of 
people cooperating towards a common goal. Although, the problem is still 
the same; we perceive a lot of information from many different sources all 
around us, enabling us to access a large quantity of information, yet, 
somehow we have difficulties to make a decision from that information. 
Not surprisingly, this problem will not magically disappear or become any 
easier, considering the current development of advanced technology, 
enabling us to access even more information, in real-time. This report 
address the new challenges put on decision making where you are to handle 
and make sense of a vast array of information from different sources. The 
report explores the use of information fusion to support this specific issue. 
The report identifies the limitations of current research concerning the 
intersection between decision making, decision support and information 
fusion, and makes suggestion for future research.  
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1. Introduction 
As humans, we have extraordinary skills which help us both to interact with the 
surrounding environment and to interpret situations and various pieces of information 
we encounter which enables us to take action. Decision making is a central part of this 
process and is an ability which we constantly utilise on a daily basis, to some extent. As 
new technologies are developed and introduced into our lives, ‘decision making’ 
becomes more and more complex and encounters new challenges. Today, we have the 
possibility to access an increasing amount of information and we are, in fact, in some 
cases, required to make use of all that information to be able to make an informed and 
successful decision. How we actually make decisions is an old research area which has 
been studied for centuries in various disciplines. The traditional view has been that we 
are rational beings who can make an objective choice amongst alternatives, i.e. classical 
decision making (for a definition cf. Patel et al (2002, p. 52)). However, much of the actual 
decision making process does not conform to this neat logical view, founded as it is in 
economics theory. Therefore, more recently, the dynamic nature of decisions has been 
gaining increasing recognition, and is now an established research area commonly 
referred to as naturalistic decision making (Zsambok et al., 1997). As the situation is today, 
Tien (2003) argues that we are living in the “information stage” (following the previous 
mechanical and electrical stages), which share many of the characteristics of naturalistic 
decision making. The information stage focuses on emerging services which are 
dependent on information, i.e. information technology, which mostly are based on 
multiple data sources. On the one hand, information technology, and information in 
particular, is a requirement for robust and timely decision making. On the other hand, a 
common problem is that “we are awash in data but starved for information” (Tien, 2003, p. 
104) 1 . The question is: How could we make effective decisions in this kind of 
environment?  

Interestingly, ‘Information fusion’ has been suggested to be a necessity which 
partly addresses the above described problem i.e. “while information technology can 
transform a data poor situation into a data rich environment, the fact remains that data need to be 
fused and analyzed effectively and efficiently, in order to provide appropriate information for 
intelligent decision making” (Tien, 2003, p. 104). Due to the current development of 
complex information technologies there is an increasing recognition of the power of 
‘information fusion’. Actually, more recently, ‘information fusion systems’ (e.g. a system 
which fuses information from different sources) have received increasing attention 
outside the defence domain, where the concept originated from, and is now widely 
applied. Today, such systems can be found in a wide array of domains characterised by 
large amounts of data (Hall & McMullen, 2004; Hall & Llinas, 2001). In detail, the 
information fusion research field refers to:  
 

“Information fusion encompasses the theory, techniques and tools conceived 
and employed for exploiting the synergy in the information acquired from 
multiple sources (sensor, databases, information gathered by humans etc.) 
such that the resulting decision or action is in some sense better than 
(qualitative or quantitative, in terms of accuracy, robustness and etc.) than 

                                                 
1 To be noted, in the following chapters, rendering of quotes are, for the purpose of this report, 
emphasised by being presented in italics, unless indicated otherwise.  
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would be possible if any of these sources were used individually without 
synergy exploitation” (Dasarathy, 2001,  p. 75)  

 
As stated above, the focus of information fusion is on the utilization of information from 
different sources in such a way that, in extension, a better decision could be made. Even 
though the user is implicitly accounted for in this definition, the traditional focus within 
information fusion research has been on the actual process of combining large, 
sometimes dissimilar, information in a more comprehensive and easily manageable 
form (Hall & McMullen, 2004). Consequently, the conclusion could be using information 
fusion will give a result which is not possible otherwise (thus, a very reason for using 
information fusion). The technical focus of information fusion systems has resulted in 
the development of many computational techniques such as probability and statistics, 
decision and estimation theory, pattern and image recognition, various approximate 
reasoning techniques such as fuzzy logics, and other artificial intelligence tools 
(Dasarathy, 2001). With the computational techniques outlined, information fusion 
could be used to support and enhance users’ decision making process. Interestingly, 
there has been little recognition of the actual users’ decision making processes as well as 
cognitive aspects in information fusion research so far.  

Even though the human cognitive aspect of information fusion has received 
limited attention, it has long been recognised, indirectly, as an important consideration 
for information fusion research. However, more recently, one could see an increasing 
acknowledgement of the importance of the actual user and her/his contribution to 
information fusion. For instance, it has been argued that “without human inputs, the DFS 
[Data Fusion System] refinements … may be time consuming and useless” (Blasch, 2003, p. 463) 
or “By rethinking the HCI … we may be able to re-engage the human in the data fusion 
process… ” (Hall & McMullen, 2004, p. 336). Despite these acknowledgements and the 
growing interest of user aspects of information fusion processes, no clear overall picture 
of users’ decision making processes in relation to information fusion systems has yet 
emerged from the information fusion community. With few exceptions (e.g. Blasch and 
Plano (2003)), in most information fusion research, users of information fusion systems 
are considered as the mere receivers of fused data. With that in mind, not only are the 
users’ decision making process ignored, but also the users’ possible contribution to the 
success of the information fusion process. In fact, it has been argued that “what is missing 
from previous research is that the users drive the control process, from the inception of sensor 
designs to fusion algorithm approval” (Blasch, 2006a, p.1). 

One could argue that there are interdependencies between users’ decision 
making processes and information fusion systems which are not to be underestimated. 
One should realise that a data fusion process utilising the outlined computational 
techniques is not more effective than the possible utilisation of the output by users in 
their decision making processeses. Today, the focus is on the technical aspects of 
information fusion, not on how to actually support users’ decision making processes 
with usage of information fusion in order to make better decisions. This is a common 
problem not isolated to information fusion community. For instance, in computer 
supported collaborative work (CSCW), Ackerman (2000, p. 179) refers to this trade-off as 
the social-technical gap, i.e. “the divide between what we know we must support socially and 
what we can support technically”, which is identified as an important challenge for future 
CSCW systems. Similarly, in order to bridge the above identified gap between users, on 
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one hand, and information fusion technology, on the other hand, we need to have a 
better understanding of the users’ decision making processes and their contribution to 
information fusion in general. In fact, it has been argued: “recognizing the need for 
automation [in information fusion] to help navigate complex and large problem spaces like those 
in NCW [network centric warfare], it is equally important to recognize the critical role that 
humans play in these decision making tasks.” (Cummings & Bruni, 2005, p. 1).Also, not to 
forget, in general, currently existing studies within information fusion have mostly been 
performed in military settings (cf. Hall & McMullen, 2004). However, due to today’s 
wide usage of information fusion systems, there is a need to develop theories which can 
reach beyond the military domain.   

Hence, the research outlined in the following sections will further investigate 
(and bridge) this gap between users’ decision making process and information fusion systems 
by presenting decision making in general, and information fusion in particular. Finally, 
the identified gap is elaborated on and today’s challenges for users in information fusion 
are identified and presented.   
 

1.1 Aim 
The aim of this report is to provide an integrated review of decision making research 
and information fusion research with a focus on the human user’s point of view. 
Subsequently, this report identifies problems and limitations of today’s research, 
particularly, in information fusion. The suggested future research, emerging from the 
literature review presented herein, aims to investigate, and in extension improve, users’ 
decision making processes utilising information fusion systems, with the objective to 
describe decision making in general, and information fusion in particular. 
 

1.2 Outline 
The report is structured as follows: first, in Chapter 2, a background on decision making 
research is given from the perspective of individual and organisational decision making 
with the ambition to give a general understanding of decision making theories relevant 
to information fusion. An intermission is presented at the end of the chapter which 
further explores decision making and information fusion. Following, in Chapter 3, 
information fusion systems are defined and users’ aspects are elaborated upon, also, 
different models used in information fusion research are reviewed. The goal is to give an 
overview of information fusion research from a user’s perspective. In Chapter 4, a 
summary is provided which identifies open research problems and specific issues for 
further investigation. Finally, in Appendices 1-4 different models of decision making are 
visualised and published papers by the author of this report can be found.  
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2. Decision making- theories and models   
From a practical point-of-view, one of the most important human skills is decision-
making, i.e. the cognitive process of reaching a specific decision. Both at a personal level 
and in the context of organisations, our decision-making skills strongly affect the quality 
of life and success. To set the agenda and for the purpose of this report, a fictive example 
in the line of Bergström (2004) is provided:   
 

Imagine, there is a large UN organised peace operation in Africa. To 
your help you have 1000 humans, 50 vehicles, 10 airplanes and helicopters, 20 
ships. Not to forget, you have thousands of weapons, computers, different 
types of detection equipments, radio transmitters and other supplies. Also, 
there is a need to maintain the day-to-day routines such as electricity supply 
and healthcare functions: You are a commander who has responsibility for 
different groups and you have a higher level goal of success of the mission. OR 
you are a team leader in charge of a group of people which has a specific goal 
or mission to perform. OR, not to forget, you are an individual who needs to 
interact with a certain system to perform a certain task, where sometimes you 
are in change of the decision or the system is automatic, and then your task is 
just to monitor the system output.  

 
The above example highlights the main problem occurring in complex situations i.e. the 
direction of the right information, to the right decision maker, at the right level, at the 
right time. Also, there might be an issue of conflicting and contradicting (and, to some 
extent, uncertain) information depending on the decision situation (e.g. a decision might 
be right for the decision maker at hand, but conflicts with the overall goal, mission), not 
to mention the issue of taking into account all the vast array of information provided 
from different sources and stakeholders. Thus, decision making is very complex because 
there are interdependences between the individual decision making process and the 
organisational decision making process. Here, a decision process is “considered to be one 
that is extended in time: it involves a series of information search, judgement and evaluation 
processes which are followed by further post-decision process that serve to help people to adjust to 
the implications of the decision and to understand their own goals and values” (Crozier & 
Ranyard, 1997, p. 3). Even though this is an example of crisis management situated in a 
military context, the characteristics of the above situation are not critical to a military 
setting. Take any complex situation involving heterogeneous groups of people 
cooperating and you will eventually find different levels of decision makers and issues 
of providing the right information to the right people or conflicting and contradicting 
information, not to forget, the issue of information overload.  

It is not surprising that decision making has received considerable interest and is 
the subject of many different disciplines. For instance, decision making is not solely 
interesting to psychology and organisation science, but also economics, law, political 
science and medical informatics, to name a few, are interested in studying decision 
making. Hence, the result is not a single cohesive ‘decision making’ research community, 
rather it is distributed over several disciplines. Consequently, many different types of 
theoretical frameworks have been developed over the years (for a review cf. Alenljung, 
2005). Following Lipshitz et al. (2001), traditionally, there are two main themes within 
decision making: (1) theories which explain how we should make effective decision, 
typically explored in economic and finance domains (e.g. classical decision making cf. 



2. Decision making- theories and models 
 

-5- 

Beach & Lipshitz (1993)) and (2) theories which explain how we actually make decisions 
(i.e. naturalistic decision making (Zsambok et al., 1997)).  

Considering the above example “peace operation in Africa”, decision making is 
very complex and there are some difficulties categorising the decision situation as 
similar to the categorisations provided by e.g. Alenljung (2005). For instance, should the 
situation be categorised as individual, group or organisational decision making or 
maybe even as a decision support system issue? To my knowledge, there is no theory 
which tries to combine or view the intersection between these different types of decision 
making issues. Therefore, with the above example as elimination, the emphasis is not to 
provide an overview of all existing decision making theories and categories, rather the 
focus is on theories relevant to the example provided above i.e. only individual and 
organisational decision making will be elaborated upon in further detail in this report. 
Thus, following sections will focus on two main opposing themes within individual 
decision making theories, namely, classical decision making and the more recent 
naturalistic decision making, in addition to the review of organisational decision making. 
At the end of the chapter (cf. Section 2.5), a summary, i.e. intermission is provided.  

 
 

2.1 Classical Decision Making  
Classical decision making (CDM) could be classified as a normative kind of decision 
making i.e. there is a belief that humans can make a rational and objective choice 
amongst alternatives, and choose the optimal one (Alenljung, 2005). This has also been 
referred to as traditional decision making i.e. “[t]he term ‘‘traditional’’ is used to designate a 
large and heterogeneous body of descriptive and prescriptive research that uses normative models 
(e.g., subjective expected utility, Bayesian) as points of reference. This category greatly simplifies 
some significant differences in perspectives and approaches. ‘‘Classical decision theory’’ is 
sometimes used to reference the same set of ideas and bodies of work” (Patel et al., 2002, p. 52). 
Following Patel et al. (2002), this has also been referred to as “rational decision making”. 
Theories such as Subjective Expected Utility theory (SEU), Multi-Attribute Utility (MAU) 
and Bayes’ theorem characterise the essence of early CDM theories (Edwards & Fasolo, 
2001). More specifically, SEU is a model of rational behaviour, the model believes that a 
“decision should be reached by summing over the set of alternatives the utility of each alternative 
weighted by the subjective probability of its occurrence” (Crozier & Ranyard, 1997, p. 5). This 
theory was later criticised by Simon who argued that people can make successful 
decisions by identifying the most satisfactory decision according to their goal i.e. 
bounded rationality (Crozier & Ranyard, 1997). In bounded rationality, there exists an 
assumption that rationality is dependent on the decision maker’s information processing 
capabilities, in other words, the decision maker has limited capability to evaluate each 
alternative and reach the most optimal choice, per se, therefore, it is enough for the 
decision maker to reach the most satisfactory decision (Crozier & Ranyard, 1997). To 
continue, Bayes’ theorem focuses on how to calculate probability with the focus of 
updating or revising probabilities in light of new evidence (Edwards & Fasolo, 2001).  
MAU is similar to SEU but it acknowledges and puts its emphasis on the values of 
different attributes attached to a specific option. The values can give an aggregated 
utility, which makes it possible to choose the most optimal decision.   
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In summary, the essence of CDM research is the focus on the decision event, i.e. 
the performance of a choice among a fixed set of alternatives based on fixed (stable) 
goals, purposes, and values (Orasanu & Connolly, 1993). Also, as could be seen here, 
CDM theories could make a prominent contribution in well defined and well structured 
environments, where the decision maker has knowledge of all possible alternatives.  

Although, it should be noted that the focus is on how individuals make decisions 
(in isolation, as opposed to groups/teams) and the studies which the theory is based on 
(i.e. CDM) is often performed in laboratory settings (capturing activities such as tossing 
a coin etc.). Interestingly, there is an implicit assumption that this kind of gambling can 
be an all purpose analogy for decision in general (Beach & Lipshitz, 1993). Also, often 
traditional CDM models such as SEU assumes that the decision making process is a 
“mechanical procedure” (Crozier & Ranyard, 1997, p. 11), consequently, they assume that 
the decision making process (the rules for combination of probabilities and values) is 
independent of the context at hand. This highlights some of the limitations with CDM 
theories. Moreover, Beach and Lipshitz (1993) stress the fact that even when experts are 
trained to use CDM theories when making decisions, they rarely follow those principles; 
instead, they follow their intuition. Also, CDM forces people to put numerical values to 
each option and choose the one with the highest number, it is acknowledged that human 
decision makers do not explicitly do that for most of their decisions which are 
performed in real world (Edwards & Fasolo, 2001). These limitations have been 
recognised and as a contrast, naturalistic decision making has emerged which actually 
focuses on real world decisions, explained in further detail in the following section.  
 
 

2.2 Naturalistic Decision Making 
Naturalistic decision making (NDM) was initiated in the end of the 1980s and aims at 
understanding how human experts make decisions in complex, real time, dynamic 
environments. In contrast to CDM, people are studied in their real environments under 
realistic demands, therefore, the decision making processes studied are significantly 
different because when the decision makers are under stress, time pressure, have access 
to other individuals, it goes beyond the knowledge structures, process and skills which 
is needed to make the decision (Zsambok et al., 1997).  The focus on expert decision 
making in NDM is a natural consequence due to the decision situation studied, i.e. the 
situations are so complex that an expert is needed. As the definition states:  
 

“the study of NDM asks how experienced people, working as individual, or 
groups in dynamic, uncertain, and often fast-paced environments, identify 
and assess their situation, make decisions and take actions, whose 
consequences are meaningful to them as to the larger organization in which 
they operate” (Zsambok, 1997, p 5).  

 
NDM literature acknowledges a set of issues, listed below, which characterise the 
decision situation, cited from Zsambok (1997):  
 

1. ill-structured problems (not artificial, well-structured problems) 
2. uncertain, dynamic environments (not static, simulated situations) 
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3. shifting, ill-defined, or competing goals (not clear and stable goals) 
4. action/feedback loops (not one-short decisions) 
5. time stress (as opposed to ample time for tasks) 
6. high stakes (not situations devoid of true consequences for the decision maker) 
7. multiple players (as opposed to individual decision making) 
8. organisational goals and norms (as opposed to decision making in a vacuum)  
                                                                                           

These characteristics and the relationship between them have also been visualised by 
Alenljung (2005), cf. Figure 1. 
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Figure 1. Schematic view of the characteristics of NDM (Alenljung 2005). 

 
In other words, following Zsambok (1997), the essence of NDM can be viewed in terms 
of the research participants (experienced decision makers, not naive subjects), the purpose 
of research (discovering how people actually make decision in context rich environments), 
locus of interest within the decision episode (not just in the option selection process, but also 
the process of situation awareness). Looking at the decision making process in particular, 
one could say that NDM sees the decision making process as temporally evolving, 
where different cognitive strategies are used, rather than a static event. Also action and 
perception are crucial aspects of cognition, and human limitations are an important 
factor in the decision making process.  

As real decisions are taken, there is often no time for assessment of multiple 
solutions and, furthermore, there is more to a decision making process than a rational 
and objective evaluation among alternative solutions (as compared to CDM). Therefore, 
Meso et al. (2002) argue that situation assessment skills are a distinguishing ability 
decision makers need to have, i.e. 1) cue recognition/significance, and 2) pattern 
recognition. Further, it is suggested that an effective decision maker should comprise the 
following abilities (Meso et al., 2002): flexible, quick, resilient, adaptive, risk taking, 
accurate.  

According to Patel et al. (2002), NDM has been studied in a vast array of domains 
ranging from fire fighting, air traffic control, healthcare domains such as 
anaesthesiology, intensive care medicine, to nuclear power plant management, just to 
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mention a few. The power of NDM has been recognised and it is suggested that NDM 
should be used in the knowledge management domain (Meso et al., 2002).  

As previously described, NDM outlines a complex decision situation. The question 
at hand is how humans can make decision during these conditions? Throughout the 
years a number of different general decision making models have been developed in the 
NDM community to characterise how individuals make decisions (Lipshitz, 1993). 
Following, Lipshitz (1993), a description is given of nine of the most common models 
used within NDM. The review of NDM models presented below is based on Lipshitz 
(1993), for further detail on the models cf. Lipshitz (1993). First of all, there are some 
models which focus on the actual decision making process.  
 

1) Nobel’s model of situation assessment: the model emphasises the 
importance of making a situation assessment in order to be able to make a 
correct decision. The process of making a decision is suggested to be as 
follows: First, concrete information of the situation is combined with 
background (context) information and general knowledge retrieved from 
memory to provide understanding of the situation, then a tentative 
interpretation (“representation”) of the situation can be created. This 
representation includes specific expectations and is, over time, tested, 
retained, refined or rejected as new information is gathered.   
 
2) Klein’s Recognition Primed Decision Model: this is one of the most 
established models in NDM. The model emphasises the importance of 
domain knowledge and previous experience in making decisions. The model is 
characterised by dealing with decisions made under high stress and time 
pressure. The idea behind the model is that when experts encounter a new 
situation which demands a decision, use their previous experience in order 
to solve the current situation. In other words, rather than choosing among 
alternatives, decision makers assess the situation and identify the most 
appropriate decision. This process is divided into three main parts: (1) 
situation recognition (the situation is classified as either typical or new and 
the decision maker identifies (recognise) distinguishing cues which are 
crucial for the situation), (2) serial option evaluation (different alternatives 
is evaluated sequentially, with the most typical action first i.e. an action 
queue, until a satisfactory alternative is reached), (3) mental simulation (to 
come to a conclusion whether or not an alternative is satisfactory, the 
decision maker acts it out in her mind using her/his imagination i.e. a 
mental simulation). For a schematic view of the model, cf., Appendix 1, 
Figure 10. 
 
3) Pennington and Hastie’s Explanation-based model: this model is based 
on how jurors make decision, however, it is said to be applicable to 
decision situations in general. The model emphasises the attempt to explain 
and understand relationships in the current situation. The model consists of 
three phases: (1) Processing the evidence (in order to deal with 
contradicting information, it is organised in the form of a coherent story of 
what apparently has happened i.e. an episode schema), (2) defining verdict 
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alternatives (the jury defines different verdict and the accompanying 
attributes which need to be fulfilled in order to reach that verdict), (3) 
determine the verdict (the verdict which agrees with the previously created 
story board). In summary, the story based decision making process is 
argued to be applied in situations where there is a need to process large 
amounts of information that is incomplete, piecemeal, and presented 
sequentially in a jumbled temporal sequence. Here, people “construct a 
casual explanation based party on the evidence and party on inference and general 
knowledge” (Lipshitz, 1993, p. 112).  

 
4) Montgomery’s Dominance search model: the idea behind the model is 
that people, when making a choice among alternatives, search for a 
dominant alternative. An alternative is dominant if it is at least as good as 
its alternatives and exceeds in at least one attribute. This decision making 
process is performed in four steps: preediting, finding a promising 
alternative, dominance testing and dominance structuring.  
 
5) Beach and Mitchell’s Image theory: the theory consists of different 
concepts: images (a representation, cognitive structure, which organise 
values and knowledge which enable guidance of decisions), adoption 
decisions (decision makers do ‘compatibility test’ in order to choose 
decisions i.e. a decision is adopted only if it does not violate any ‘image’), 
progress decisions (progress decisions are used to support the adoption of 
decision by considering future states), frames (a subset of the decision 
makers principles, goals and plans). A distinguishing factor for this theory 
is the emphasis on the decision makers’ principles, values and ideal (frames) 
as a guide for making decisions.   

 
Then there are some models which can be categorised as typological models (Lipshitz 
1993), i.e., the models does not display a sequence of activities which become the 
decision process, rather it is models which classifies different aspects of the decision 
making process, e.g.  
 

6) Rasmussen’s model of cognitive control: the focus is on how people 
have interacted with complex automated systems. The model distinguishes 
between skill-based behaviour (expert sensorimotor performance such as 
riding a bike where you do not need conscious attention to perform the 
task at hand, the behaviour is controlled by a dynamic mental model), rule-
based behaviour (rules and know-how which could be stated explicitly, 
control the behaviour i.e. a task which requires conscious attention), 
knowledge-based behaviour (required when meeting a new situation 
where you need a deeper understanding in order to perform the task). The 
added value of this model is the distinction between habitual or automatic 
behaviour compared to performing a task which requires a more conscious 
behaviour.  

 



2. Decision making- theories and models 
 

-10- 

7) Hammond’s cognitive and task continuum index: the decision making 
process could be classified according to a scale, from intuitive to analytical. 
A decision is more intuitive depending on factors such as failure (when in 
doubt, guess), the nature of the task. Likewise, the task can be judged on a 
similar scale. These two scales is also intervened, “changes in the 
characteristics of tasks lead to predictable changes in the nature of cognitive 
processes” (Lipshitz, 1993, p. 126). 

 
8) Connolly’s model of decision cycles: decision making in real settings 
are dynamic, therefore, it is not correct to study them as isolated instances 
of choosing among alternatives. Hence, this model emphasises the cyclical 
interplay between situation assessment, evaluation of alternatives and 
action. The model also consists of three domains and two levels i.e. the 
domains of: the actual world, the decision maker’s cognitive map of this 
world and his/her values, also, the perceptual cycle and decisional cycle.  
 
9) Lipshitz’s Argument-driven action: the basic idea behind this model is 
that you do ‘A’ because of ‘B’. In the decision making process there are 
three generic modes of making decisions, consequential choice, matching 
and reassessment and they differ in terms of six basic attributes i.e. framing, 
uncertainty, logic, handicaps and therapies.  

 
Among the models mentioned, Recognition Primed Model, Image theory and 
Rasmussen’s model of cognitive control are the most commonly used models according 
to Lipshitz (1993).  The models are similar in that they explain the decision as a sequence 
of activities but differ in terms of the type of decisions and the nature of the sequence of 
the activities (Lipshitz, 1993).  

To be noted, using NDM is not straightforward, there are some criticisms 
towards NDM, exemplified by Yates (2001). Following Yates (2001), NDM is said to be a 
descriptive theory which does not provide a standard for evaluating the quality of 
decisions. Further, it is hard to draw generalisations from the studies within NDM (you 
study often the situation only once), also, it does not have many models on how to 
develop training and decision support. Finally, the results of the studies are often of 
higher level issues which can be hard to implement in a decision support system (DSS) 
i.e. a system which should support a decision making process. Also, in general, and as 
exemplified by the previously stated models, NDM focuses on individual experts 
making decisions. However, there are other theories which explain how, specifically, 
organisations make decisions, explained in further detail in following section.  
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2.3 Organisational Decision Making 
Every organisation made up of more than one person has some sort of formal 
organisational structure, i.e. a structure which specifies how the organisation should be 
managed in order to meet its objectives. This often results in documents specifying how 
work and decisions should be handled. However, often an informal structure emerges 
based on how the actual day-to-day work is conducted2. Depending on the domain, the 
organisation may be more or less formal and may or may not accept the development of 
an informal structure (i.e. comparing a military domain or a hospital environment to a 
small size company may relieve different organisational situations). Thus, according to 
which organisation is studied, a decision making process may look very different in a 
comparison. Similarly, any collaborative work needs to be organised in some way in 
order to enable effective work. However, there are according to Shapira (1997) some 
common characteristics in decision situations within organisations, i.e. ambiguity (in 
information, preferences, interpretations etc.), longitudinal context (decision is part of an 
ongoing process), incentives (that is, the personal motive is important for decisions), 
repeated decisions (dealing with similar decisions repeatedly) and conflict (power 
considerations and agenda settings often determine the decision). Considering the 
characteristics of organisational decision making the similarity between NDM and 
organisational decision making (ODM) is notable (cf. Lipshitz et al., 2006; Alenljung, 
2005). In fact, both research areas focus on what decision makers actually do and even 
some NDM researchers acknowledge the impact of organisational goals on individuals’ 
decision making processes. However, there is an interesting difference in study objects 
among the two. ODM usually study for-profit organisations and NDM has had its focus 
on military and paramilitary organisations (Lipshitz et al., 2006). This may have 
implications for the research conducted. 

Throughout the years, perhaps due to the profit involved, the effectiveness and 
the actual decision making process of organisations, organisational learning and 
changing, are some areas which have emerged within the community of ODM. Research 
on organisational decision making started with people such as Herbert A Simon, James 
G March, Charles E Lindblom, Victor H Vroom, Michel Crozier and Arnold S 
Tannebaum (Pugh & Hickson, 1989), but has later included people such as Shapira 
(1997). In other words, during the years different themes have emerged. Keen and 
Morton (1978) identify these as the rational manager view, i.e., we make decisions in a 
logical and linear way by choosing amongst alternatives i.e. governments which adopts 
this theory assumes that we behave as rational beings, accordingly “little or no 
interference is required by any superordinate bodies” (Miller et al., 1996, p. 294). 
According to the “satisfying” process-oriented view, we seek for a satisfying decision in a 
particular situation and the process of reaching it may be different each time, i.e. it is 
unrealistic to think that a manager can meet the requirements of rational behaviour. In 
the organisation procedures view, the focus is how the organisation is structured in units 
(formally and informally) and decisions are seen as the output of these units, e.g. the 
garbage can model. In the political view, the power is recognised as a major influence on 

                                                 
2 How people actually perform their day-to-day work within organisations is the starting point for CSCW 
(i.e., the informal structure in organisations). CSCW focuses on how to support the actual work process and 
collaboration between individuals, cf. Ackerman 2000. Here, the underlying assumption is that the decision 
making process can not be automated, only supported, hence, the need for CSCW technologies.  
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decisions, i.e. decision making in organisation is seen as a game of power and 
negotiations between organisational units in terms of conflicting interest and control of 
resources. The individual differences perspectives focuses on the individual requirements, 
differences and limitations a manager has when making decisions.  

More specifically, Miller et al. (1996) classifies the themes according to two 
dimensions i.e. the dimension of process action and the dimension of political interest.  
First of all, the process action dimension goes from ‘coherent’ to ‘chaotic’. In other words, 
decisions can be, ‘coherent’, implying a more linear and sequential nature resulting in a 
step-by-step procedure, e.g. the rational manager view, or decisions can be made in a 
more unstructured, parallel and ‘chaotic’ way, e.g. the garbage can model, i.e. the 
organisation procedures view. The interest dimension, on the other hand, goes from 
‘political’ to ‘problem solving’. This dimension examines the studies on their 
acknowledgement of the involvement of political influences on a decision. A decision 
can be either purely a problem solving task, e.g. the satisfaction process-oriented view, 
or the decision has to obey the political boundaries of a decision, e.g. the political power 
view. More recent studies acknowledge the importance of intuition and emotions in the 
organisational decision making process (Miller et al. 1996). Independent of what 
perspective is adopted, it is also important to know the technological abilities which 
could be used to support the decision making process. The following section will outline 
these in more detail.   
 

2.4 Supporting Decision making   
According to Shim et al. (2002) decision support systems (DSSs) evolved during the 
1970s and, in general, refer to computer systems which are intended to support complex 
decision making and problem solving such as the decision processes explained in 
previous sections. Traditionally, DSSs are based on rational (classical) decision making 
theories. As Sage (1991, p. 1) argues: 

 “Emphasis in the use of a DSS is on provision of support of decision makers 
in terms of increasing the effectiveness of the decision–making effort. As we 
will see, this involves the formulation of alternatives, the analysis of their 
interpretation, and selection of appropriate options for implementation” 

 
Over the years, different classes of DSSs have emerged. In fact, Power (2002) provides a 
categorisation of different DSSs as follows: 
 

- Data-driven DSS, e.g. systems which provide access to large amounts of structured data 
often stored in databases to support analysis, i.e. enabling display and manipulation of 
data sets.  

- Model-driven DSS, e.g. systems which are based on different representational and 
optimisation models to support decision making, i.e. enabling what-if analyses.  

- Knowledge-driven DSS, e.g. systems which consist of knowledge, understanding of 
problems and problem solving skills within a specific domain i.e. enabling suggestions 
and recommendations for actions (also called expert systems).  

- Document-driven DSS, e.g. systems which gather, retrieve, classify and manage 
unstructured documents, i.e. enabling structuring of documents.  

- Communication-driven and Group DSS, e.g. systems which support collaboration, 
communication and coordination between multiple decision makers (also referred to 
CSCW technologies) i.e. enabling facilitation of solution to problems.  
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- Interorganisational/intraorganisational DSS, e.g. systems which support organisations’ 
facilitation of information distribution, i.e. enabling service for users 

- Function-specific or general purpose DSS, e.g. systems which are developed to support 
a specific task or function, i.e. enabling automated support for routine tasks or facilitating 
general decision tasks. 

- Web-based DSS, e.g. systems which are based on web technology, i.e.  enabling delivery 
of decision support information or decision support tool  

 
A DSS may have elements from different categories, although, according to Power (2002) it 
is possible to extract one category as the ‘drive’ and focus of a particular DSS. In general, “[a] 
DSS is a computer-based information system that supports either a single decision-maker or a 
group of decision-makers when dealing with unstructured or semi structured problems in order 
to make more effective decisions. The DSS supports one or more decision activities carried out in 
a decision process” (Alenljung, 2005, p 45). Further, one could argue that, independent of 
the category, DSSs usually have a narrow, focused, and specific purpose rather then a 
general one. Power and Sharda (2005) also made the distinction between automated 
decision systems (e.g. systems which automate routine decisions in well-structured 
situations) as in contrast to decision support systems (e.g. auxiliary and ancillary systems 
which assist decision makers).  
       More specifically, Holsapple and Whinston (1996) argue that a DSS should fulfil 
one or more of the below listed characteristics to be named a DSS. 
 

a) Contain knowledge describing aspects of the decision-makers environment, that 
indicates how to accomplish a range of tasks, and that indicates valid conclusions in 
different circumstances. 

b)  An ability to acquire and maintain descriptive knowledge as well as other kinds of 
knowledge  

c)  An ability to present knowledge on an ad hoc basis in various customised ways as well 
as in standardized reports 

d)  An ability to select any desired subset of stored knowledge for either presentation or 
deriving new knowledge in the course of problem recognition and/or problem solving. 

e)  Interact directly with a decision-maker or a participant in a decision in such a way that 
the user has a flexible choice and sequence of knowledge management activities.  

f) Coordinate/facilitate interactions among multiple decision makers 
 
Similarly, a similar list of characteristics and capabilities of DSSs is provided by Turban 
et al. (2005). It should be noted that there is no general consensus of the components of a 
‘DSS’; consequently, there is no agreement of standard characteristics and capabilities of 
DSS (Turban et al., 2005). However, there exist similarities between the existing lists, 
validating their existence. In summary, one could argue that a decision support system 
should, in line with previous lists, provide up-to-date and timely information that is 
complete and accurate, in an appropriate formation which is easily understood and can 
be easily manipulated by a user (Turban et al., 2005).  

There are different ways of developing DSSs. For instance, Zacharay and Ryder 
(1997) present an interesting framework describing how to develop and construct and 
ensure the effectiveness of DSSs. In essence, the framework identifies a set of design 
principles and a methodology (design process). In short, the design principles are as 
follows (Zacharay & Ryder, 1997):  
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a) DSS should be tailored to a specific position or region of the expertise continuum (there 
is a difference between novice and expert decision making) 

b) DSS design must involve analysis of the cognitive processes and problem representation 
of the users as well as analysis of the external domain and physical systems involved  

c) DSS could either provide training to perform more effective decisions or a support for 
making decisions. The training component within DSS should be developed from the 
same cognitive modelling and analysis used for decision support design  

 
In order to achieve the above identified principles, following methodology, DSS design 
process steps is proposed (Zacharay & Ryder, 1997):  
 

1) Cognitive decomposition and modelling, i.e.  representation and decision strategy of the 
user is studied and mapped out. In detail, a ‘Task Summary Description’ (TSD) is created 
to capture the user’s decision making process. To create TSD they propose tools such as 
behavioural/cognitive analysis protocol. 

2) Functional requirements definition, i.e. the decision maker’s cognitive model is 
analysed in order to create requirements for the DSS.  

3) Functional design, i.e. from the requirements specific functions for the DSS are outlined 
4) Architecture specification, i.e.  the technology is assembled to create the DSS  
5) Detailed design and implementation, i.e. system components are specified, 

implemented and tested.  
 
The part to be highlighted in this method is the first step and, in particular, the usage of 
TSD. As Zacharay and Ryder (1997, p. 1248) explains: “The TSD is a structured 
description that covers elements of:  
 

• the domain/environment, such as a summary of information elements available 
and their physical presentation; 

• the task, in terms of its main goal, dynamics and underlying process; 
• the decision process, such as main values criteria used to make choices; 
• the decision maker’s domain representation; and 
• the decision maker’s decision strategy”.  

 
Hence, the context of the task is considered which enables a more effective decision 
support. Also, to be noted, the different steps can not be treated independently, in fact, 
they build on each other where number one can be seen as a requirement as number two, 
and so on.  

Research concerning DSS is not straightforward, more recent studies focusing on 
DSS in medical settings suggest that there is a need to change the focus of decision 
making support. Patel et al (2002, p. 60) suggest a new framework which aims to, “(1) 
develop a more adequate descriptive account of the decision-making process, (2) to 
explain the adaptive as well as the suboptimal characteristics of decision makers, and (3) 
to recognize that decision makers are not solitary thinkers, but live in a social world with 
artefacts and populated by other agents who jointly determine the decision processes 
and outcomes”. Hence, there is a need to expand the scope of the research which the 
decision support is built upon (Patel et al., 2002). In other words, there is a need to 
change perspective from the ‘classical view’ (i.e. CDM) which, traditionally, decision 
support systems are built upon, to an approach which combines problem solving, 
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decision making and acknowledges the role of conceptual knowledge and the 
naturalistic and dynamic nature of the decision environment.  
 

2.5 Intermission: a decision situation 
Decision making (DM) becomes more and more complex as we get increasing 
possibilities for accessing a vast array of information. Currently there exist several 
research disciplines within DM, which hold theories such those explained in previous 
sections, and which try to capture the decision making process, in some sense. All the 
presented models and theories have some insights to offer on the decision making 
example provided at the beginning of Chapter 2, thus, some theories more applicable 
than others. The remaining of this section will further detail the relationship and 
possible contributions.  
  First of all, studying the example at the beginning of Chapter 2, one could see the 
need for supporting several different decision processes where the main issues is 
distribution of information i.e. access to the relevant information at the right time (and 
enough information) to be able to make a good decision. In other words, the decision 
process is very complex.  

One could argue that the exemplified decision situation is too complex to capture 
with, for instance, the CDM theories explained in Section 2.1. This is further emphasised 
by Beach and Lipshitz (1993, p. 28) who argue that “classical theory does not address the 
question of making correct decisions, it merely addresses the question of making decisions 
correctly- that is not the same thing”.  NDM, on the other hand, describes the complex 
nature of real world decision making, and, some correspondences between the example 
provided and the characteristics of NDM (summarised in Figure 1) can be seen, i.e. the 
situation is dynamic, uncertain and involves organisational goals and norms etc. Further, 
it specifies a decision situation where there are different individuals, with different 
authorities, who need to execute a specific decision. Consequently, the focus is on ODM 
from the individual perspective (bottom-up), i.e. the focus is on the consequences and 
the way a decision reaches the individual decision maker who has to execute the 
decision (rather than top-down i.e. the managers’ perspective on how to organise work 
into an effective organisation). In other words, the example provided exists in an 
organisational context. Even so, to have an understanding of the whole situation is 
important, including the organisational issues.  

Furthermore, there are several possibilities for supporting the various decisions 
which are needed. For instance, the main problem in the example is the information flow 
and the need to provide information to multiple people, based on their role (i.e. level of 
authority), not to mention the individual who need help in the execution part of the 
decision. Therefore, following Power (2002) there is a need for a DSS which combines, 
for instance, a Communication and Group DSS, and Interorganisational/ 
Intraorganisational DSS with a function specific DSS. This highlights the complexity of 
the decision situation and the limitation of the categorisation provided by Power (2002). 
Moreover, there has been a common consensus, until recently, in DSS research that 
human decision making has been consistently viewed as inherently flawed and in need 
of help (Zacharay & Ryder, 1997). This has limited the DSS research to concentrating on 
DSS which minimises biases in decision making, not focusing on developing innovative 
support for decision making, per se. As Patel et al (2002) argue, we need to rethink our 
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view of DSS research and look into other research fields. They suggest the need for not 
only combining problem solving and decision making but also acknowledge the 
dynamic nature of the decision making process. Therefore, the research from DSS 
should be used with precaution.  Patel et al. (2002) identify that the problem, however, 
does not address the problem in detail. In line with Patel et al (2002) (i.e. looking at other 
research areas), information fusion research is a relatively new research field which has 
some interesting ideas for dealing with the sorts of problems and challenges given in the 
example at the beginning of Chapter 2. Information fusion and its relationship to 
decision making is not only further investigated in following chapters but also 
elaborated upon in two papers submitted to the yearly International Conference of 
Information Fusion, cf. Appendix 2 and 3.   
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3. Information fusion – theories and models 
When making decisions based on large amounts of information, one could not possibly 
make sense of all information available, neither, may a DSS have the technological 
abilities to handle all that information. Therefore, a good approach is to fuse the 
information available in an effective way i.e. utilise information fusion (IF) in order to 
make the decision making process less complex. As noted by Hall and McMullen (2004), 
the use of ‘fusion’ is not new, humans and animals have used a combination of different 
senses since the dawn of time in order to survive. Interestingly, in recent years, the 
concept of ‘information fusion’ (cf. definition page 1) has become even more important 
due to the large amount of information humans need to access on a day-to-day basis. 
The power of information fusion has started to become recognised, indeed, empirical 
studies have shown that performance of the overall system improved with the number 
of information sources (i.e. sensors) (cf. Hall & McMullen, 2004, p. 396). Also, it has been 
argued that “[f]usion of relevant sensor data … has proven effective in reducing false alarm 
rates, increasing confidence levels in early fault detection, and reducing time to failure of 
degraded condition requiring maintenance action” (Roemer, 2001, p1). In other words, the 
system becomes more effective due to the exploration of information from different 
sources which reduces uncertainty (one can compare information from different 
sources), increases the accuracy (information from different sources complement each 
other) and increases robustness (the possibility for redundant information) (Bossé et al., 
2006). For an example of how to validate an ‘information fusion system’ (IFS), cf. Bloch 
et al. (2001) who considered the input, the methods used, and the output for validation 
of IFS.  
        Further, it is not only system performance which benefits from using IF, in fact, 
usage of IF based DSS has also been proven to be effective from a user’s point of view.  , 
Fusion can, for instance, be an effective tool in situations dealing with large amounts of 
data i.e. “this situation creates a significant information overload to the users in many 
operational environments, when the data is presented in a “raw” form. Without advanced 
data/information fusion architectures and techniques, the user, often resorts to viewing that data 
from a single sensor or single database viewpoint” (Akita, 2002, p. 1). Also, Steinberg et al. 
(1999) acknowledge usage of fusion for the possibility for refining and reducing 
information to support humans. However, one must remember to present the 
information in such a way that it conveys important aspects of the information and so 
the system can be trusted by the user (Bisantz et al., 1999). Human aspects of the IFS 
should not be underestimated. Actually it has been argued that: “the purpose of a fusion 
system should be tailored towards supporting a decision-maker…” (Bossé et al., 2006, p. 1).  

In the following sections, information fusion (in a decision making context) will 
be elaborated upon from a practical point of view, e.g. information fusion characteristics 
and applications, as well as from a theoretical point of view, e.g. different theories and 
models.  
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3.1 Characteristics of Information Fusion Systems  
In general, one could say that an information fusion system (IFS) refers to the actual 
computer system which process and utilise information originated from different 
sources, which a user could interact with and, in extension, be support by. There have 
been different attempts to characterise IFS, e.g. (Dasarathy, 2000; Bloch et al., 2001; Bossé, 
et al., 2006). Actually, as the literature is presented today, there is no general consensus 
regarding the components of IFS, and consequently, there is no agreement of standard 
characteristics and capabilities of IFS. However, first of all, a simplified IFS need to 
receive information from different sensors (i.e. information sources). According to 
Dasarathy (2000) multiple sensors could refer to active sensors (radar), passive sensors 
(IR, visible, acoustic, magnetic and seismic), human sources (intelligence gathering) or 
data archives (weather, financial data). In other words, one could argue that the different 
sources could be classified as either past (e.g. databases), present (e.g. active sensors) or 
future (e.g. simulations) sources of information. 

The information received from the different sensors needs to be combined in 
such a way that more or better information could be achieved than you originally 
started out with (Hall & McMullen 2004). Thus, within the IFS there is an information 
fusion process which fuses the information provided by the different sources. Typically 
this particular process is captured by the Joint Directors Laboratories model, ‘the JDL 
model’ (Hall & McMullen, 2004). This model is widely used within the IF domain and 
explains different components of the fusion process by dividing it into different levels, cf. 
Section 3.3 for a comprehensive review of the model. The fusion process is often 
automated with the purpose to support users i.e. “[a]utomated data fusion processes are 
generally employed to support human decision making by refining and reducing the quantity of 
information that system operators need to examine to achieve timely, robust, and relevant 
assessments and projections of the situation”. (Steinberg et al., 1999, p. 432). Traditionally, 
the fusion process has been seen as the actual data fusion process (e.g. algorithms and 
other computer techniques). However, more recently, it has been acknowledged that the 
user could actually contribute to the information fusion process (Blasch & Plano 2002; 
2003); hence, typically IFS involve different degrees of automation and user involvement. 
The mixture between automation and the users contributions is also referred to as 
‘mixed-initiative interaction’ (Allen, 1999), which has been recently acknowledged in IF 
research, e.g. by Morrison and Cohen (2006). Also, Blasch and Plano (2003) have touched 
upon this issue by exemplifying the interaction with an IFS as an interval with the 
extremities ‘user dominant’ (the user is in control of the fusion process i.e. no 
automation) and ‘machine dominant’ (freedom for the sensor manager i.e. fully 
automated fusion process). What constitutes an information fusion process is further 
elaborated upon in Nilsson and Ziemke (2006) (cf. Appendix 2), who provide an 
alternative view of the actual information fusion process, yet to be acknowledged by the 
IF research community (cf. Figure 3). For further discussion on the information fusion 
processes, cf. Section 3. 3 and Appendix 2. To summarise and to provide an overview, 
the components of an IFS are shown in Figure 2.  

 
 
 

 
 



3. Information Fusion- theories and models 

-19- 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 . A schematic overview of the characteristics of IFS. 
 
In general, it has been argued that an idealistic fusion system would show resolution, 
accuracy, speed, intelligence, insight, pragmatism, responsiveness and trustworthiness 
(Frankel & Bedworth 2000). Also, the goal of an IF system is argued to be to reduce 
uncertainty (Bossé et al., 2006), of course, in addition to support decision makers.  

Whether or not IFS are treated as a DSS (for discussion see e.g. Nilsson and 
Ziemke (2007) in Appendix 3), having IFSs which fuses information of various types put 
special demands on the interaction for users and their decision making processes 
compared to interaction with an ordinary computer system (which is usually less 
complex in the sense that it does not fuse different types of information). In fact, Hall 
and McMullen (2004) argue that HCI developed for information fusion systems are 
particularly challenging because of the information flow. In ordinary computer systems 
the interaction is often either user-driven applications or data-driven applications. Thus, 
IFSs comprise both modes of operations, simultaneously. On the one hand, data is 
received from sensors and processed by automated fusion processes to be presented for 
the user in a timely fashion without overwhelming the user. On the other hand, the user 
is in charge of the system and can initiate interaction to retrieve information, perform 
computations and control the system resources. As a consequence, the interaction is 
complex and both modes need to be supported when designing information fusion 
systems (e.g. mixed-initiative interaction (Allen, 1999)). Not to forget, an additional 
complexity for a IFS is that the system usually operates in cooperation with other 
systems and humans, as exemplified by Nilsson and Ziemke (2006), cf. Figure 3.  
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Figure 3. An information fusion process, i.e. an IFS integrating with its surrounding (Nilsson and Ziemke 

2006) 
 
IFSs, as previously described, can be used for a number of different purposes. The 
defence domain is, by far, the most developed area to exploit information fusion, and it 
is here most IFSs are found. For instance, IF is used in the area of image processing in 
order to identify objects, e.g. Filippidis et al. (2000). IF technology could also be used to 
track objects in order to aid surveillance, e.g. Mevassvik and Løkka (2000); Blasch and 
Plano (2002), and to predict the actions of the enemies, e.g. Bell et al.  (2002). Also the 
main purpose could be to support the overall success of a mission, e.g. Louvieris et al. 
(2005).  

There is also promising research in other domains. For instance, Dasarathy (2000) 
presented an overview of different industrial applications using IF technology, focusing 
on the technical fusion process. Another domain is manufacturing, in which Roemer et 
al (2001) performed a comprehensive study where they investigated different fusion 
algorithms and identified the contribution of information fusion within “health 
management systems”. In detail, they were able to show the benefits of combining 
individual vibration features (i.e. utilise fusing techniques) to aid the detection of 
cracked gear teeth through developed metrics. In a similar vein, Volponi, et al. (2004) 
developed a system based on IF technology which could diagnose engines. Also, it has 
been shown that information fusion could be used in the retail domain (Loefstroem, 
Koenig et al. 2006). Other examples of IFS are systems used for weather predictions e.g. 
Treinish (2001). Further, Fan et al. (2006) used a data fusion approach in an information 
retrieval DSS. Moreover, Yen et al. (2006) developed CAST which assisted teams to 
make effectively critical decisions under time pressure. The idea was to support the 
anticipation of information need of other team members. Information fusion was 
particularly used to reduce the cognitive workload of users.  In addition, Delen et al. 
(2005) developed web-based DSS utilizing information fusion techniques (combining 
two forecast/predictions models) to help managers make better decisions on important 
movie characteristics. Fusion techniques have also been used for facilitating prevention 
of cyber attacks, cf. Mathew, et al. (2005). Hence, the wide usage of fusion implies that 
there is increasing recognition of the value of fusion techniques not only outside the 
defence domain but also outside the information fusion community, in a general sense.  
             To conclude, independent of the purpose of the IFS, common to most IFS is that 
there is a user who interacts with the system; indeed, as previously described, it is 
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argued that the very purpose for the IFS is to support decision making. In the following 
section, different user aspects are elaborated upon in further detail. 
 
 

3.2 Interacting with IFS  
Today’s development of more and more advanced technology puts new demands on 
both technology and humans; as a consequence, the utilisation of information fusion is 
considered to be an increasing requirement. Users have long been recognised, indirectly, 
as an important consideration for information fusion. Despite this recognition, no clear 
overall picture of user aspects or general agreed upon consensus of the users’ role in IF 
(or what implications an IFS has on its users) has yet emerged from the information 
fusion community, neither is there any ranking of different user aspects. Actually, 
reviewing information fusion research it can be found that attempting to address the 
user’s side of information fusion almost inevitably ends up in some sort of independent, 
prototype specific user study (e.g. Brenton et al. (2002) and Irvine (2003)). No single 
study provides an integrated picture of the possible interaction between IFS and its 
users (as similar to the JDL model, explained in 3.2). However, it can be argued that 
there is a need for such an overview of user characteristics.  

First of all, it is acknowledged that the effectiveness of the overall information 
fusion process is affected by the utilisation of HCI (Hall & Llinas 2001). Therefore, to 
have an understanding of the users is very important for the overall effectiveness of the 
IFS. Further, it is argued that a thorough understanding of users such as users’ decision 
making processes is needed in order to create an effective system which truly supports 
its users (Zacharay & Ryder, 1997). Therefore, it could be argued that there is a need to 
have a cohesive picture of the ‘user environment/decision situation’ created by IFS i.e. 
the issues users need to deal with when interacting with IFS. For instance, Blasch and 
Plano (2003) have made interesting research which could be used as a starting point, 
however, more needs to be done i.e. “the fusion community has typically overlooked the role 
of the user by designing them out of the system” (Blasch, 2006, p. 3). Also, more recently, 
there is an increasing acknowledgement of the importance of the actual user’s and 
his/her possible support and contribution to the information fusion process (e.g. Blasch 
and Plano (2002); Chan et al. (2005)).  Hence, a mapping of the interaction between a 
user and his/her IFS is essential in order to understand how the user could best be 
utilised. As can be seen here, it is important to get an understanding for the IF user’s 
environment/decision environment; therefore, the remaining of this section will provide 
a overview of user issues and their interrelationship by elaborating briefly on the issues 
identified in Table 1. The issues identified in Table 1 are derived from research 
conducted within the information fusion community.  
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Table 1. Abstracted concepts, issues and insights which characterise typical “IF user environment/decision 
environment”.  
 

Relationship   Factor 
External environment  

Organizational complexity 
Dynamism 
Multiple decision makers 

    affects       

time-dimension  
User capabilities 

Cognitive limitations 
Decision making process 
Situation awareness 

     limits 

Trust 
User activities 

User tasks     interact 
Mixed initiative interaction 

Interface 
    reflect HCI issues 
IFS 

Complexity 
Uncertainty 

    constrains 

Automation 
 
Table 1 is divided into two parts which capture the circular relationships among 
different factors, typical to the information fusion environment: (1) a specification of the 
relationship amongst factors affecting human interaction (2) specific issues related to 
each factor. Table 1 visualises the fact that factors in the external environment affect the 
user, his capabilities limit his activities, which in turn, enables him to interact with the 
interface which needs to correctly reflect the IFS in a way not to overload his capabilities, 
the IFS constrains the environment with its external factors. The table is inspired by 
Paradis et al. (1999) who stress the relationship between the user, the task and the 
technology. The relationship between different factors is also related and inspired by the 
complexity chain proposed by (Cummings & Tsonis, 2005). They divide complexity into: 
environmental complexity (e.g. contains environmental factors which make the situation 
complex such as number of aircrafts or weather conditions) at the top, to be followed by 
organisational complexity (e.g. goals, policies and procedures and organisational driven 
constraints), then, display complexity (the display which presents the information may 
be designed in such a way that it makes the situation more complex) and, at the end, 
cognitive complexity (the perceived level of complexity by the individual). Thus, there 
are a partly correspondences to Table 1.  

Further, the visualisation of concepts in Table 1 differs from, e.g. Blasch (2006) in 
the sense that Blasch only considers the perceptual needs of the user, various interface 
issues, and the user’s decision making process. Similarly, this list can be seen as an 
extension of studies such as Irvine (2003) and Mitchell et al.’s (2004) who only consider 
user limitations and interface issues. However, the partial correspondence to the 
previously mentioned studies further ensure the relevance of Table 1; however, future 
studies are needed in order to verify the relationship between the identified issues, and 
their relevance to, for instance, user’s decision making process. Due to the limitation of 
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user studies performed in an information fusion context, each factor identified in Table 1 
is only briefly addressed below.  

 
 
External factor: Organisational complexity  
Usage of IFSs is a well explored concept when dealing with complex ‘command and 
control processes’, C2.  C2 is a large research area within IF, and refers to the decision 
process of a commander which is in charge of the action necessary to accomplish a 
mission (e.g. arrangement of personnel, equipment, communications, facilities, and 
procedures by the commander such as planning, directing, coordinating, and controlling 
forces and operations).  These complex decision making processes are often supported 
by systems utilising information fusion. Today,  network centric warfare(NCW) focuses 
not only on connecting different battle place entities (platforms and planers) which are 
usually distributed over time and space but also on providing more information so that 
a decision maker can perform a more informed decision, i.e. the aim is to have 
information superiority. Hence, human and organisational behaviour is an important 
part of new defence systems. Paradis et al. (1999) stress the fact that due to the 
technological drive of C2 systems, data fusion is suggested as a solution to dealing with 
problems of information distribution/support in such systems.  
 
 
External factor: Dynamism  
Usually the decision environment in which IFSs are situated in is dynamic. In other 
words, the environment is changing and the premises change over time, unexpected 
things happen etc. This issue has started to be recognised in the IF community i.e. 
“Military and domestic security analysts and planners are facing threats whose asymmetric 
nature will sharply increase the challenges of establishing an adversary's intent. This complex 
environment will severely limit the capabilities of the classic doctrinal approach to diagnose 
adversary activity. Instead, a more dynamic approach is required …” (Bell et al., 2002, p. 1). 
Active information fusion is suggested to partly deal with this issue e.g. Zhang et al. 
(2002). The implications of this issue upon user’s decision making process and 
interaction with IFS are not well studied. Although, it could be argued that this might be 
an issue affecting users’ interaction with IFS.   
 

External factor: Multiple decision makers  

The typical NCW environment implies that different decision makers have access to the 
same system. For instance, Cummings and Bruni (2005) provide a study which deals 
with these kinds of systems. From this study it can be implied that supporting teamwork 
will be a future focus. Further, Yen et al. (2006) also discuss the importance of team work. 
Actually, they study the ability for shared mental models to reduce cognitive load.  
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External factor: Time-critical (temporal aspects) 
Often, the interactions with IFSs take place during time-critical conditions i.e.  “operators 
will be expected to leverage multiple information sources for decisions under significant time-
pressure and uncertainty” (Cummings & Bruni, 2005, p. 1). Further, Plano and Blasch 
(2003, p 514.) stress the fact that “The functional role of a data fusion system is to provide 
timely and accurate information to the user”. Hence, this is a factor which needs to be 
further investigated and, presumably, accommodated for. 
 
 
User capability: Cognitive issues  
A central task when interacting with information fusion systems is monitoring. As 
humans, we have limited cognitive abilities which lead to limitations in our behaviour 
(cf. Mitchell et al. (2004) for examples). For instance, due to the large amount of 
information typically present in IFS, you will be under high information load just 
because you get information from many different sources. In order to attend this 
information you need to have a high level of attention which can be difficult to maintain 
during continuous monitoring. This also gives rise to cognitive issues such as high 
workload for the users. In the end, “[t]o support the user, data fusion architectures must be 
examined to prevent/mitigate information overload and to expedite processing of the vast 
amounts of data.”(Akita, 2002, p. 1). Cummings et al. (2004) have performed a 
comprehensive study of the factors affecting an operator, i.e. the user, when using for 
instance, a system in an NCW environment. The study concluded that there are eight 
different factors (i.e. appropriate levels of automation; Information overload; Adaptive 
automation; Distributed decision making and team coordination; Complexity measures; 
Decision biases; Attention allocation; Supervisory monitoring of operators) which 
characterise NCW, in extension, issues which need to be considered when designing 
information fusion systems. For a full review cf. Mitchell et al. (2004).  
 
 
User capability: Decision making process 
Throughout the IF literature it is acknowledged that an IFS is intended, most of the 
times, to support human decision making e.g. “data fusion processes are generally employed 
to support human decision making”(Steinberg et al. 1999, p. 432); “The purpose of a fusion 
system should be tailored towards supporting a decision-maker” (Bossé et al., 2006, p.1). 
However, to my knowledge, there is a limited amount of studies which consider the 
users decision making processes in an information fusion context. For further discussion 
see Nilsson and Ziemke (2007), Appendix 3.  
 
 
User capability: Situation awareness 
Fusion is believed to be a requirement for, e.g. a commander, to achieve situation 
awareness. Therefore, situation awareness is a large research area within information 
fusion. Situation awareness could be referred to as both a technical and a user issue, 
Miller and Shattuck (2006) refer to this issue as the technical view on situation awareness 
(e.g. level 3 in the JDL model, a system can detect and be aware of elements in the 
environment), on the one hand, and the cognitive view on situation awareness (the 
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cognitive process going on to understand and interpret the surrounding environment), 
on the other hand. For a full review, cf. Miller and Shattuck (2006).   
 
 
User capability: Trust 
Bisantz, et al. (1999) identifies trust as an important issue in fusion-based decision 
support systems, especially those utilised in a military context (i.e. aided adversarial 
decision making, AADM). One of the reasons why trust is important is the presence of 
uncertain data in AADM; even though there might be uncertain data the user needs to 
come to a certain level of trust in order to interact with the system. Bisantz et al. (1999) 
investigated the possibility to visualise uncertainty with degraded and distorted images, 
in extension, the possibility to influence trust. Further, trust is a large research area 
which has been studied in the area of automation, social science and engineering. 
Today’s IF research, has an implicit aim to increase the level of automation (e.g. 
Loefstroem et al., 2006), therefore, for information fusion, in particular the research on 
trust in automation is interesting and needs to be further investigated.  
 
 
User activity: User tasks 
In general, information fusion systems are used to support human decision making, to 
some extent. Interaction with information fusion systems are, to some extent, different 
from interacting with an ordinary computer system (or decision support system). First of 
all, a central task when interacting with IFS is monitoring (Mitchell et al., 2004).  In 
addition, Blasch and Plano (2002) acknowledge that the user is not necessarily only used 
to monitor IFS, actually, they can be an active part and contribute to the process. They 
have developed the User-JDL model which details the interaction between the user and 
the different levels of the JDL model (cf. Section 3.3). For instance, the user could: select 
incoming data (level 0), choose objects of interest (level 1), define an area of coverage 
(Level 2), determining the level of threats (level 3) and refine the location of the sensor 
placements (level 4). Another example is provided by Kaupp et al. (2007) who used 
humans as an active component to solve IF problems with robots. Blasch and Plano 
(2003) have further detailed the interaction between a user and an information fusion 
system by defining user refinement activities, e.g. neglect, consult, rely, interact. Users’ 
contributions to IFS have also been recognised by other researchers who also argue that 
users, in fact, can improve the effectiveness of the system i.e. “It is necessary to implement 
control and review procedures that may be applied by humans to improve fusion result” (Chan 
et al. 2005, p. 1). The argument is that complete knowledge can not adequately be 
represented in computer models; certain knowledge is only permitted to humans. This is 
further emphasised by Blasch (2006) who provides the following reasons for the need of 
humans in the fusion process: (1) we are able to reason about the situation, (2) we can 
assess the likely routes of a target and (3) bring in contextual information to reason over 
uncertainty, thus, there is a need for users in the information fusion process.  
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User activity: Mixed-initiative interaction 
Due to the typical interaction styles between IFSs and users (as previously exemplified) 
the concept of ‘mixed-initiative interaction’ (Allen, 1999) has started to be recognised, and 
it is predicted to accommodate the interaction between the user and the often semi-
automated IFS. The international conference of Information Fusion, 2006, presented a 
project which made a prototype mixed-initiative information fusion system (Morrison & 
Cohen, 2006). The aim with the system was to provide a tool where multiple users 
(physically distributed) could collaborate to build hypotheses of different scenarios. 
Looking at ‘mixed-initiative interaction’ (Allen, 1999) in detail,  it is a fairly new concept 
which emphasises a flexible interaction between the user and the system in order to 
optimize the outcome i.e. each agent does what he knows best. In other words, either the 
user or the system has the initiative, controlling the interaction, while the other assists 
and contributes to the process (Allen, 1999). Thus, a system where the user always 
controls the process could not be classified as a ‘mixed-initiative systems’, neither a fully 
automated system which forces the user to always do their tasks in a certain procedure. 
Furthermore, a crucial factor in a mixed-initiative system is that the different roles are 
not predetermined, the divide of tasks between the system and the user emerges during 
the interaction, according to the task in hand. In other words, the system and the user 
work together and solve problems as they arise.  The aim is to let the system work as the 
user’s colleague, which means that they share a common understanding of the goals 
(Horvitz, 1999). Therefore, due to the difficulties for the system to know the users goals 
and needs, reasoning under uncertainty is crucial.  
 
 
Interface: HCI issues 
The interface of IFS is very important because it enables human interaction with the 
actual system. A distinguishing factor may be that the system could provide many 
different interaction styles, as exemplified by Plano and Blasch (2003) who talks about 
multimodal interaction i.e. interaction combining different modalities such as audio and 
visual form. Another research area is visualisation (e.g. Treinish (2001); Irvine (2003)). 
Other recognised HCI issues which are identified to be important to IFSs are further 
discussed under heading ‘level 5-cognitive refinements’ in Section 3.3.   
 
 
IFS: Complexity  
There is a general consensus that human interactions with IFS are complex due to the 
fact that such systems not only fuse information from different sources, but also have the 
complexity of the information flow. For instance, Hall and McMullen (2004) argue that 
in ordinary computer system the interaction is often either user-driven applications or 
data-driven applications. IFS comprise both modes of operations, simultaneously (cf. 
Section 3.1).  On the other hand (from a computational perspective), fusing information 
from different sources might not only increase complexity. For instance, Yen et al. (2006) 
conclude that shared mental models between agents can reduce cognitive load by 
actually having multiple sources. Thus, in this example, complexity may not increase by 
using multiple sources, but rather decreased (i.e. single agents does not need to do the 
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work by themselves). Consequently, there exist tradeoffs which might be difficult to 
identify, therefore, this is an interesting aspect of IFS which need more research. 

 
IFS: Uncertainty 
When interacting with IFSs one needs to deal with uncertainty. First of all, Jousselme et al. 
(2003, p. 1213). argue: “we must not confound the state of mind of the operator being uncertain 
facing a decision, an act to commit … and the uncertainty arising from the physical limitations of 
means of perception (human sensory system, sensors, measures devices), this uncertainty being of 
different types and easily formalizable either quantitatively or symbolically …”. Not to forget, 
there is also uncertainty in the actual system. Overall, the goal of IFS is, according to 
Bossé et al. (2006), to reduce uncertainty. However, still, even with the best system, not 
all uncertainty can be avoided. For instance, you could reduce the uncertainty of the 
data perceived from multiple sources by means of comparing. For a user this may have 
implications on the users trust to the system, for instance, Bisantz et al. (1999) concluded 
that you need to provide information in a format that conveys important aspects such as 
its uncertain nature in order to provide effective support for the user.  
 
 
IFS: Automation  
The possible level of automation in IFSs is a central aspect. Indeed, there are attempts to 
automate as much of the information fusion process as possible, thus, excluding the 
users. Especially in the new NCW, there is a need for large amounts of information, but 
the enormous amount of information provided from multiple sources will put 
unrealistic demands on the users (Cummings & Bruni, 2005). It has been argued that 
information fusion and, especially, automation is one possible solution, however, as 
Cummings and Bruni (2005, p. 1) argues “it is not clear that computer-generated solutions 
are always the best solutions”. As Cummings et al. (2005) explain, referring to other studies 
which has studied automation, humans and computers are good at different aspects, for 
instance, humans are better at: perceiving patterns, improvising and using flexible 
procedures, recalling relevant facts at the appropriate time, reasoning inductively, and 
exercising judgement. Computers, on the other hand, are better at: responding quickly to 
control tasks, repetitive and routine tasks, reasoning deductively, and handling many 
complex tasks simultaneously.  
 

In summary, not only the actual system or the interface of a system affects the 
interaction between IFS and its users, but also external factors such as the organisation. 
As previously outlined (cf. Table 1 for summary), there are external factors which affects 
the user, his capabilities limit his activities, which in turn, enable him to interact with the 
interface which needs to correctly reflect the IFS in a way not to overload his capabilities. 
As evident, the research presented is reflected by the current defence focus in 
information fusion research. However, as seen here, there are some generalisation 
possibilities for the identified aspects, mostly due to the specific characteristics IFS 
provide, e.g. multiple information sources, mixed initiative interaction etc. To be noted, 
some IFS may be more complex than others; therefore, not all aspects previously 
elaborated upon are relevant, to the same extent, in all IFSs. Also, to be noted, the above 
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identified issues are only briefly elaborated upon and further studies are required to 
validate the issues presented in Table 1.  
 
3.3 The usage of IFS as decision support 
Judging IFS in general, they are implicitly treated as decision support, i.e. it is often 
acknowledged that the system will, eventually, be used for aiding human decision 
making, in some sense, e.g. “data fusion processes are generally employed to support human 
decision making” (Steinberg et al. 1999, p. 432); “The purpose of a fusion system should be 
tailored towards supporting a decision-maker” (Bossé et al., 2006, p.1); “Ultimately, 
information resulting from the data fusion process is presented to the human decision-maker 
through a computer interface” (Bisantz et al. 1999, p. 1). Hence, IFSs could, indeed, be 
treated as DSSs. Consequently, IFSs are considered to function like DSSs. In fact, there 
are studies which have emphasised that information fusion technology could, in fact, be 
the base for DSSs. For example, Louvieris et al. (2005) presented a ‘smart decision 
support system’ based on fusion technology (e.g.  utilizing case base reasoning, fuzzy 
clustering, fuzzy decision trees, k-nearest neighbour algorithms, Bayesian belief 
networks) which supports the user by reducing the complexity of military planning 
tasks and de-cluttering and speeding up the decision making process. 

Smith III and Rhyne II (2003) developed an expert DSS based on fusion 
techniques (fuzzy logic and evolutionary algorithms) which aimed to determine new 
multi-agent techniques, rules, and strategies for which no human expertise exists. In 
other words, an expert system was developed to function without human intervention, 
making decision in areas of uncertainty where no previous human knowledge exists.  
      Also, Brenton et al (2002) examines DSS in the command and control process (which 
could be built on information fusion technology). They propose a ‘Command and 
Decision Support Interface’ (CODSI) which can be integrated in the development of DSS 
enabling reassurance of the success of, for instance, fusion based DSS. Especially, CODSI 
together with SEATS (a test bed) could be used to study and measure human situation 
awareness and decision making. Second, it could be used as a concept validation tool 
where technological concepts are validated from a human performance and operational 
perspectives.  Delen et al. (2005) developed web-based DSS utilizing information fusion 
techniques (combining two forecast/predictions models) to help managers make better 
decisions on what movie characteristics to choose for a specific movie.  
    Further, Bisantz et al. (1999) have explored the issues of trust in data fusion based 
decision aid. In detail, they studied degraded and distorted icon’s ability to illustrate 
uncertainty to users, and how that affected users trust to the information. 
    Interestingly, in 2006 two articles (Fan et al. 2006; Yen, 2006) published in the Decision 
Support Systems Journal presents DSSs based on fusion techniques (compared to almost 
no articles, apart the two mentioned since its start in 1985). Fan et al. (2006) used a data 
fusion approach in an information retrieval DSS. Yen (2006) developed CAST which 
assisted teams to make effectively critical decision under time pressure. The idea was to 
support the anticipation of information need of other team members, hence, the process 
could be made faster. Information fusion was particularly used to reduce the cognitive 
workload of users.  Hence, this exemplifies the recent interest and recognition of fusion 
techniques outside the information fusion community.  
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    To summarise, using information fusion based DSS have proven to be effective, 
however, the information must be presented in such a way that it conveys important 
aspects of the information and that the system can be trusted by the user (Bisantz et al, 
1999). Indeed, Power and Sharda (2005) argue that the interface of the DSS can bias the 
users and cause inappropriate elicitation approaches. Thus, both the cognitive aspects 
(e.g. decision making theories) and HCI aspects (interface issues) are important for the 
success of a fusion based DSS.  

In information fusion literature, the idea of supporting human decision makers 
appears numerous of times, yet, research, most of the times, does not consider IFSs in 
the light of DSS. In fact, considering the list of DSSs characteristics provided by 
Holsapple and Whinston (1996), (see Section 2.4), IFSs in general, could consist of all 
components, as follows: 
 

a) IFS contains knowledge of the environment due to data from different sensors, 
and could sometimes give information about future states  

b) IFS has the ability to  acquire and store knowledge (information) from different 
sensors 

c) IFS could present knowledge and information in various ways  
d) IFS has the ability to fuse information, and present it to the user for further 

considerations  
e) user of the IFS could interact with the system influencing the result  
f) IFS could coordinate/facilitate interactions among multiple decision makers 

 
    Hence, IFS fulfils the requirements stated by Holsapple and Whinston (1996) and, to 
some extent, the list provided by Turban et al. (2005); therefore, IFSs could be treated as 
DSSs. Similarly, another point of view: IF could be considered as requirement for 
effective DSSs i.e. “Without data fusion, the user is faced with dealing with data that is 
redundant, inconsistent and conflicting …” (Akita, 2002, p. 1). Hence, not only should an 
information fusion system be treated as a decision support system but also information 
fusion should be a component in DSSs to become effective.  
  In addition to identify different characteristics of IFSs, there is an added value to 
categorise DSSs. Power and Sharda (2005, p. x) argue: “Categorizing decision support 
systems can assist researchers and managers in understanding how this general class of 
information systems impact decision behaviour and how one should design and construct such 
systems”. In fact, Power (2002) has a useful categorisation of different DSSs. At first, IFSs 
might be considered as data-driven DSS because of the emphasis on analysis of large 
amount of structured data. However, today’s IFSs are much more complex, and could be 
used for different purposes, resulting in the possibility to be categorised as different of 
the identified categories. First of all, it does not only fuse data from databases (e.g. data-
driven DSS) but also from models, simulations (e.g. model-driven DSS), further, they 
could be developed for different tasks (e.g. function specific or general purpose DSS). 

Secondly, the traditional view of DSSs (such as the previous mentioned 
categories e.g. data-driven DSS) does not properly take into account the mixed-initiative 
interaction (Allen 1999), often exploited in IFSs [e.g. Morrison and Cohen (2006). Also, 
Hall and McMullen (2004) argue that IFSs is particularly challenging because of the 
information flow. Ordinary computer systems could be classified as either user-driven 
applications or data-driven applications. IFSs comprise both modes of interactions, 
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simultaneously. On one hand, data is received from sensors and processed by 
automated fusion processes for presentation to the user. On the other hand, the user is in 
charge of the system and can initiate interaction to retrieve information, perform 
computations and control the system resources. Also, not to forget provide input to aid 
the system. As a consequence, the interaction is complex and both modes need to be 
supported. This is further reinforced when comparing DSSs (Holsapple & Whinston, 
1996) and IFSs characteristics e.g. cf. previous mentioned characteristic “e” i.e. IFSs’ 
users could influence the result, and even, when needed, encouraged to aid IFS to come 
to a conclusion, as a contrast to traditional DSSs. 
      Thirdly, due to the typical environment captured by IFSs, they are not typical 
‘decision support systems’. DSSs are often based on the classical decision making 
paradigm which views humans as rational being capable of making objective decision 
between alternatives. IFSs, on the other hand, often deal with dynamic environments 
characterised by real-time data, ill-structured problem, shifting goals, multiple users, i.e. 
the characteristics of ‘natural decision making’ NDM (cf. Section 2.2).   
      Therefore, a new class of DSSs is needed which emphasise the added value and 
characteristics of fusion, namely, “Fusion Based Decision Support Systems”. This class 
complements the list provided by Power (2002), previously mentioned. In detail the 
class would include the following aspects:  
 
- Fusion based DSS e.g. systems which are based on fused information from different sources 

such as sensors, databases and models, providing both automatic and semi-automatic fusion 
processes i.e. enabling complex decision making from large amount of information (which may 
be conflicting/ contradicting or uncertain) without information loss (e.g. information is not just 
filtered, but aggregated)   

 
In other words, the system does not only combines different information sources for 
aiding the user but also providing automatic and semi- automatic fusion processes i.e. 
providing control to the user (for examples of possible control functions cf. Blasch and 
Plano (2003). This is in contrast to ordinary DSSs which are, according to Power and 
Sharda (2005), often categorised as either automated decision aid or decision support system. 
As similarly to the arguments of Patel et al. (2002), the traditional DSSs, as currently 
constituted, cannot adequately inform the development and implementation of effective 
medicine decision support, likewise, information fusion based DSSs. For a more 
extensive review on this issue, cf. Appendix 3.  
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3.4 The JDL model  
To have a common understanding across different applications domains which use 
information fusion, the JDL model was created in 1985 by the U.S. Joint Directors of 
Laboratories, hence, the name ‘JDL’. The JDL model is the most commonly used model 
categorising data fusion related functions (i.e. the fusion process). The model was an 
attempt to allow different stakeholders within the fusion community to have a common 
ground (Hall & McMullen 2004). The JDL model originates from the defence domain 
and is commonly used to capture the data (information) fusion process3. In general, the 
model describes how information transforms from sensor data to information which a 
user can use for decision making (cf. Figure 4). 

 
 
 
 
 
 
The JDL model is a functional model which explains the hierarchal process of 
information fusion, bottom-up. The model is read from left to right, beginning with the 
readings from different sources of information, and ends with a user interface (i.e. HCI: 
human computer interface). These levels may be viewed in a hierarchical order, 
however, it is important to note that the JDL model should not be misinterpreted as a 
process model indicating a flow; perform level 1 first, then level 2, rather, it shows 
different categories of functions (Hall & Llinas 2001). However, for simplicity, the 
functions will be explained in their hierarchical order. Various extensions to the JDL 
model have been made over the years (Steinberg et al. 1999; Steinberg & Bowman, 2001; 
Blasch & Plano, 2002; Hall & McMullen, 2004). In its current state, the JDL model 
comprises the levels 0-5, however, it should be noted that whether or not levels 4 and 5 
are actually “levels” is a discussion within the information fusion community as well as 
the actual existence of a ‘level 5’ (Steinberg et al, 1999). However, for the purpose of this 
paper, levels 0-3 will first be explained as different “assessment functions”, followed by 
level 4 and 5 as refinement functions. Further, Level 4 and 5 could, in a sense, be treated 

                                                 
3 Today, information fusion researchers refer to the fusion process as a data, information or sensor fusion 
process, some may even consider it as different levels of abstraction of the same fusion process (cf., Hall 
and Llinas, 2001). This report does not differentiate or take a stand concerning the debate of what term to 
use. In this report uses the term information fusion process for, e.g. both data fusion and information fusion.  

Level 0: 
signal 
assessment 

Level 1: 
object 
assessment 

Level 3: 
impact 
assessment 

Level 2: 
situation 
assessment 

Source 

Level 4: 
process 
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Data Base 
management 
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Figure 4. The JDL model capturing the fusion process (adapted from (Hall & McMullen 2004)) 
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as meta-processes, controlling/refining the previous levels (hence, not actually levels, 
per se). A similar categorisation of the JDL levels is also used by Blasch and Plano (2002).  
First of all, in detail, the definitions of the levels 0-3 are as follow:  
 

Level 0 pre- processing (signal assessment): this level pre-processes data 
at the individual sensor in order to not overwhelm the system with 
raw data (Hall & McMullen, 2004).  

 
Level 1 processing (object assessment): “fusion of multi sensor data to 
determine the position, velocity, attributes, characteristics, and identity 
of an entity (such as an emitter or target)” (Hall & McMullen, 2004, p. 
2).  

 
Level 2 processing (situation assessment): “automated reasoning to 
refine our estimate of a situation (including determining the 
relationships among observed entities, relationships between entities 
and the environment, and general interpretation of the meaning of the 
observed entities)” (Hall & McMullen, 2004, p. 2) 

 
Level 3 processing (impact assessment): “projection of the current 
situation into the future or define alternative hypotheses regarding 
possible threats or future conditions” (Hall & McMullen, 2004, p. 2). 
This level is also sometimes referred to as threat 
refinement/assessment.  

 
All of these levels deal with some kind of assessment, that is, estimate and assess the 
current situation which occurs in the environment. First of all, before fusion, the data 
may be pre-processed (Level 0-signal assessment). This activity involves assessment of 
the signal from the sensor to correct for biases, standardise inputs, and extract key 
information, e.g. functions such as image processing, signal processing. The second 
function is object assessment (Level 1), this function concerns the combination of data 
from different sensors to obtain estimates of an object’s position, motion, attributes, 
characteristics or identity i.e. assess the object. Here, classical techniques such as target 
tracking and pattern recognition are used. Level 2, situation assessment, is a collection of 
functions which assess the situation and make interpretations of different objects’ 
relationships and their relationships with the environment. Typically automated 
reasoning and artificial intelligence techniques are used here. The difference between the 
two levels is that in level 1 objects are identified and level 2 focuses on the meaning of 
those objects, in other words, level 1 involves attribution-based state estimations and 
level 2 fusion involves relation based state estimations (Hall & Llinas 2001). Finally, 
impact assessment (level 3) concerns the projection of future states, that is, it assesses the 
possible threats, risks and impacts. A distinguishing feature is that you are assessing the 
possible reaction to your own action, i.e. you are dealing with an intelligent threat.  

The lower levels of the JDL model may seem independent of the higher levels of 
the JDL model, for instance, the users’ decision making process. However, as Blasch and 
Plano (2002) point out, it is important to consider the higher levels of the JDL model 
even when developing techniques or algorithms intended for one of the lower levels (i.e. 
levels 0-3) because they are interdependent (i.e. the higher levels control the lower 
levels). In detail, one needs to incorporate the possibility to decouple information 
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processing algorithms and to isolate particular functions in order to make possible for 
future “user refinements”. If this is not considered as an issue, the user may not be able 
to use the system effectively, i.e. not be able to refine the process as needed. 

There are attempts, to some extent, at the lower levels to accommodate for the 
human capabilities by exploring the ideas of cognitive modelling, although more 
research is needed. Cognitive modelling is a technique (built upon human processing) 
which has had relatively little impact on the fusion community so far, however, it 
should not be underestimated. The aim for cognitive modelling is to utilise the 
information about how humans process information and simulate that into a computer 
system. For instance, (Jakobson et al., 2004) used the concept “cognitive fusion” to 
address the problems at level 2 and level 3 in the JDL model. In this case, cognitive 
fusion refers to pattern recognition in the sense that multi source data is being fused 
using cognitive processing techniques. The cognitive fusion model has three basic 
functional qualities (situation awareness, decision awareness and knowledge awareness) 
where the cognitive fusion architecture is built upon real-time EC (event correlation) and 
CBR (case base reasoning). Another example is a cognitive assessment of a battle space 
which resulted in a 3 layered model (Looney & Liang, 2003), i.e. Fusion preparation- 
cluster area targets. Situation assessment- determines unit type, size and purpose using 
case base reasoning and databases. Threat assessment- assesses enemy intention and 
action using fuzzy belief networks. The study indicated that one can use a multistage 
process of information fusion to infer information for decision making. 

In addition to the techniques used in the lower assessment levels (0-3) there are 
refinement levels. However, the refinement functions could be treated as meta-processes 
controlling the previous levels 0-3, rather than levels, per se. Level 4 and 5 are 
sometimes referred to as a part of resource and knowledge management tasks (Blasch & 
Plano, 2002). In detail the levels can be defined as follows:   
 

Level 4 processing (process refinements): “a meta process that monitors 
the ongoing data fusion process to improve the processing results 
(namely improved accuracy of estimated kinematics/identity of 
entities and improved assessment of the current situation and 
hypothesized threats” (Hall & McMullen, 2004 p. 2).  

 
Level 5 processing (cognitive refinements): “interaction between the data 
fusion system and a human decision maker to improve the 
interpretation of results and the decision-making process” (Hall & 
McMullen, 2004, p. 2).  Further, level 5 has also been referred to as 
‘user refinements’ (Blasch & Plano, 2002) which in addition to the 
previous definition would incorporate functions which the user could 
do with the system to actually manually refine the fusion process.  

 
As seen in the definition, level 4 concerns the overall success of the fusion process. In 
other words, one could say that level 4 controls the process with the goal of improving 
the real-time performance of the ongoing data fusion. Considering Figure 3 in detail, 
level 4 is situated on the border (both inside and outside) the fusion process, that is, the 
figure acknowledges the fact that the fusion process needs to account for both the needs 
of the fusion system as well as for operational needs. Often these needs contradict each 
other and may need resolution by a human, e.g. the user of the system. Furthermore, as 
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Hall and McMullen (2004, p. 40) explain: level 5 deals with “[m]onitoring the ongoing 
interaction between the data fusion system and a human decision-maker; optimization of displays, 
interaction commands, focus of attention to improve the human/computer effectiveness”. In 
other words, level 5 changes the output from the fusion process into displays and 
meaningful information for the user. Functions to be performed are focus of attention 
management, search engines, cognitive aids, and query decomposition (Hall & 
McMullen, 2004).  

Level 4 and 5 are quite similar, although, there are some distinguishing features. 
For instance, if level 5 is interpreted as providing information in such a way that the 
users’ decision processes and interactions with the system could be enhanced, the main 
difference between the levels is that in level 4 there is no consideration of how to present 
and involve the users in an effective way. On the contrary, when level 5 is viewed as 
‘user refinements’, the main difference between level 4 and 5 is the fact that in level 4 it 
is the system itself which refines the ongoing process whereas in level 5 it is the user 
who initiates and controls the refinements process, from a user’s perspective (on the 
basis of the particular needs the user has at the moment). In this sense, from a practical 
point of view, taking over from level 4 to level 5 means taking over control of, for 
instance, an individual remote sensor, tactician or vehicle from the automated system 
(Blasch & Plano 2002). However, it can be argued that incorporation of level 5 into the 
JDL model has not yet achieved common usage (Hall & Llinas 2001; Hall & McMullen, 
2004) within the information fusion community (see following section for a extended 
explanation of level 5). 

The JDL model is under constant revision; most recently, a level 6 has been 
suggested (Blasch, 2006). This level is defined as follows:  
 

Level 6 processing (Mission management): “Adaptive determination of 
spatial-temporal control of assets (e.g. airspace operations) and route 
planning and goal determination of support team decision making and 
actions (e.g. theatre operations) over social, economic, and political 
constraints” (Blasch, 2006, p. 2).  

 
In summary, current research is often focusing on one of the previously described JDL 
levels. One could argue that this has lead to a lack of a holistic view of the information 
fusion process which could be the reason for the lack of user aspects in information 
fusion research. However, level 5 is an interesting attempt to move towards a more 
holistic view. Due to the focus of this report, Level 5 will be further examined in the 
following section. 
 

Level 5 – Cognitive Refinements 

The level 5 was first suggested in 2000 by Hall, Hall and Tate (Hall et al., 2000) with the 
goal to explicitly account for functions associated with HCI (here, HCI refers to the 
human computer interface). They argued that there is a need to remove the “HCI 
bottleneck”. In this case, the “HCI bottleneck” refers to the fact that broadband sensor 
data is fused through a narrow channel, i.e. the computer screen which the user interacts 
with, to be analysed by a broadband human being. It can be argued that the HCI 
interface becomes a bottleneck which prohibits humans to use their extensive pattern 
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recognition and analytical skills to infer the information presented. The level 5 is 
addressed with reference to both cognitive and human computer interaction issues, 
although, the level is originally referred to as “Level 5: cognitive refinements”. The level 5 
includes specific technical aspects which can be used for improving the design of the 
interface, hence, achieving cognitive refinements and several recommended research 
areas were suggested (Hall et al., 2000), e.g.:   
 

Deliberate synthesia: the concept of synthesia (the possibility to associate 
a particular taste with the colour red) should be explored when 
designing interfaces to exploit the possibility to transform visual 
representations to other types of representations such as sound.  
Time compression/expansion: human senses are especially optimised 
towards change detection. Development of time compression and time 
expansion replay techniques could assist the understanding of an 
evolving tactical situation. 
Negative reasoning enhancement: humans have a tendency to ignore 
negative information and only seek information that confirms a 
hypothesis. Techniques which exploit the idea of “absence of 
evidence” and “counter-evidence” should be developed. 
Focus/de-focus of attention: methods should be developed to assist the 
user in directing attention, and on the contrary, methods should be 
developed to allow the user to defocus (the possibility for overview) 
Pattern morphing methods: methods should be developed to translate 
patterns of data into forms that are more optimised for the users’ 
interpretations 
Cognitive aids: there is a need to develop cognitive aids which assist 
human understanding and the exploitation of data.  
Uncertainty representation:  visual, auditory and haptic techniques 
should be developed in order to improve the detection of uncertainty. 

 
Since the level was first suggested in 2000, some studies have focused on the above 
research issues. However, still, the research performed needs more attention, that is, not 
only the areas mentioned above. There exist studies in other domains which could be 
generalised to an IF context on how to design the interface. Hall and McMullen (2004) 
give a summary of such issues (cf. Table 2). Table 2 summaries ‘the human computer 
interface capabilities’ which are relevant to consider when designing information fusion 
systems. 
 
Table 2. Design issues for designing IFS interface cited from Hall and McMullen (2004, pp. 376-377). 

 
Design issue Description Considerations 
Information versus control 
flow 

Balance of control-directed 
processing versus input data 
driven displays 

Need to balance access/display 
of new data for a system user 
without undue interruption of a 
thoughtful analysis process; 
must consider the analyst’s 
dynamic focus of attention  

Decision-making style Decision making employs 
different styles in information 
access and processing 

Provide varied mechanisms to 
access data to support systematic 
versus spontaneous data access 
and external versus internal 
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information processing 
Environmental stress Tactical systems involve 

humans in a highly stressful 
environment 

Provide mechanism to guide 
humans to a successful stress- 
coping mechanism; balance 
active open-minded search for 
new data with deliberate 
inference process 

Information access and 
processing modes 

Human use and prefer different 
modes of accessing and 
processing information 

Use full range of HCI 
mechanisms to provide visual, 
kinetic, and auditory interfaces; 
user selectable 

Ergonomics Limitations of human ability to 
access and process data, short-
term memory limitations, 
perception limitations 

Need to design a HCI to 
recognize and account for 
limitations in perception, 
physical limits, memory etc.  

 
Following the description of level 5, one could argue that the original intention for level 
5 was to give ideas of how to support the user through a better designed interface. 
However, at its present stage, the different user activities which could be performed 
with IFS and the actual interaction with the IFS are not captured with this view (i.e. Level 
5- cognitive refinements). Hence, Blasch and Plano (2002) suggested an extension to the 
level which would accommodate for this criticism.  
 
 

Level 5 as ‘User Refinements’ 

Indeed, more recently, Blansch and Plano (2002) suggested an extension to the above 
described level by re-labelling the “level 5: Cognitive Refinements” as “level 5: User 
Refinements” and creating the JDL- User model (cf. Figure 5). The goal of the level is to 
extend the human capabilities. The definition of level 5 is as follows:  
 

level 5- User refinements (an element of knowledge management): 
“adaptive determination of who queries information and who has 
access to information (e.g. information operations) and adaptive data 
retrieved and displayed to support cognitive decision making and 
actions (e.g. altering the sensor display)” (Blasch & Plano, 2002, p. 270) 
 

 
 

Figure 5. The JDL- User model (Blansch & Plano, 2002, p. 270) 
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In detail, the aim with the level 5, according to Blasch and Plano (2002) is to support: 
situation awareness, cognitive workload, attention and trust (hence, in extension, the users 
decision making process). For an overview, each concept is elaborated as follows:  

First of all, the authors (Blasch & Plano, 2002) consider Situation awareness as one 
of the most important goals for the user to maintain. Consequently, it is the most 
important aspect to provide for an information fusion designer. To have situation 
awareness involves being aware of the situation and what is going on. Workload, 
attention and trust affect situation awareness. Secondly, Blasch and Plano (2002) argue 
that it is important to be aware of the amount of workload in order to optimize the work 
performed by the user. If workload is too low, you basically get bored and you get all 
the problems that go with it and if workload is too high (e.g. when two sensors are 
conflicting) you may experience, for example, difficulty to notice failure. A way to 
control this, is by automating certain tasks, that way, the tasks can be divided between 
the system and the user in an optimized way. Here one can talk about different levels of 
automation (Blasch & Plano 2003). The authors (Blasch & Plano, 2002) also give different 
examples of how to measure workload. Attention is the third concept, which needs to be 
considered according to Blasch and Plano (2002). There are many theories of attention 
which could be of interest when designing information fusion systems (Blasch & Plano, 
2002), for instance different theories considering the visualization aspect of attention 
such as early selection theory, and attenuation theory, late selection theory, object based 
theory, and space-based theory. Also, there are different theories considering the control 
of attention. The authors (Blasch & Plano, 2002) especially consider that attention can 
either be top-down (goal driven) or bottom-up (stimulus driven). Top-down means that 
you are searching for information, i.e. you know what you are looking for. Bottom-up, 
on the other hand, means that some feature captures your attention such as a pop-up 
window. As a designer it is important to consider this to make sure the user notices the 
correct things. The concept of mental models is intervened with attention and according to 
the authors (Blasch & Plano, 2002), knowledge about mental models is a critical starting 
point in overcoming working memory limitations. Trust is yet another issue which is 
especially important because of the automation in today's information fusion systems. 
According to Blasch and Plano (2002), trust is often considered as the major influence 
when deciding if the automated system should continue to do the task or if the user 
should manually take over the task (Blasch & Plano 2002). Trust also changes over time 
and with experience. This has also been recognized by Bisantz et al. (1999) who 
performed a study regarding the relationship between trust and visualisation. The study 
investigated the use of degraded icons to represent uncertainty, and in extension, the 
users’ ability to determine trust in the uncertain data.  

More importantly, Blasch and Plano (2002) showed that the user could be an 
active component in the information fusion process when interacting with a military 
information fusion application (e.g. group tracking), and hence, not only the observer of 
fused information, which is the typical view of the user in information fusion systems. 
Group tracking is a common task in the military domain, it basically means that you 
have a number of moving targets in the environment which you would like to identify. 
In this application the user is used as an active component in the fusion process to best 
locate and identify targets. In addition to the automatic target recognition algorithm, 
users are used either to grade the trust they have in the display, or the user is used for 
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refinements in the cases where similar targets can be part of multiple groups, also, the 
user can give feedback to help the system to determine group belonging. All together, 
human information helps determine group identity of the target and helps the systems 
to track the target. Hence, it has been shown that the user, indeed, can contribute and 
enhance the information fusion process (cf. Figure 5). The acknowledgement of the user 
in the below version of the JDL model (Figure 5) is in contrast to the JDL model 
visualised in Figure 4.  

 

‘User Refinements’ Functions 

The different ways a user could interact with IFSs were detailed in 2003  when Blasch 
and Plan (2003) extended their previous work (Blasch & Plano, 2002) by developing a 
“Fuse-Act Situational User Refinement Model”, i.e. a taxonomy, which identifies the 
interaction between an information fusion systems and a user (hence, the users decision 
making process). The aim was to identify different kinds of behaviour (i.e. user 
behaviour) and specific user refinements activities of the user (i.e. user functions). 
However, the authors still acknowledge that the user behaviour is context dependent i.e. 
the user’s behaviour is dependent on a given situation. In detail, there are four different 
behaviours or categorisations of the interaction between the user and an IFS (Blasch & 
Plano, 2003):   
 

Neglect: the user defines roles and tells the system which sensors to use. 
The system is just allowed to respond to certain situations. This is the 
behaviour of the user which does not need to respond to the system 
and therefore, has no sense of awareness of what is going on.  
 
Consult: the user tries to make the system accept his/her decisions, in 
other words, the user consults the system in her decision in order to 
perform certain tasks. 
 
Rely: the user is relying on the system to get information and is just 
monitoring the system (not acting). 
 
Interact: the task is divided between the system and the user. 

 
The different behaviours have different effects on the interaction between the user and 
the system. In addition to the different behaviours there are specific refinements 
functions which the user performs in order to influence the information fusion process. 
The activities of the user are a continuing process where coordination has a central part 
(cf. Figure 6). 
 
 
 
 
 
 
 
 
 

Figure 6. User refinement functions (Blasch & Plano, 2003) 
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First there are some preparatory activities such as planning and organisation. Then there 
are the executions activities such as coordinating, directing and controlling. According 
to the authors (Blasch & Plano, 2003), all of these activities must be considered in order 
to have effective and efficient sensor fusion operations.  
 

Planning: “a conscious process of selection and developing the best 
course of action to accomplish an objective” (Blasch & Plano, 2003, p. 
294). Much of the planning involves problem solving. This stage is also 
divided into different steps in order to make a successive plan.  
 
Organising: organising is closely coupled with planning with the 
difference that you have already chosen direction of action, and now 
you need to organise it in order to make it happen. In other words, you 
need to establish what sensor to use and allocate correct resources. 
Although, as the authors emphasise, this activity is closely coupled 
with the planning activity and as you change the sensor structure one 
might need to go back to the planning stage in order to decide if new 
resources are needed.  
 
Coordinating: “coordinating is securing and maintaining the 
cooperation of sensor elements, both within and outside, the user’s 
control, that influence, or are influenced by his plan of refinements” 
(Blasch & Plano, 2003, p. 296). In other words, one could argue that the 
user wants to achieve the best combination of sensors (and this is done 
in close cooperation with the sensor management process, i.e. level 4) 
 
Directing: after the preparatory stage, the plans are implemented using 
specific sensors to achieve the overall goal. In other words, this activity 
means that the plans are put into action. More specifically, the activity 
involves the user to perform a number of different tasks, for instance, 
activating sensors, delegating the system tasks, or just monitoring the 
system.  
  
Controlling: this activity means that the user is controlling the result of 
the process, i.e. evaluating the result with the help of formal 
measurements and analysis of user actions at predetermined 
checkpoints. These activities involve the user to (1) establish metrics, (2) 
compare actual result to measurements (3) make necessary refinements 
actions when necessary.  

 
Of course the level of involvement of the user may differ between the different systems, 
but these activities are usually performed by the user of information fusion systems, to 
some extent.  
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3.5 Other models used in IF 
Other models have emerged in parallel to the JDL model within the information fusion 
community. There are for instance models which compared to the JDL model has tried 
to either capture the total information fusion process or major parts of it. In some of the 
models, also, the user with her/his decision processes is more explicitly accounted for 
and, thus, acknowledged.  There are, for instance models which have focused on the 
human decision aspect of the information fusion process. These models should be seen 
as a complement to the JDL model, not a replacement, per se.  
 

3.5.1 OODA-Loop  

The most accepted decision making process model used within information fusion is 
Boyd’s OODA loop (Observe-Orient-Decide-Act) which originated from the military 
domain (Boyd, 1987). Thus, when studying basic books and different handbooks of 
information fusion, the model is typically referenced, see e.g. Hall and Llinas (2001) and 
Hall and McMullen (2004). Actually, Hall and McMullen (2004) refer to the model as an 
alternative data fusion process model. The intended usage of the model was to explain 
why American fighter pilots were more successful than their opponents in the Korean 
War.  The model consists of four activities, visualised in Figure 7:   
 

Observe. This is the first activity which involves observation of the 
environment by noting distinguishing features. Originally, this 
activity refers to detecting an opponent’s aircraft. 
Orient. This activity positions you in the environment. Originally, it 
refers to the activity of positioning your aircraft towards your 
opponent’s aircraft so you are in a good position for the next step, 
make a decision.  
Decide. This activity involves deciding what to do next based on the 
information from previous stages.   
Act. This activity basically means performing and implementing the 
decision. Originally, this refers to the actual pressing of the trigger 
in the aircraft to shoot down the opponent aircraft.  

 

 
Figure 7. The OODA- loop (adapted from (Boyd 1987)) 

 
The activities are positioned in a cyclic and iterative way, starting with the first activity 
observe (most often, but not necessarily), and with the final activity of act, then it starts 
over again with a new observation, as exemplified in Figure 7. The aim of the model is to 
enable faster decisions by identifying both your own decision steps and your opponent’s, 
thereby being able to act before your opponent. Indeed, Boyd (1987) showed that the 
Americans were superior in all four activities in the OODA loop, enabling them to “get 
inside” the opponent’s decision making process (i.e. their OODA-loop) and win the 
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different battles which took place. There is no point in the loop, however, where the loop 
would naturally stop due to a successful act of activity, when there is nothing more to 
observe, the loop stops due to a lack of input.  

Despite the fact that the OODA-loop is fairly old and simplistic, it is the most 
prominently used model to capture the command and control process, and also, the 
most commonly referenced model within information fusion (Hall and McMullen, 2004). 

More recently, Boyd developed a more general model to widen the original 
OODA loop to accommodate for various forms of combat, not only a fight between two 
individual aircrafts. In its present stage, the original activities are still the same. 
However, the actual activity is outlined in more detail and the interrelationships 
between the activities are identified (cf. Figure 8). As a result, the model is a process 
model (with multiple loops) rather than a single loop, and it is implied that you always 
start with an observe activity. As outlined in Boyd (1987), Hall and McMullen (2004), 
and Brehmer (2005), the observe activity is not only about making observations and 
monitoring the situation but also gathering information which later could be used to 
confirm or refute hypotheses in the decision stage. The orient activity is not only about a 
physical orientation in the environment (that is, to position oneself in the environment 
so you can make a decision of what to do) but also includes a mental orientation which 
concerns an understanding of how the data fits together with previous experience and 
what has changed since the last time, how does it fit with your hypothesis? The decide 
activity is concerned with generating alternative hypotheses and to determine which has 
the most severe consequences. Finally, the act activity, has not changed compared to the 
original version of the OODA loop. Basically, after a decision there is a need to take 
action upon that decision. That may involve a military operation, collection of data, 
redirection of information resources, additional modelling etc., then an observation of 
the environment is made again, cf. Figure 8.  

 
 

 
Figure 8. The extended OODA-loop (Boyd 1987) as visualised by (Brehmer 2005). 

 
Also, Rousseau and Breton (2004) have suggested the M-OODA loop as an extension to 
the original OODA loop. The new model accommodates teams (organisations) rather 
than individuals. Further, instead of having the original activities, the model comprises 
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different modules, namely data-gathering (observe), situation-understanding (orient), 
action-selection (decide), and action-implementation. The model is suggested as en 
extension of the OODA loop due to the criticism of the OODA loop as a simplistic non 
dynamic decision process model, i.e. there is more to a decision than can be categorised 
and visualised with the OODA loop.  

Similarly, Brehmer (2005) argues that the OODA loop gives a static picture of 
decision making, and therefore the Dynamic OODA (DOODA) loop (Brehmer, 2005) has 
been developed as an attempt to include the dynamic nature of the command and 
control process, outlined in the following section.  
 

3.5.2 The Dynamic-OODA Loop 

The D-OODA loop model, the dynamic OODA-loop, (Brehmer, 2005) has been 
suggested in a military setting to capture the actual decision process made by 
commanders, by combining ideas from the OODA loop and cybernetic models,. The 
model is divided into different functions (information collection, command concept, 
sense-making, planning, decision/order, military activity, effect) (cf. Figure 9). Some 
characteristic functions are as follows:  
 

• Command concept – an overall concept of how an operation is to be 
conducted. This is one of the most important concepts in the model.  

• Sensemaking - here, “sensemaking” refers to an understanding of the 
current situation and what can be done. The result of this function is a 
collective activity of the commander and his staff aimed at an action. 
However, it was emphasised that “sensemaking” should not be confused 
with the concepts of situation awareness.  

• Effect - the decision has an explicit, notable effect in the surrounding 
environment.  

• Arrows- arrows determine the flow and feedback loops between the 
different functions, although overlaps between the different functions are 
acknowledged. 

 
Figure 9. The D-OODA loop (Brehmer 2005). 

 
The goal of the model is to identify functions for an effective command and control 
process. The model may appear complex, however, the nature of a decision is complex; 
hence, a complex model cannot be avoided according to Brehmer (2005).  
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Despite the recognised expertise of Brehmer, especially in NDM literature, the 
dynamic OODA loop has yet to achieve common acceptance within the information 
fusion community as a general model of the command and control process. Today, 
except for the OODA loop, it seems people rather use internally developed models 
compared to generic ones.  
 

3.5.3 Additional Models  

There are also other models used within the information fusion community, some more 
than others. First of all, there are models explicitly designed to be an alternative to the 
JDL model, to capture the data fusion process.  
 

Dasarathy’s functional model (Dasarathy, 1994): this model was 
developed to categorise different fusion functions, as similar to the JDL 
model. The model consists of a matrix of input (what is processed) and 
output functions (what is the result), divided into data, features and objects. 
Further, Steinberg and Bowman (2001) have provided a mapping between 
Dasarathy’s functional model and the JDL model.  
 
The object oriented reference model (Kokar et al., 2000): Kokar et al. 
approached information fusion from a design process perspective. They 
proposed a new object oriented reference model for data fusion systems 
where the data fusion process is top-down (the system constraints are 
considered first). Within this model, human capabilities can be easily 
accommodated, since no distinction is drawn between human and 
computer objects until the model is viewed from the realisation perspective.  
 
The Omnibus process model (Bedworth & O’Brien, 2000): aims to capture 
the information fusion process by using a general terminology. The model 
includes a process flow chart, a dual perspective prescription for using it 
and a structured repository of fusion knowledge. In detail, the Omnibus 
process model combines different models such as the OODA-loop, 
Dasarathy’s functional model, JDL model and the waterfall model (system 
development process model) i.e. enabling merging of the system-goal and 
the task-oriented, point of view. Moreover, feedback loops are explicitly 
acknowledged in the model. Also, their paper provides an extended review 
of different fusion process models. 
 
The TRIP model (Transformation of Requirements for the Information 
Process) (as cited in Hall and McMullen, 2004): also captures the data 
fusion process although, from another point of view. Here, the focus is to 
understand the transformation of information needs/requirements to 
applying sensor resources, i.e. what resources could be used to fulfil the 
information needs/requirements. The model is presented in a hierarchical 
order, as follows: Human information requirements-objective stage- 
situation stage- information stage- object stage- collection stage- collection 
evaluation- Observable World.  
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Other models are just considered as additional models capturing some aspects of the 
fusion process, often can be seen in information fusion community, e.g.  
 

‘Task/human/technology Triad Model’ (Paradis et al., 1999): Paradis et al. 
propose the triad model. The model was created due to the lack of 
cognitive fit i.e. “There is a tight link between this mental model used to structure 
and express situations elements and the cognitive process involved in achieving the 
levels of awareness. This link is known as the cognitive fit and requires an 
understanding of how human perceives a task, what processes are involved, what 
the human needs are and what part of the task can be automated or supported”. 
Hence, the triad model emphasis the relationship between users, the task to 
be performed and the technology executing the task. In other words, the 
model represents the relationship between the technology (the system 
designers which need to develop the technology) and humans (human 
factors specialists have knowledge about the limitations/capabilities of 
users). An important aspect in the model is that it specifies when to 
develop requirements, hence, the need to make an automated process of a 
task. To conclude, the model should facilitate the development of C2 
systems built on data fusion technology.  
 
The ‘user dominant/machine dominant model’ (Blasch & Plano, 2003): In 
a similar vein, Blasch and Plano (2003) presented a ‘user 
dominant/machine dominant model’ which specifically targets the 
relationship, thus, the interdependency between users and IFS. More 
specifically, there exist different degrees of dominance within IFS, i.e. user 
dominance to machine dominance. On the one hand, a system can be user 
dominant e.g. the user tells the system what to do; there is no freedom for 
automatization. Machine dominant, on the other hand, means the “sensor 
manager” (as similar to process refinement, level 4 in the JDL model) 
makes the decisions from the information available. Apart from these 
extremes, the system can be somewhere in between. In detail, the system is 
graded according to specific attributes:  initiates –delegates- consider e.g. 
does the user delegate the task to the machine; authorities-interactive-
submissive e.g. is the user submissive and obeys the system; task oriented –
user- monitor oriented e.g. is the role of the user to monitor the system or to 
use to use the system for accomplish specific activities.  

 
Endsley’s SA model (Endsley, 2000): a commonly used model within the 
fusion community is the situation awareness model developed by Endsley. 
This model explains the core of situation awareness and the various factors 
affecting situation awareness. The model is divided into three different 
mental states i.e.  perception, comprehension, and projection. Here, it is 
believed that situation awareness is a state of knowledge resulting from a 
process. This process is referred to as situation assessment, and is the 
process of achieving, acquiring, or maintaining Situation Awareness. 
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Endsley’s situation awareness model has a number of offsprings which are specifically 
adapted to the information fusion environment, e.g.:  
 

Situation Awareness framework (Salerno et al. 2003; 2004): this framework 
is an attempt to combine the JDL model and Endsley’s SA model and its 
focus is on how to acquire situation awareness. An important aspect of this 
framework is that “We note here that we believe, depending on prior knowledge 
and past experience of the situation both the bottom-up (as presented by the JDL 
Model) and the top-down approach (as described by Endsley) are necessary” 
(Salerno et al. 2004, p. 4) . Therefore, the two models need to be combined.  

 
The ‘Dynamic Model of Situated Cognition’ (DMSC) (Miller & Shattuck, 
2006): the origin of the model was the discrepancy which existed between 
different researchers (mainly between operation research analysts and 
human factors engineers) concerning the concept of situation awareness. 
The model was created to “… illustrate the role played by humans and 
technology, demonstrating that appropriate consideration of both humans and 
technology is necessary to understand the process by which an event unfolds” 
(Miller & Shattuck, 2006, p. 2). In its latest version, it also accommodates 
teams. A schematic view of the two versions of the model is presented in 
Appendix 1, Figure 11-12. 

 
 

3.6 Intermission: common trends in IF research 
Information fusion is an interdisciplinary research area which is influenced by, e.g. 
signal processing, statistical estimation, pattern recognition, artificial intelligence, 
cognitive psychology and information theory (Hall &McMullen, 2004). Despite its 
interdisciplinary nature and the diversity of the research area, also exemplified by the 
previously reviewed models, there exist some common themes (tactic assumptions), not 
to be ignored. These can be summaries as follows:   
 

(a) Information fusion is an issue for the military domain.  
(b) Fusion is utilised in domains with access to large amount of information  
(c) More information sources imply better results.  
(d) A classical decision making perspective underlies many IF models.  
(e) Fusion can be performed at different levels of abstractions.  
(f) The fusion process in divided into different, separated activities 
(g) It is possible to single out what information to fuse   
(h) The decision situation is characterised by reactive decision rather than 

proactive decisions 
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(a) Information fusion is an issue for the military domain. The Information fusion 
concept originates from the military domain and this is present in the models developed 
for information fusion, e.g. cf. the JDL model. However, more recently, information 
fusion could be seen in other domains (cf. Section 3.1).  

 (b) Fusion is utilised in domains with access to large amount of information. 
Considering different applications of information fusion, the common denominator 
between them is the access to large amount of data. This is also recognised by Bossé et al. 
(2007) which refers to this issue as applications dealing with a feature rich/dense 
environment.  

 (c) More information sources leads to better results. There is an implicit 
assumption that more information sources gives a more precise outcome, thus, usage of 
more information sources would get a better result, hence, better decision would be 
made.  This is an implicit assumption which could be seen in many of the fusion process 
models previously reviewed, and it is also acknowledge by researchers in the 
community, e.g. “There has been a tactic assumption underlying many fusion related studies 
that it is always better to fuse since adding more information can only help not hinder.” 
(Dasarathy, 2001, p. 75).  Although, as Dasarathy (2001) points out: this may not always 
be the case. Today, there is little research which compares information fusion systems to 
systems which do not utilise information fusion. 

 (d) A classical decision making perspective underlies many IF models. For 
instance, in classical decision making one assumes that the decision maker has access to 
all information which is needed for the specific decision at hand. In information fusion 
one assume that you are able to fuse and that you have access to different information 
sources, and that your decision making process is sequential (cf. the JDL model and the 
OODA-loop). Naturally, such a classical decision making perspective is applied. This 
aspect is implicit accounted for in Bossé et al (2007) where they have chosen to contrast 
classical decision making theories with naturalistic decision making when reviewing 
decision making models for information fusion.  

(e) Fusion can be performed at different level of abstraction. Information fusion 
imply many different things e.g. from image processing to hypothesis interpretation (cf. 
the JDL model). This is also present in the current discussion concerning terms, i.e. 
should it be referred to as, sensor, data or information fusion, actually, this discussion 
can be viewed as different levels of abstraction concerning the fusion process. This also 
leads to the consequence that there is no consensus of what constitutes an information 
fusion system.  

(f) The fusion process is divided into different, separated functions. As could be 
seen in the JDL model as well as other models capturing the fusion process (c.f. Section 
3.5), the fusion process is divided into different aspects or functions.  

(g) It is possible to single out what information to fuse. One could argue that there 
exist an assumption underlying information fusion research that it is possible to single 
out (and that the user should know) what information to fuse (cf. Hall and McMullen, 
2004). Often the case is that a decision maker does not know what information is needed 
before the decision situation take place.  

(h) The decision situation is characterised by reactive decision rather than 
proactive decisions.  Many of the applications of information fusion deals with 
situations which requires a more reactive then proactive decision, that is, except for 
applications aiming at JDL level 3, impact assessment (where the aim is towards 
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‘planning’), cf. Section 3.1. This is also true for the models used within IF research, for 
instance, Bremher (2005) highlight the fact that the OODA-loop is based on reactive 
decisions, which put the decision maker in a position where he/she can only react to 
what the enemy does.  

(i) IF research tends to be event driven. In other words, IF researchers tend to select 
or construct models which describe a specific decision situation or information fusion 
process observed. Thus, limited models extends beyond the domain of use, e.g. cf. (a). 
This might give an explanation for the lack of generic terms used in e.g. the JDL model 
and the lack of studies which integrate different concepts (e.g. cognitive refinement, 
sensor fusion, decision making, and situation awareness etc.) or different levels of the 
JDL model.  

As could be seen here, much has been done in information fusion and this could, to 
some extent, be summarised in the above identified themes. In other words, it could be 
argued that these themes represent many of the issues present in the state of the art 
information fusion research. These themes may have implications for human decision 
making and the decision making theories to be used, for a user’s perspective. 

 In addition, there exist some challenges in information fusion; these are outlined in 
the following chapter.  
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4. Research Problem: human decision making and information fusion- 
extending the concept of decision support 
Decision making (DM) becomes more and more complex as we get increasing 
possibilities for accessing a vast array of information. The reason is that we want to use 
all that information in our decision making processes to be able to make effective and 
correct decisions (in terms of handling conflicting, contradicting uncertain information 
etc.). However, even though using computer support it may be difficult to take it all into 
account. Ordinary systems may use techniques to filter information so humans are not 
overwhelmed, but they may also lead to possible information loss. Utilising information 
fusion, on the other hand, may enable reducing information loss because you aggregate 
it in such a way that everything could still be represented. As Akita (2002, p. 1457) 
argues: “Without data fusion, the user is faced with dealing with data that is redundant, 
inconsistent and conflicting …… To support the user, data fusion architectures must be 
examined to prevent/mitigate information overload and to expedite processing of the vast 
amounts of data”. Actually, Tien (2003) argues that we live in, as he calls it, the 
“Information stage” which is characterised by large amounts of information (cf. decision 
making example, peace operation in Chapter 2). This new environment may put special 
demands on decision making. Here, information fusion could be seen as a requirement 
for effective decision making (DM), thus, information fusion becomes a future 
requirement in various decision support systems. This situation requires a new 
perspective on decision making which, for instance, acknowledges the complexity of the 
decision and bridges the gap between individual decision making and organisational 
decision making. Typically, when reviewing organisational decision making research, a 
top-down approach is implicitly applied, i.e. the question at hand is how managers 
should improve the overall effectiveness of an organisation. The individual perspective, 
as, indeed, presented in NDM, is often overlooked. Indeed, Patel et al. (2002) argue that 
there is a need for a new decision making paradigm. They recognised that it is necessary 
to go beyond the traditional view of decision support systems, i.e. to look beyond the 
theories which they are built upon. In other words, classical decision making theories 
may not capture the environment which typically characterises decision making in an 
information fusion context. All together, we are facing new requirements for effective 
decision making. Hence, the first research challenge can be identified.  
  
          Challenge 1: Decision making in an IF context may results in new 
requirements for DM 
 
As we look ahead, it is clear that information fusion systems will play an ever larger role 
in our world, working for, and in cooperation with, users in their decision making 
processes. However, traditionally, the fusion literature is technology driven and often 
focuses on a particular type of fusion algorithm which, for instance, tracks 
entities/objects. Thus, from this perspective, information fusion can be viewed as a 
largely independent technological issue where a user perspective may have been seen as 
less interesting and merely as an interface issue. In other words, traditionally, 
information fusion systems are treated as just a collection of sensors, their associated 
data and algorithmic processes.      

However, the impact of the user should not be underestimated. In fact, more 
recently there has been an increasing recognition of the importance of the user. It has 
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been argued, for instance, that HCI affects the overall effectiveness of the information 
fusion process (Hall et al., 2000). Further, Bisantz et al. (1999) argue that it is not only the 
quality of the data fusion based aid which determines the success of the system. Also the 
possible utilization of the aid by its users plays a large part. Also, the possible 
contribution to the information fusion process is recognised e.g. “It is necessary to 
implement control and review procedures that may be applied by humans to improve fusion 
results” (Chan et al., 2005, p. 1). Hence, a user perspective is important to consider when 
discussing information fusion. This is also recognised by Salerno et al. (2003; 2004) who 
argue that a more user-centred approach is required.  

Moreover, throughout the IF literature it is acknowledged that an IFS is intended, 
in most cases, to be used by user, aiding the human decision making process, e.g. “data 
fusion processes are generally employed to support human decision making”(Steinberg et al. 
1999, p. 432); “the purpose of information fusion is to produce information from different sources 
in order to support the decision-making process” … “The purpose of a fusion system should be 
tailored towards supporting a decision-maker” (Bossé et al., 2006, p. 1); “Ultimately, 
information resulting from the data fusion process is presented to the human decision-maker 
through a computer interface” (Bisantz et al. 1999, p. 1). Consequently, IFS is considered to 
function like a DSS. Presumably, then, an information fusion system could be treated as 
a decision support system. Yet, research, most of the times, does not consider IFS in the 
light of DSS, and hence, does not truly consider the information fusion systems from a 
user’s view point (i.e. the system should be designed to support human decision 
making). However, simply treating IFS as DSS is not a straightforward solution to the 
problem of the disregard of the user in IF research. To be noted, similar to the arguments 
of Patel et al., (2002), the traditional DSS, as currently constituted, cannot adequately 
inform the development and implementation of effective information fusion based DSS. 
For instance, the traditional DSS can not adequately take in to account the mixed-initiative 
interaction paradigm which characterises the interaction between the user and the IF 
system (cf. 3.2 implications for users). IFS become more and more advanced and in order 
to optimise the IF system it is not enough to solely use more advanced sensors and more 
capable fusion algorithms; it becomes clear that we need to consider the users’ decision 
making processes and acknowledge that the users are part of the information fusion 
process, e.g. “the user defines a fusion system, for without a user, there is no need to provide 
multi-sensory data” (Blasch, 2006, p. 3). In summary, IF research as it is currently 
constituted, despite its obvious intention, lacks a user perspective and more research is 
needed. This lack is also present in the models used within information fusion, e.g. 
“While the JDL provides a functional model for the data fusion process, it does not model it from 
a human perspective” (Salerno et al. 2004, p. 1). Hence, the following challenge can be 
identified:  
 

  Challenge 2: lack of user perspective in IF research 
 
According to the previous argumentation, if IFSs are to be truly treated as decision 
support systems we need to have an understanding of the users’ decision making 
processes, i.e. “maximally effective decision aiding requires the problem representation in the 
decision aid to reflect the problem representation and cognitive processes of the decision maker 
using the aid” (Zacharay & Ryder 1997, p 1244). Hence, there is a need for models 
capturing the user’s decision making process in an information fusion context. This has 
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also been acknowledged in the information fusion research domain, i.e. “designing 
complex and often-distributed decision support systems … requires an understanding of both the 
fusion process and the DM [decision making] processes” (Blasch,  2006, p 3). In order to create 
effective IF systems we need to have an understanding of both the fusion process and 
the user’s decision making process. As Dasarathy (2000) points out:  “the potential … is 
defined by the user’s understanding of the complementary nature of data available in the problem 
environment and its exploitation is limited only by the user’s imagination”. Hence, we need to 
have an understanding of the user’s decision making process so we can create 
information fusion systems which are effective. However, driven by the JDL model, 
research in information fusion has, up till now, been bottom-up, resulting in numerous 
studies focusing on the lower level of the JDL model. Among other things, this has lead 
to the drawback of not having a holistic view of information fusion. Typically, fusion 
research focuses on one particular issue, not considering how it relates to other issues in 
information fusion systems/processes, thereby missing the bigger picture. This remark 
is further enhanced by Salerno et al. (2004) who felt the need for creating a ‘situation 
awareness framework’ which accommodated both the bottom-up processing (i.e. JDL 
model) and top-down processing (i.e. Endsley’s situation awareness model) in order to 
create a complete picture.  

Nevertheless, there are some, although limited, models used within the IF 
community, which capture the user’s decision making process (cf. Section 3.3.1 and 
3.4.4). Most prominently, and an important starting point which lead to the attention 
and the consideration of user issues, was the creation of level 5- cognitive refinements (Hall 
et al. 2000), later renamed user refinements (Blasch & Plano, 2003). Although, the model 
has great potential, it should be noted that level 5 (Blasch & Plano 2003) was originally 
created in a military context based on ‘classical’ decision making theories (i.e. rational 
decision making). Furthermore, there are a number of different variants of the OODA-
Loop (Boyd, 1987; Rousseau & Breton, 2004; Brehmer, 2005). Despite the fact that the 
model is fairly old and simplistic, the OODA loop is the most prominently used model 
to capture different decision making processes (e.g. the command and control process), 
and also, the most commonly referenced model within information fusion, cf. Hall and 
McMullen (2004); Hall and Llinas (2001). The attraction of the original OODA loop is in 
its simplicity (cf. Section 3.4.1), and consequently, the drawback is that it is, sometimes, 
too simplified to capture the particular details which are the trademark of a particular 
decision. For instance, the OODA-loop is just focusing on making faster decisions, but 
there might be other attributes which are equally important (e.g. accurate, effective, 
trustworthy or efficient).  

The key feature, which distinguishes the models previously described, is that 
they have been created within a traditional decision making tradition, with the 
limitation of not capturing the dynamic environment typical for the information fusion 
decision environment. This is, for instance, recognised by Brehmer (2005) who 
developed the dynamic OODA-loop (cf. Section 3.4.2) as a reaction to the static nature of 
the original OODA-loop. In fact, Miller and Shattuck (2006) argue that what is lacking in 
IF research is a model which assumes a dynamic decision making process and examines 
the role of humans and the information fusion systems, and the interplay between them. 
Such a model is the DMSC (Miller & Shattuck, 2006). However, that model is partly 
based upon Endsley’s situation awareness model, not the decision making process, per 
se. Hence, more research is needed.  
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In general, most research in information fusion has not explicitly considered 
decision making, at least not in the sense of NDM. Indeed, Brenton et al. (2002) argue 
that NDM, and in particular, the recognition primed model and the situation awareness 
model need to be accommodated for in C2 systems (which are large scale IF systems 
utilising information fusion techniques), cf. Section 2.2. These models are essential to 
explain situation assessment and decision making, i.e. having a NDM perspective has 
proven to give more understanding to the situation. In other words, as could be seen 
here, knowledge from other areas of decision making can successfully inform 
information fusion systems to make them effective, although, much research remains to 
be performed. Today, information fusion and decision making are two separate 
communities which have developed independently. However, it could be argued that 
there is a need to view information fusion in light of e.g. NDM in order to get a better 
understanding of the user’s decision making process utilizing information fusion 
systems. Currently, identifying the actual users of information fusion systems is an often 
overlooked issue, as well as studies of their level of expertise and the nature of their 
decision processes. It could be argued that with knowledge of their decision processes, 
more effective information fusion systems can be designed. Actually it has been pointed 
out: “ providing support for real-time dynamic decision making may be very difficult, and that 
designing effective decision aids require a detailed understanding of the underlying cognition 
processes" (Lerch & Donald, 2001, p 63). Further, it is argued that “understanding decision 
processes can provide a meaningful framework for amelioration or facilitating decision making in 
practice” (Patel et al., 2002,p. 52) 

In summary, one could argue that, to some extent, different models have tried to 
capture the decision making process, however, more research is needed. Hence, a 
challenge for information fusion research is: 
 

 Challenge 3: lack of models capturing the decision making process in IF  
 
However, there are models (not to be underestimated) which are widely used in the IF 
community (cf. Section 3.4). However, it is worth noting, the models that, indeed, exist 
within information fusion are developed in the military domain which may result in 
context specific models which can not be used outside the military domain. This is a 
reoccurring problem in today’s information fusion research, which has become 
recognised, i.e.  “fusion research has failed to produce systems that can support the needs of the 
commanders of land-based military operations, especially those that involve operations other than 
war” (Kent, 2000, p 1). In other words, even within the military domain it can be difficult 
to generalise between different areas of use, not to mention, generalise outside the 
military domain. The reason for this situation may be because it is hard to create a 
general model. In fact, Blasch (2003) argues that models typically cannot be used outside 
their context. In summary, the models which exist do not describe how to generally 
support decision making with the help of information fusion. However, looking at DSS 
in general, the argument is that “It would be easy, at this point, to over generalise and argue 
that each decision support application is unique, and that there can be no common design 
methods and tools. In fact, a number of principles for how and where to apply decision support 
can be distilled from the preceding analyses of decision problems, expertise and decision support” 
(Zacharay & Ryder, 1997, p. 1244). In other words, it should be possible to find general 
principles which can be applied to IFS, independently of domain. In summary, one 
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could, indeed, have a generic model or principles which could go beyond the military 
setting. Hence, a challenge for information fusion research is the lack of such models.  
 

 Challenge 4: a lack of generic models which extend beyond the military 
setting  

 
Besides the fact that there is a lack of models, and those that do exist originate from the 
military domain, one can see that the models currently used in information fusion (cf. 
Section 3.3 and 3.4) lack a holistic view, as they are driven by lower levels in the JDL 
model. Often the research performed is focusing on one of the levels of the JDL model, 
hence overlooking the interrelationships between the different levels, and the interaction 
between the different parts of the system and the user, i.e. “the fusion community has 
typically overlooked the role of the user by designing them out of the system” (Blasch, 2006, p. 3). 
Typically, the information fusion system with its information fusion process is separated 
from the user utilising the system, even though it is acknowledged that the goal of a IFS 
is to support human decision making. Interestingly, it could be argued that the 
information fusion systems not only consist of the automatic fusion process but also the 
human user utilising the system. In fact, Woods (1996, p. 6) writes: “it seems, paradoxical, 
but studies of the impact of automation reveal that design of automated systems is really the 
design of a new human machine cooperative system. The design of automated systems is really 
the design of a team and requires provisions for the coordination between machine agents and 
practitioners.” This is also further emphasised by IF researchers Brenton et al. (2002) who 
argue that there needs to be a cognitive fit between the DSS (i.e. DSS using IF techniques) 
and the decision maker in order to maximise the decision making effectiveness (cf. 
Section 3.4.4).  This intersection has been further emphasised by Cummings and Bruni 
(2005, p. 8)  who argue: “[t]he success of NCW[network centric warfare] will hinge on the 
ability of networks to provide information to support shared situation awareness between both 
humans as well as automated agents such as unmanned air, ground, and underwater vehicles”. 
This is also recognised by, for instance, Miller and Shattuck (2006) who emphasise the 
necessity for considerations of both humans and technology in order to get an 
understanding for past and occurring events. It is not enough to consider the technology 
part of a system, the human and the interplay between them needs to be considered. The 
authors (Miller & Shattuck, 2006) even represent the relationship between the 
technology and the human in their developed ‘dynamic model of situated cognition’ 
model. The model emphasised the fact that the reason of failure was due to not enough 
attention to the human side of the system.  

In summary, one could argue that there exists a gap between the users and the 
information fusion systems, similar to the identified socio-technological gap in CSCW 
(Ackerman, 2000), i.e. the gap between what we could technologically perform and what 
we socially need. The existing ‘gap’ between the user and the IFS in IF research has 
resulted, particularly in a lack of studies exploring the user as an active component of 
the fusion process. With a few exceptions, (e.g. the JDL-user model, visualised in Figure 
5 (Blasch & Plano 2002)) which explores the interaction between IFS and human users 
and Miller and Shattuck’s (2006) model which takes into account both a technological 
view and a human user view, visualised in Appendix 1, Figure 11-12,), users are almost 
solely seen as observers of IFS and not as a part of the fusion process. In a sense, the 
current research in IF community has failed to fully make a categorisation of an IF 
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system (beyond the JDL model), their users, and, in particular, the intersection between 
them. However, from the previously mentioned models point of view, one could argue 
that humans and technology, indeed, could be equally accommodated in the same 
model. Hence, there exists a fifth, challenge in information fusion:  
 

 Challenge 5: lack of models which take into consideration the intersection 
between technology and decision makers  

 
As explain before, the goal of most information fusion systems is to support decision 
making (cf. challenge 1 and 2). Yet, information fusion systems are not treated or 
explored as actual decision support to a large extent (cf. previous challenges and Section 
3.3). However, treating IFS as DSS is not straightforward; one should not uncritically 
adopt the ideas and insight from the DSS community. For instance, we might need to go 
beyond the usage of the user as a provider of probability and utility input, as is the case 
of traditional DSS (cf. Sage, 1991). As Rouse and Valusek argue, “[t]he resulting support do 
not, by definition, prescribe how tasks are to be performed. Instead, the emphasis is [on] providing 
the information decision makers want, in the ways that they want it” (Rouse & Valusek, 1993, 
p. 272). In other words, we need to go beyond the CDM theories which typically DSS is 
build upon, if we are to exploit the human user’s capabilities (cf. Cohen, 1993). This is 
also in line with the argumentation put forward by Patel et al (2002). In addition, we 
need to go beyond the individual interaction with the system and take into account the 
context of use as well as the organisation (cf. challenge 5) i.e. extending the traditional 
usage of DSS. Further, emphasise should be on the fact that we need to support rather 
than replace the user when interacting with information fusion system i.e. going beyond 
the idea of e.g. knowledge-driven DSS. This is in line with Woods (1996) which argues 
that automated systems needs to be treated as human machine cooperative systems. 
Therefore, one could argue that it is not just enough to consider the information fusion 
system as a decision support, we also need to extend the concept of decision support. As 
Information fusion system are characterised and utilised we need to extend the concept 
of decision support in order to fit these characteristics (for an extended discussion, cf. 
Appendix 3). Hence, the following challenge is identified:  
 

 Challenge 6: the need to extend the concept of decision support  
 

4.1 General Research Questions  
Information fusion research has reached considerable maturity with a focus on studies 
capturing the technological aspect of information fusion. However, there are still issues 
which are not well researched. From the previous section one can see that a number of 
different challenges emerge from current information fusion research:     
 

Challenge 1: a new era of decision making resulting in new requirements for DM  
Challenge 2: lack of user perspective in information fusion  
Challenge 3: lack of models of decision making to be used in IF 
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Challenge 4: lack of generic models which extend beyond the military setting  
Challenge 5: lack of models which take into consideration the intersection between 
technology and decision makers 
Challenge 6: the need to extend the concept of decision support  
 

 
The above identified challenges will become even more important to overcome in the 
future due to the increasing recognition and growing usage of information fusion 
systems. Therefore, it is essential that more research is performed in the area of 
information fusion and decision making, i.e.    
 

‘Today’s information fusion literature is technology oriented towards the 
defence domain; consequently, there is not only a lack of user 
perspective but also a lack of generic models which go beyond the 
military setting. Also, the studies which currently exist do not consider 
the user’s decision making process to a great extent and user’s possible 
influence on information fusion systems, neither the fact that users often 
are a part of a larger organisation or should be supported by the 
information fusion system. The proposed research will further 
investigate the relationship between information fusion systems (often 
an automatic fusion process) and the individual decision maker, on one 
hand, and the organisation, on the other hand, all within a decision 
making context’.  

 
In detail, the focus is to study the intersection between the user, i.e. the user’s decision 
making process, the organisation she/he is part of, and the IF system. This involves to: 
 

 Investigate the existence of the interrelationship between the information fusion 
systems, the user (i.e. the decision making process), the organisation he/she 
works within   

 Identify existing models and concepts which could be used as a starting point to 
take the above mentioned issues in to account  

 Develop new or adapt old models/theories so that they take the above 
mentioned issues into account             

                                           

4.2 Future Work  
There is a great potential for interesting work which could make prominent 
contributions to the information fusion community in general. Depending of the level of 
detail, the above identified issues could be framed in terms of the following suggested 
research to be performed:    
 

 Investigate the existence of the interrelationship between the 
information fusion systems, the individual (decision making 
process), the organisation he works within,  e.g. 

- How are IF systems actually used today?  
- Are there commonalities which could be extracted beyond the 

specific domains of use?  
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- Are there any key factors affecting the decision making process (e.g. 
trust, workload, situation awareness) which are independent of the 
domain currently using the IF system, and could those factors extend 
between the automatic fusion process, the individual user and 
organisation? 

 
 Identify the intersection and the possible models which cover it  e.g. 

- Identify the relationship between the IFS system (hence, the 
automatic fusion processes), the individual user and the organisation 
which they are embedded in, in a decision making context. 

- What models cover the above mentioned issue?  
- Are there any concepts which could be extracted to capture the 

intersection?  
- Can trust be an issue which could be relevant to fusion process, 

individual, organisation?  
 

 Develop new or adapt old models so that they take the ’gap’ into account e.g. 
- As a starting point: Consider information fusion systems as a new 

category of decision support system i.e. information fusion based 
decision support system (today’s literature does not do it explicitly, cf. 
Nilsson and Ziemke (2007), Appendix 3.)  

- Include the user as a component of the information fusion process, 
analyse the information fusion process (in extension, the possible 
enhancement of the user’s decision making process) with the help of 
distributed cognition (which has not been done before, cf. Nilsson and 
Ziemke (2006), Appendix 2) 

- Capture the users’ decision making processes when interacting with 
information fusion systems; are they different from interacting with 
other systems (no general consensus exists).   

- Create a list of characteristics of user issues relevant to information 
fusion (no general view of user issues exists, only individual studies 
exploring one issue, in connection to a particular system)  

- Use the previously mentioned research as a means to analyse the 
usage of information fusion systems and see where breakdowns 
occur, as similar to the principles used and developed in Blandford 
and Furnish (2006) (only limited research exist on decision making in IF 
research).  

 
The above suggested research can be seen as interconnected issues but also as individual 
research issues. However, future research will need to be further specified, thus, a 
suggested future direction (which sum up the above identified issues) is to investigate 
different application domains using information fusion systems, with the aim to capture 
the user interaction/decision making process. The focus would be to capture the 
interrelationship between the information fusion system, the individual users, and the 
organisation within which the user work; hence providing information which enables 
future systems to become more effective. In detail, the approach would be to extract 
concepts from literature (e.g., information fusion models) concerning the decision 
making process to create a theoretical framework of concepts. This could then be applied 
in empirical studies of information fusion systems in different domains. The theoretical 
framework would answer questions such as: How are IF systems used today? and, how 
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is the user utilised in IF systems i.e. how is the interaction/decision making process 
exploited? etc. In practice, a distributed cognition approach could be used in the 
empirical studies for identifying both the possible mapping to the created framework 
and the possible existence of new concepts, which may be added. This possibility will be 
further elaborated upon in forthcoming reports.   

To date, a first position paper (Nilsson & Ziemke, 2006, (Appendix 2)) has been 
authored to explore the possible contribution of distributed cognition (c.f. the above 
suggested research). Also, the issue of treating IFS as DSS has been elaborated upon in a 
submission to the FUSION 2007 conference (Nilsson & Ziemke, 2007, (Appendix 3)). 
Moreover, possible future research has been presented in Nilsson (2006; 2007)   However, 
future studies will need to be further specified with the intention to examine some the 
above identified research in more detail.  
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Figure 10. Recognition Primed Model 

 
 
Figure11. DMSC, Dynamic Model of Situated Cognition (Miller. & Shattuck, 2006). 

 
Figure 12. DMSC, Dynamic Model of Situated Cognition,  adopted to accommodate teams (Miller. & 
Shattuck, 2006)
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Abstract – The focus of most information fusion 
research, so far, has been on the technology, i.e. 
information processing in machines. However, 
the importance of also understanding human 
information processing, and the interaction 
between humans and machines, is gaining 
increasing recognition. This position paper argues 
that a distributed cognition perspective, which 
considers cognitive processes not as taking place 
solely inside people’s heads, but as distributed 
over human thought processes and the material, 
social and organisational environment they are 
embedded in, may help to provide a deeper 
understanding of information fusion processes.  
 
Keywords: Information Fusion, JDL Model, 
Distributed Cognition, Human-Computer 
Interaction, Context 

1. Introduction 
 
Information fusion is becoming increasingly 
important in the light of current developments of 
complex information technologies. Information 
fusion can be found in many different areas 
including, but not limited to, military applications, 
bioinformatics, manufacturing, agriculture, crisis 
management, etc. [1-4]. The most commonly used 
model to describe levels and elements of 
information fusion is currently the JDL model [1]. 
It explains, from a functional point of view, the 
hierarchical process of information fusion where 
typically input data from multiple sensors is 
transformed/condensed bottom-up to, for example, 
graphical displays of the most relevant information 
for human decision-makers. Most research in 
information fusion has its focus on the technical 
aspects such as probability and statistics, decision 
and estimation theory, pattern and image 

recognition, approximate reasoning techniques such 
as fuzzy logics, and other artificial intelligence 
tools [4], i.e. the techniques and methods used at 
levels 1-3 of the JDL model. Cognitive science, on 
the other hand, has so far had a relatively limited 
impact, partly in the form of ‘cognitive modelling’, 
i.e. the use of human-like or human-inspired 
techniques at levels 1-3 [5-7], and partly in the form 
of  studies of human computer interaction (HCI), 
sometimes referred to as a “level 5” [1,8]. This 
position paper will focus on the latter.  
      Several researchers have acknowledged that 
there is a lack of research identifying the various 
HCI and cognitive issues [5, 8-10]. For instance, 
the need for adaptive interfaces to encourage human 
centred fusion has been recognised [8]. Also, social 
expectations have been identified as an area which 
needs to be investigated further [9]. In fact, it has 
been argued that the effectiveness of the overall 
information fusion process is affected by the 
utilisation of HCI [1]. In 2005, there was an 
editorial of the Information Fusion Journal 
dedicated to HCI issues [10].  
    Although there is, as briefly exemplified above, a 
growing understanding of the crucial role of the 
human user in information fusion, in our opinion, 
the perspective needs to be extended from thinking 
of  information fusion as a process solely taking 
place in computer systems, to thinking of 
information fusion processes as processes including 
humans and their surroundings. That means, we 
need to widen the perspective of the fusion process 
from information fusion systems to information 
fusion processes (cf. Figure 1). An information 
fusion system often refers to the type of computer 
system characterised by the JDL model (levels 0-3), 
the process of transforming low-level sensory data 
to higher-level more abstract information. An 
information fusion process, on the other hand, also 
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includes the context of the user(s), the material 
surroundings, the organisation they are part of, etc.   
 

 
     The need to pay more attention to the 
surrounding environment has also been pointed out 
by Brehmer [12] who argued that actions always 
have an effect on the environment which needs to 
be accounted for. In a similar vein, Blasch and 
Plano [30] emphasised the importance of context 
for user refinements to aid the fusion process, and 
Hall and McMullen [4] argued: “By rethinking the 
HCI for data fusion, we may be able to re-engage 
the human in the data fusion process and leverage 
our evolutionary heritage” (p. 336).  
         A related shift has occurred in cognitive 
science and artificial intelligence (AI) research in 
the last 15-20 years. While traditionally cognitive 
science and AI focused much on computational 
thought processes inside the heads of individuals, 
more recent work on distributed/situated/embodied 
cognition views cognition not as taking place solely 
inside people’s heads, but as distributed over 
human thought processes and the material, social 
and organisational environment they are embedded 
in. In this position paper we argue that taking a 
distributed cognition perspective in information 
fusion will be useful in achieving a deeper 
understanding of information fusion processes i.e. 
the embedding of information fusion systems in 
their cognitive and organisational context. 
 

2. The JDL model 
 
The commonly used JDL model is a functional 
model which describes the hierarchical process of 
information fusion from low-level sensory data to 
more abstract, higher-level information. There have 
been various extensions to the JDL model 
throughout the years [1]. The most commonly used 
model includes level 0 to level 4 [13]. However, 

there is a discussion whether or not level 4 should 
really be considered a ‘level’ in the JDL model [13, 
1]. It has been argued that the so-called level 4 is 
actually a meta-process, i.e. a process which 
controls and optimizes the rest of the system and, 
thus, not a functional level itself (however, the 
details of this discussion are beyond the scope of 
this article). As briefly mentioned above, cognitive 
aspects have been incorporated to the JDL model 
both in levels 1-3 (e.g. cognitive modelling) and the 
higher levels (e.g. a suggested “level 5”), discussed 
in more detail below.  
 
2.1 Level 5  
 
A “level 5” was first suggested in 2000 by Hall, 
Hall and Tate [14] in order to explicitly account for 
functions associated with HCI. They argued that we 
need to remove the “HCI bottleneck” [14], which 
refers to the fact that broadband sensor data is fused 
through a narrow channel, i.e. the computer screen 
which the user interacts with, to be analysed by a 
broadband human being. It can be argued that the 
HCI interface becomes a bottleneck which prohibits 
humans from using their extensive pattern 
recognition and analytical skills to infer the 
information presented. Level 5 typically includes 
both cognitive and HCI issues, but is commonly 
referred to as “Level 5: cognitive refinements” [8, 
14]. The level includes specific technical aspects 
which can be used for achieving cognitive 
refinements and recommended research areas, such 
as:  
 

 time compression/expansion: human 
senses are especially optimised towards 
change detection; development of time 
compression and time expansion replay 
techniques could assist the understanding 
of an evolving tactical situation 

 negative reasoning enhancement: humans 
have a tendency to ignore negative 
information and only seek information that 
confirms a hypothesis; techniques which 
exploit the idea of “absence of evidence” 
and “counter-evidence” should be 
developed 

 pattern morphing methods: methods 
should be developed to translate patterns 
of data into forms that are more optimised 
for the users’ interpretations 

 uncertainty representation:  visual, 
auditory and haptic techniques should be 
developed in order to improve the 
detection of uncertainty  



Appendix 2 
Rethinking level 5: Distributed Cognition and Information Fusion 

 

-67-  

 
      Blasch and Plano [11] suggested re-labelling 
“level 5: cognitive refinements” as “level 5: user 
refinements” and introduced the JDL-User model. 
The goal of the modified level is to extend the 
human capabilities. Their definition of level 5 is as 
follows [11]: “adaptive determination of who quires 
information and who has access to information 
(e.g. information operations) and adaptive data 
retrieved and displayed to support cognitive 
decision making and actions (e.g. altering the 
sensor display)” (p. 273). The aim with the level 5 
is to support: cognitive workload, trust, attention, 
and situation awareness (see also [29] for a more 
detailed discussion of user refinements). However, 
the above definition has more recently been 
suggested to include the ending: “… support 
cognitive decision making and actions (e.g. altering 
the sensor display) given social and political 
contexts” [30] (p.195). This definition 
acknowledges the importance of the social and 
political context for the usage of information fusion 
systems. However, it should also be noted that 
incorporation of a level 5 into the JDL model has 
not yet achieved common usage or acceptance by 
the fusion community [13].  

3. Alternative models 
 
The JDL model is not the only model used to 
capture and characterize information fusion 
systems. There are models which have tried, to 
some degree, to incorporate the human decision 
maker. For instance, Kokar et al. [9] approached 
information fusion from a design process 
perspective. They proposed a new object oriented 
reference model for data fusion systems where the 
data fusion process is top-down (the system 
constraints are considered first). Within this model 
the human capabilities can be easily 
accommodated, since no distinction is drawn 
between human and computer objects until the 
model is viewed from the realization perspective.  
       Another model is the Omnibus process model 
[15] which aims to capture the information fusion 
process by using a general terminology. The model 
includes a   process flow chart, a dual perspective 
prescription for using it and a structured repository 
of fusion knowledge. Moreover, feedback loops are 
explicitly acknowledged in the model.  
       There are also models which have focused on 
the human decision process. Most prominently, 
Boyd’s OODA (Observe-Orient-Decide-Act) loop 
[16] originated from the military domain. It was 
intended to capture the command and control 

process and is still today the most commonly 
referenced model. It consists of four activities, i.e. 
observe- observe the environment, orient- position 
yourself in the environment, decide- make a 
decision of what to do next, act- perform the 
decision. The aim of the model is to enable faster 
decisions by identifying both your own decision 
steps and your opponent’s. However, it has been 
argued that the model gives a static picture of 
decision making, and therefore the dynamic OODA 
(DOODA) loop has been developed as an attempt 
to include the dynamic nature of the command and 
control process [12].  
       The DOODA loop model [12] was suggested in 
a military setting in order to capture the actual 
decision process by combining ideas from the 
OODA loop and cybernetic models. The model is 
divided into different functions (information 
collection, command concept, sense-making, 
planning, decision/order, military activity, effect). 
Some characteristic functions are as follow:  
 

 Command concept – an overall concept of 
how an operation is to be conducted. This 
is one of the most important concepts in 
the model.  

 Sensemaking - here, “sensemaking” refers 
to an understanding of the current situation 
and what can be done, the result of this 
function is a collective activity of the 
commander and his staff aimed at an 
action. However, it was emphasised that 
“sensemaking” should not be confused 
with the concepts of situation awareness. 
Nosek [17] also used the concept of “sense 
making” when describing how knowledge 
emerges in teams which interact with 
complex system. For instance, according 
to this view, the team creates the future by 
interacting with objects and the 
surrounding environment.  

 Effect - the decision has an explicit, 
notable effect in the surrounding 
environment.  

 Arrows- arrows determine the flow and 
feedback loops between the different 
functions, although overlaps between the 
different functions are acknowledged.  

 
The goal of the model is to identify functions for an 
effective command and control process. The model 
may appear complex, however, the nature of a 
decision is complex; hence, a complex model 
cannot be avoided according to Brehmer [12].   
      To summarize, the studies briefly discussed 
above indicate that humans should and can 
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successfully be incorporated into the information 
fusion process. As discussed in the following 
section, we propose a distributed cognition 
perspective as a valuable complement to capture the 
actual information fusion process.     

4. Distributed cognition 
4.1 A cognitive science perspective 
 
The traditional (mainstream) view in cognitive 
science focused on mental processes inside the 
heads of individuals. However, more recently 
distributed cognition [18] has become a well 
established perspective in cognitive science, 
focusing not only on a single individual’s internal 
processes, but also on the interactions with the 
surroundings such as other individuals (groups), 
artefacts and other types of (information) systems 
as part of cognitive processes. In other words, 
cognition, is not longer explained in terms of 
information processing at the level of the 
individual, instead, cognition is argued to be better 
explained as a distributed phenomena [19]. Hence, 
cognition can be considered as distributed in a 
threefold sense: 
 

 distributed across individuals in a group or 
organisation 

 distributed between human-internal (e.g. 
memory) and -external mechanisms (e.g. 
computer systems, material and/or social 
environment) 

 distributed over time  
 
A key aspect of distributed cognition [18] is that 
there are individuals with usually well defined roles 
and tasks who interact with each other and with 
computer systems, e.g. information fusion systems; 
everyone possess their own expert knowledge but 
something more, something new emerges in the 
interaction between them, e.g. an information 
fusion process. In other words, one might say that 
the sum of the parts is greater than the whole. Thus, 
in a distributed cognition perspective the approach 
is that the cognitive process is not only within the 
heads of individuals; rather, the cognitive process is 
created in the interaction with the computer system 
and other individuals.  
      As a researcher one would be interested in the 
interdependencies between the individuals and the 
information fusion systems i.e. “in distributed 
cognition, one expects to find a system that can 
dynamically configure itself to bring subsystems 
into coordination to accomplish various functions. 
A cognitive process is delimited by the functional 

relationships among the elements that participate in 
it, rather than by the spatial collocation of the 
element” [19] (p. 176).         
      Approaching problems with a distributed 
cognition perspective could give the researcher or 
system developer a new way to understand 
problems. Indeed, in distributed cognition, the 
analysis (typically using in-depth ethnographic 
studies) deals with representing raw data collected 
at different levels of abstraction and detail, with a 
focus on changes in representation states [31]. Here, 
representational states refer to how knowledge and 
information are transformed to conduct an 
activity/action, e.g. the information displayed by a 
computer system transforms its state in response to 
a user keying in a command. For example, consider 
data from an ethnographic study of the activity of 
flying to a higher altitude in a plane, the 
coordinated activity of an air traffic controller, a co-
pilot, pilot and the plane itself (i.e. a computer 
system) [31]. In this example, the distributed 
cognition approach/analysis identified [31]:  
 

 the distributed problem-solving that took 
place 

 the role of verbal and non-verbal 
behaviours 

 the various coordinating mechanisms that 
were used 

 the different ways of communication that 
took place as the collaborative activity 
progressed 

 how knowledge was shared and accessed   
 

       To give another example, in distance education 
one could have one or more students which 
collaborate through, for example, the internet. 
Video conferences are a common tool to use for 
interacting between the teacher and the students. In 
this case, Schrire [20] identified, using a distributed 
cognition perspective, the usage of the conferences 
and the interactions between the individuals. In 
particular, the author explained the emerging 
higher-order thinking which were characteristic to 
the conferences studied (which would have been 
difficult to identify without a distributed cognition 
perspective).  
     Furthermore, distributed cognition has been used 
to identify breakdowns in design processes. Busby 
[21] studied errors in the design process of a 
chemical process plant and a power generating 
plant. The problem studied was of the type “a 
designer forgets to include a particular kind of 
feature to the design”. The author concluded that 
“communication problems” were the most common 
cause. A typical communication problem could be a 



Appendix 2 
Rethinking level 5: Distributed Cognition and Information Fusion 

 

-69-  

failure in the verification of one person’s results by 
another. Using a distributed cognition perspective 
enabled Busby “to reveal this kind of nested 
structure, its dependences on the interference of the 
participants, and the root of these inferences in 
their historical experience of earlier episode of 
similar kinds” [21] (p. 253). One could argue that 
the model of the internal organisational structure 
could be hard to identify without a distributed 
cognition perspective.  
    Holland et al. recently [19] proposed that 
distributed cognition should be used as a new 
foundation for HCI since in today’s society, one 
does not only work in front of a single computer, in 
fact, one most often work with connected 
ubiquitous computers. Thus, distributed cognition 
can be used to understand the emerging dynamic 
interactions which take place in our networked 
world of information and computer mediated 
interactions, i.e. the characteristics of today’s 
society [19]. The following subsection discusses in 
further detail how distributed cognition can be 
relevant to information fusion. 
 
4.2 Distributed cognition in information       
fusion 
 
In much information fusion research there has been 
a more or less implicit assumption that it is always 
better to fuse since adding more information can 
only help and not hinder the user when making 
interpretations [3]. However, as Dasarathy [4] 
points out, there are a number of studies which 
indicate that more information is not always better, 
i.e. depending on the presentation/usage of the 
information it may be more or less complicated to 
make a decision. For an information fusion system 
developer, this balance can be hard to recognise. 
Using a distributed cognition framework it might be 
possible to identify the interaction between the 
human and the information fusion system, as similar 
to [21, 31], and thereby, identify the breakdowns 
(and when to fuse). To our knowledge, in today’s 
research in information fusion, the power of 
distributed cognition is not elaborated, even though, 
the subject is touched upon, as Blansch and Plano 
[32] acknowledge “A user fuses data and 
information over time and places and acts through 
their world mental model- whether it be in the head 
or with graphical displays, tools, and techniques” (p. 
195). There are many different domains within 
information fusion which can benefit from a 
distributed cognition perspective due to the 
distributed nature of many fusion systems.  

          For example, the defence domain is, by far, 
the most developed area to exploit information 
fusion. The focus in the defence domain is 
predicted to be on creating the new “network-
centric warfare”. It is acknowledged that the 
network-centric environment demands distributed 
decision making (e.g. the decision is distributed 
between different individuals and locations). The 
aim of network-centric warfare is to enhance 
military capacity through the power of information 
from the following assumptions [22]:  
 

 Information is shared 
 Situation awareness and commander’s 

intent is available to all levels 
 Operations are effects based and 

synchronised 
 Decision-making should be collaborative 

 
An important focus in network-centric warfare is to 
create shared situation awareness, “shared 
awareness aspires to achieve a common state of 
understanding within a group through the exchange 
of data and information” [22] (p. 4). To be able to 
create shared situation awareness it is important that 
the commander’s intent is accessible and 
understandable, also, it is important to understand 
that shared situation awareness can only be 
developed over time. The concept of shared 
situation awareness might seem vague and as a 
researcher it can be difficult to identify the meaning 
of “shared situation awareness”. Using a distributed 
cognition one has the terminology needed to 
identify the interactions between the different 
individuals and the interactions connected to the 
information fusion system, hence, the actual 
information fusion process can be captured.   
     The dynamic and distributed nature of the 
military command and control process is another 
related example where distributed cognition could 
make contributions. For instance, Bisantz at al. [23] 
developed a framework for aided, adversarial 
decision making (AADM), i.e. the use of decision 
aids based on information fusion in a cooperative 
and distributed defence domain. The authors 
identify a number of issues which needs to be 
considered when designing decision aids in the area 
of AADM. Trust is identified as a major issue 
defining the usage of the decision aid. It is 
important to know how much the user relies on the 
system and when that trust decrease due to the 
possible information attacks and failure in the 
automation of the system. Another issue is the 
distributed nature of AADM. Multiple locations, 
individuals and groups of individual together with 
the adversary force needs to be considered. 
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Therefore, issues related to situation awareness are 
important for the interpretation of a decision. The 
authors also identified a number of specific 
dimensions to AADM (locus of attack, malfunction 
level, causes of failure or corruptions, time patterns 
of failure, predictable or unpredictable 
degradation).  
        A distributed cognition perspective on AADM 
would provide a common ground for the different 
factors presented and identify overlaps between 
different sources of data. Also, with a distributed 
cognition perspective one would more easily detect 
disruptions in the decision aid made by an 
adversary force. Indeed, a characteristic of AADM 
is the presence of the adversarial force and the 
vulnerability it involves e.g. information attacks.  
     Also, a distributed cognition perspective can, 
more specifically, be used when performing threat 
assessment/situation assessment. “Often the key 
indicators of potential, imminent or current threat 
situations are in the relationships among people 
and equipment that are not in themselves 
distinguishable from common, not–threatening 
entities” [28] (p. 2). For instance, [28] developed a 
new approach for threat assessment i.e. 
characterising, predicting and recognising threat 
situations. The goal was to establish a systematic 
approach to automating some of the above 
mentioned functions. Here, distributed cognition 
can be used as a valuable complement and tool in 
guiding the researcher in when to automate which 
functions.  
      Moreover, [11] proposed the usage of humans 
as to best locate and ID targets in group tracking, 
however, having a distributed cognition perspective 
would provide further understanding of the 
interaction between the human and the information 
fusion system, and thus, help to optimise the 
utilisation of the human capabilities. Not to forget, 
the value of context in information fusion can 
already be seen in, for instance [30]. Here, context 
(i.e. the social-political environment translated into 
mission goals) has been shown to be useful for 
target recognition. This further supports the notion 
that context is a valuable part of information fusion 
processes.  

5.   Discussion  
 
As humans, we have extraordinary skills which 
help us interact with the surrounding environment. 
We are good at recognizing patterns, identifying 
geographic proximity, and looking for relationships 
between natural objects and man-made objects such 
as bridges, roads and buildings [8]. However, in 

information fusion one has yet to learn how to 
exploit this knowledge when designing complex 
computer systems.  Some suggestions for future 
work and the added value a distributed cognition 
perspective provides are elaborated in the following 
subsections. 
 
5.1 Humans as an active component  
 
Traditionally in information fusion, one has tried to 
exploit human capabilities in designing interfaces 
and architectures of systems. For instance, the JDL 
model level 5 identified areas which needed more 
focus (such as techniques to direct attention). 
However, the interaction with an information fusion 
system has not been considered in a wider 
perspective, i.e. the information fusion system 
typically has not been put into the context of an 
information fusion process (as illustrated in figure 
1), an information fusion process may include one 
or more users, one (or more) information fusion 
systems, also, the users usually belong to some sort 
of organisation and environment. Hence, the 
information fusion system, as such, does not define 
the information fusion processes.   
        To be able to capture the actual information 
fusion processes, one needs to consider a vast array 
of aspects and, most importantly, one should 
remember that humans have an active role. The fact 
that humans should have an active role has also 
been recognised by Blasch and Plano [11] who “see 
the human as an active component in the fusion 
process to optimize sensors to best locate and ID 
targets” (p. 270). However, most often, humans are 
viewed as mere receivers of an information fusion 
system’s output, i.e. the receiver of fused 
information.   
        Distributed cognition can give us an 
appropriate approach to study humans as an actual 
integral part of the information fusion process (see 
also figure 1). In distributed cognition humans are 
considered as active components and the cognitive 
process is created in the interaction with the 
information fusion system and its surroundings. 
Distributed cognition is about creating something 
more which cannot be achieved through the 
individual parts, i.e. distributed cognition considers 
individuals with different roles and tasks and the 
overlap between them, as a result, a new shared 
understanding and meaning emerge. Indeed, “… 
effective and efficient interactions between the 
fusion system and the user, the sum (as defined in 
the metrics) should be greater than the separate 
parts” [32] (p. 466). Hence, the user is no longer 
only viewed as a mere observer of an information 
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fusion system; rather, the humans are included in 
the information fusion process. 
        For example, the human user can play an 
important and active role for the overall information 
fusion process as a feedback provider. The user can 
gives responses to the system and the system can 
continue to process that information. In fact, it has 
been shown that human operators can be an active 
part of sensor networks as an information source 
[24]. Actually, it has also been argued that “without 
human inputs, the DFS [Data Fusion System] 
refinements, based only on the data received, may 
be time consuming and useless” [32] (p. 463). It can 
be argued that through a distributed cognition 
perspective one could more easily identify and, 
thus, enhance the interaction between the human 
and the fusion system and therefore, enable us to 
rethink the user’s role in information fusion. 
 
5.2 Tackling problems outside-in 
 
With a distributed cognition perspective one would 
tackle problems/situations from the outside in, 
beginning with the social and material settings, that 
way, culture, organisation, context, and history can 
be introduced in the information fusion process.  
       Specifically, a distributed cognition perspective 
would enable the organisational perspective to be 
incorporated into the information fusion process. 
The significance of the organisation should not be 
underestimated since norms and goals of an 
organisation can directly guide the user, the 
decision maker; consequently, the organisation 
affects the usage of information fusion systems. 
Moreover, it can be suggested that it is important to 
consider an organisational perspective rather than 
only a group/team perspective [25] since we, in 
information fusion, often deal with people who 
have the authorization and the responsibility to 
make a decision in a certain area. In fact, it has been 
acknowledged that the traditional model in the 
command and control process, the well known 
OODA loop, is relatively static and does not 
explicitly take the surrounding environment into 
account. To address some of those problems, the 
DOODA loop has been developed [12]. In fact 
there is a strong correspondence between the 
concepts of sensemaking [12, 17] in the DOODA 
loop and concepts of distributed cognition.  In our 
opinion, there is a possibility to extend the 
perspective on information fusion by introducing 
terminology and concepts from distributed 
cognition.  
       Furthermore, as previously mentioned, looking 
at problems from the outside in would enable 

history to be included to the information fusion 
process. This is, to some extent, already utilised in 
techniques such as “tracks/path” where, for 
instance, the history (past) is used to predict the 
future. Also, Blasch and Plano [30] point out “the 
user maintains a cognitive model of the things that 
are going on and updates the cognitive model based 
on the context. Context includes the task of interest, 
the priority information, and some history of what 
the user has experienced in the past” (p. 198). The 
significance of the past to the information fusion 
process should not be compromised and having a 
distributed cognition perspective could explicitly 
account for that.  In fact, one could argue that 
information fusion is all about fusing the past, 
present and future.  
        One also needs to consider the specific user’s 
interaction with the information fusion system, e.g. 
human factors. For instance, Bisantz at al. [23] 
identified important factors which influence the 
usage of an information fusion system, and, thus, 
the information fusion process. For instance, 
situation awareness is a very important factor in 
order to achieve a common understanding between 
the different individuals.  
      One important aspect of situation awareness, 
which also plays an important role for distributed 
cognition, is to which extent a task can be 
automated in a computer system without reducing 
human situation awareness. In other words, when a 
system is automated it might perform operations 
which the user is unaware off, hence, the user’s 
situation awareness decreases. Nevertheless, 
automating the information fusion process is still 
foremost a research issue [26]. Many researchers 
have considered the technical aspects, however, the 
users of the system are the ones making the 
decisions, and therefore, they are an essential part 
when automating the information fusion process.  
       The balance between the organisation, the 
individuals and the automation of the information 
fusion system is crucial; as a consequence, one 
needs to consider many different aspects, including 
trust, in order to achieve an overall effective 
information fusion process. The distributed 
cognition framework could be used to facilitate this 
balance. We argue that there is a need to rethinking 
the concept of “the JDL model level 5” and 
acknowledge the human and the surrounding 
environment as parts of the information fusion 
process. This is also in the line with Blasch and 
Plano [30] who argue that context determines user 
refinements, i.e. the users’ action/activity. 
Distributed cognition, in our opinion, can provide 
an additional value, by providing an approach to 
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achieve this incorporation and capture information 
fusion processes. 
 
5.3 A natural shift in information fusion  
 
It can be argued that the proposed development of 
information fusion research (i.e. the usage of 
distributed cognition) follows recent developments 
in cognitive science. Traditionally, in cognitive 
science one has only been interested of the inside of 
individuals (e.g. memory), however, in recent years 
the interest has  been broadened to also consider 
cognitive science as something which emerge in the 
interaction with other individuals or environment 
i.e. distributed cognition. Today, distributed 
cognition is a commonly used and accepted 
perspective within cognitive science. The shifts 
from individual interaction to more 
distributed/collaborative interactions are also 
notable when examining the recent development of 
decision support technology [27]. 
       In information fusion, researchers have begun 
to recognise the distributed nature that, in fact, is 
present in a wide range of information fusion 
processes [13, 22-23]. For instance, researchers 
have acknowledged the need to address the 
distributed nature of information fusion by referring 
to the distributedness of architectural issues and 
algorithmically issues (referred as “Distributed Data 
Fusion”, DDF) [13]. This is an important starting 
point which establishes the recognised distributed 
nature of information fusion, however, we propose 
that information fusion needs to be further 
developed and also take the human aspect into 
account. Distributed cognition can, as is proposed 
to HCI [19], be a new foundation for information 
fusion. This would be a natural development 
because one needs to consider the environment in 
which an information system operates to capture 
the actual information fusion process and hence, 
enable the breaking of the previously mentioned 
“HCI bottleneck”. 

6. Conclusions and future work 
 
This paper has briefly reviewed some of cognitive 
science’s potential contributions to information 
fusion, in particular the JDL model, and suggested 
that adopting a distributed cognition perspective 
can be a valuable complement to existing 
approaches to understanding and modelling 
information fusion, in particular information fusion 
processes. There is much technological research on 
how to create effective information fusion systems, 
however, it is suggested that one also needs to 

consider distributed cognition to create an effective 
information fusion process. One can argue that 
there is a difference between thinking of the 
information fusion process as a process in the 
information fusion system versus the information 
fusion process, as defined herein. One need go 
beyond the HCI and take the insights from 
cognitive science (e.g. distributed cognition) into 
account in order to capture the actual information 
fusion process.   
        However, there is still a question of integrating 
the different theories in cognitive science, including 
distributed cognition, into information fusion, in 
order to capture the actual information fusion 
process. In particular, distributed cognition can 
provide crucial elements of a theoretical framework 
and an analytical methodology which could be used 
to capture the nature of information fusion 
processes and their embedding in the support of 
organisational, individual and automatic decision 
processes. This would be difficult to achieve with 
the more traditional static approaches in cognitive 
science such as cognitive task analysis [33]. Above 
all, the advances in cognitive science have yet to be 
incorporated in the information fusion process and 
this provides a great challenge and will be further 
examined in future studies.  
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Abstract- the focus of most information fusion 
research, so far, has been on the technology, i.e. 
information processing techniques in various 
systems. However, the importance of also 
understanding the usage of information fusion 
systems is gaining increasing recognition in 
terms of cognitive and organisational issues such 
as supporting both individual and group decision 
making. This paper provides a retrospective of 
information fusion research so far and a future 
vision of information fusion systems as actual 
decision support systems. A methodology for 
developing DSS is suggested which could not 
only ensure the effectiveness of IF systems as 
DSS but also provide a natural user perspective 
and top-down approach.   
 
Keywords: Information fusion, Decision Support, 
DSS, Decision Making 
 

1. Introduction 
Information fusion has been suggested to be a 
necessity in many of today’s and future 
information systems i.e. “while information 
technology can transform a data poor situation into 
a data rich environment, the fact remains that data 
need to be fused and analyzed effectively and 
efficiently, in order to provide appropriate 
information for intelligent decision making” [1, p 
104]. Due to the current development of complex 
information technology (where users have the 
ability to access large amounts of information) 
there is an increasing recognition of the power of 
‘information fusion’. Following Dasarathy [2], 
Information fusion refers to:  “ … exploiting the 
synergy in the information acquired from multiple 
sources (sensor, databases, information gathered by 
humans etc.) such that the resulting decision or 
action is in some sense better … than would be 
possible if any of these sources were used 
individually without synergy exploitation” [2,  p. 

75]. As seen in the definition, the focus of 
information fusion is the utilization of large 
amounts of information from different sources in 
such a way that a better decision could, in a 
sense, be performed (thus, made by users). The 
traditional focus within information fusion has 
been on the actual process of combining large 
amounts of information in a more comprehensive 
and easily manageable form [3]. Also, most often, 
the user is implicitly taken into account as in the 
previous stated definition. Throughout the IF 
research it is acknowledged [e.g. 4, 5, 6] that 
information fusion could be used to support and 
enhance the user’s decision making process (i.e. 
be a decision support system), although, to my 
knowledge, there has been little recognition, 
within the IF community, of the possibility to 
actually review information fusion systems (IFSs) 
as decision support systems (DSSs). 
       With a few exceptions [e.g. 7, 8], in most 
information fusion research, the user of an 
information fusion system is still considered as 
the mere recipient or observer of fused data. In a 
sense, usually IFSs is seen as just a collection of 
sensors and data. As a consequence, not only the 
possible utilisation of user’s decision making 
process is ignored, but also the possibility for 
using IFSs as DSSs. However, one could argue 
that there is a need to consider the IFSs as actual 
DSSs for users.  
     Today, there is encouraging research which 
focuses on the users’ aspect of information 
fusion systems and their possibility to function as 
DSS. For instance, “The purpose of a fusion 
system should be tailored towards supporting a 
decision-maker or a human” [4, p 1]. Other 
researchers such as Bisantz, et al. [6] have 
performed promising research which recognises 
the possibility for fusion based decision support 
systems.  
      Indeed, there are possibilities for treating 
IFSs as a DSS, and it may lead to interesting 
implications. For instance, it may enable a 
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reaction to the fact that “the fusion community has 
typically overlooked the role of the user by 
designing them out of the system” [9, p 3]. It could 
also ensure the effectiveness of IFSs due to 
acknowledgemet of the goal of IFSs, hence, a more 
top-down perspective is provided. However, much 
research remains to be performed and research 
which already exists needs to be extended to truly 
consider IFSs as DSSs.  
      The remaining of the paper will first present 
IFSs, following by a description of what constitutes 
DSSs. Finally, a discussion is presented which 
further investigate benefits and challenges of 
treating IFSs as DSSs. 
 
 

2. Information fusion systems 
As noted in [3], the use of ‘fusion’ is not new. 
Humans and animals have used a combination of 
different senses since dawn of time in order to 
survive. In recent years, the concept of 
‘information fusion’ (definition page 1) has 
become even more important due to the large 
amount of information humans need to access on a 
day-to-day basis. The power of information fusion 
has started to be recognised. Indeed, studies have 
shown that performance of the overall system 
improved by the number of information sources [3]. 
Also, it has been argued that “Fusion of relevant 
sensor data … has proven effective in reducing 
false alarm rates, increasing confidence levels in 
early fault detection, and reducing time to failure of 
degraded condition requiring maintenance action” 
[10, p 1]. Indeed, information fusion could even be 
seen as a requirement for an effective system, as 
[11, p 1] argues: “Without data fusion, the user is 
faced with dealing with data that is redundant, 
inconsistent and conflicting…”. In other words, 
systems become more effective due to the 
exploitation of information from different sources, 
hence, enabling the possibility for reducing 
uncertainty (comparison of information from 
different sources), increasing the accuracy 
(information from different sources complement 
each other) and increasing robustness (the 
possibility for redundant information) [4]. 
      There have been different attempts to 
characterise IFSs e.g. [4, 12, 13], actually, as the 
literature is presented today, there are no general 
consensus of the components of IFSs, consequently, 
there are slightly different opinions on what is 
required in order to be classified as IFS. However, 
basically, the system needs to receive information 
from different sensors (i.e. information sources). 

Here, a sensor could refer to active sensors (radar 
and sonar), passive sensors (IR, visible, acoustic, 
magnetic and seismic), human sources 
(intelligence gathering) or data archives (weather, 
financial data) [12]. In other words, the sensors 
could is either past (databases), present (sensors) 
or future (simulations) sources of information.  
       Continuing, the information received from 
the different sensors need to be combined in such 
a way that more information could be achieved, 
than you originally started out with (thus, a very 
reason for using fusion). Therefore, within the 
IFS there is an information fusion process which 
actually fuses the information provided by the 
different sources [4], typically captured by the 
Joint Directors Laboratories model (the JDL 
model). This process is often automated with the 
purpose to support the user i.e. “Automated data 
fusion processes are generally employed to 
support human decision making by refining and 
reducing the quantity of information that system 
operators need to examine to achieve timely, 
robust, and relevant assessments and 
projections…” [5, p. 432]. Traditionally, the 
fusion process has been seen as the actual data 
fusion process (e.g. algorithms and other AI 
techniques), however, more recently, it has been 
acknowledged that the user could actually 
contribute to the information fusion process [e.g. 
7, 14]. Hence, typically an information fusion 
system involves different degrees of automation 
and user involvement. The mixture between 
automation and the user’s contributions to the 
success of the system is also referred to as 
mixed-initiative interaction [15], recently 
acknowledge in IF research e.g. [29]. Also, [7] 
has touched upon this issue by exemplifying the 
interacting with an IF system as an interval with 
the extremities ‘user dominant’ (the user are in 
control of the fusion process i.e. no automation) 
and ‘machine dominant’ (freedom for the sensor 
manager i.e. fully automated fusion process). Not 
to forget, this system is also part of a larger 
organisation, interacting with other IFSs and 
individuals [33].  
    However, no general agreed-upon list of IFSs 
characteristics exists (i.e. beyond the JDL model), 
basically, ‘IFSs’ refer to computer systems 
which utilise information/data from different 
sources, as previously described, to support a 
decision maker, cf. Figure 1.  
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Figure 1. A schematic view of the Components of an 
information fusion system 

 

3. Decision Support Systems  
DSSs evolved during the 1970s and, in general, 
refers to computer systems which are intended to 
support complex decision making and problem 
solving. Traditionally, DSSs are most commonly 
based on rational (classical) decision making 
theories. As [16, p. 1] argues: “Emphasis in the use 
of a DSSs is on provision of support of decision 
makers in terms of increasing the effectiveness of 
the decision–making effort. As we will see, this 
involves the formulation of alternatives, the 
analysis of their interpretation, and selection of 
appropriate options for implementation”. Over the 
years, different classes of DSSs have emerged. In 
fact, [17] provides a categorisation of different 
DSSs as follows:  
 
 
 

- Data-driven DSS e.g. systems which 
provide access to large amounts of 
structured data from databases to support 
manual analysis i.e. enabling display and 
manipulation of queries to a database or 
data warehouse to specific questions  

- Model-driven DSS e.g. systems which 
are based on different representational and 
optimisation models to support decision 
making i.e. enabling what-if analyses.  

- Knowledge-driven DSS e.g. systems 
which consist of knowledge, 
understanding of problems and problem 
solving skills within a specific domain i.e. 
enabling suggestions and 
recommendations for actions (i.e. expert 
systems).  

- Document-driven DSS e.g. systems 
which gather, retrieve, classify and 

manage unstructured documents i.e. 
enabling structuring of documents.  

- Communication-driven and Group 
DSS e.g. systems which support 
collaboration, communication and 
coordination between multiple decision 
makers i.e. enabling facilitation of 
solutions.  

- Interorganisational/intraorganisation
al DSS e.g. systems which support 
organisations facilitation of information 
distribution i.e. enabling service for 
users 

- Function-specific or general purpose 
DSS e.g. systems which are developed 
to support a specific task or function i.e. 
enabling automated support for routine 
tasks or facilitating decision tasks 

- Web-based DSS e.g. systems which are 
based on web technology i.e.  enabling 
delivery of decision support information 
or decision sup lists port tool  

 
A DSS may have elements from different 
categories, although, according to [17] it is 
possible to extract one category as the ‘drive’ 
and focus of a particular DSS.  
     In general, it could be argued that, 
independent of the category, a DSS has a narrow, 
focused, and specific purpose rather than a 
general one. [18] also made the distinction 
between automated decision systems (e.g. 
systems which automate routine decisions in 
well-structured situations) as in contrast to 
decision support systems (e.g. auxiliary and 
ancillary systems which assist decision makers). 
More specifically, [19] argue that a DSS should 
fulfil one or more of the below listed 
characteristics to be named a DSS.  
 

g)  … contain knowledge describing 
aspects of the decision-maker’s 
environment, that indicates how to 
accomplish a range of tasks, and that 
indicates valid conclusions in different 
circumstances. 

h) … has the ability to acquire and 
maintain descriptive knowledge as well 
as other kinds of knowledge  

i) … has the ability to present knowledge 
on an ad hoc basis in various 
customised ways as well as in 
standardized reports 

j) … has the ability to select any desired 
subset of stored knowledge for either 
presentation or deriving new knowledge 

Output

Decision makers 

 Input 
Information Fusion 
System 

                 

 IF 
process 

 

Past source(s) 
 
Present source(s) 
 
 Future source(s) 
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in the course of problem recognition 
and/or problem solving. 

k) … can interact directly with a decision-
maker or a participant in a decision in 
such a way that the user has a flexible 
choice and sequence of knowledge 
management activities.  

l) … can coordinate/facilitate interactions 
among multiple decision makers 

 
Similarly, a more recent and exhaustive list of 
characteristics and capabilities of DSSs is provided 
by [20].  Hence, it should be noted that there is no 
general consensus of the components of a “DSS”, 
consequently, there is no agreement of standard 
characteristics and capabilities of a DSS [20] 
(however, one could see similarities between the 
existing characteristics, which, in a sense, justifies 
the existing lists).  
      Although, in summary, one could argue that 
DSSs should, in line with previous lists, provide 
up-to-date and timely information that is complete 
and accurate, in an appropriate formation which is 
easily understood and can be manipulated by a user 
[20].   
   There are different ways to develop DSSs. For 
instance, [21] present an interesting framework 
describing how to develop and construct and 
ensure the effectiveness of a DSS. In essence, the 
framework identifies a set of design principles and 
a methodology (design process) [21]. In short, the 
design principles are as follow:  
 

d) DSSs should be tailored to a specific 
position or region of the expertise 
continuum (there is a difference between 
novice and expert decision making) 

e) DSSs design must involve analysis of the 
cognitive processes and problem 
representation of the users as well as 
analysis of the external domain and 
physical systems involved  

f) DSSs could either provide training to 
perform more effective decisions or a 
support for making decisions. The training 
component within DSSs should be 
developed from the same cognitive 
modelling and analysis used for decision 
support design  

 
In order to include the above identified principles, 
following methodology, DSSs design process steps 
is proposed [21]:  
 

6) Cognitive decomposition and modelling 
i.e.  representation and decision strategy 

of the user are studied and mapped out. 
In detail, a ‘Task Summary Description’ 
(TSD) is created to capture the user’s 
decision making process. To create 
TSD they propose tools such as 
behavioural/cognitive analysis protocol 
and COGNET. 

7) Functional requirements definition i.e. 
decision makers cognitive model is 
analysed in order to create requirements 
for the DSS.  

8) Functional design i.e. from the 
requirements specific functions for the 
DSS are outlined 

9) Architecture specification i.e.  the 
technology are assembled to create the 
DSS  

10) Detailed design and implementation 
i.e. system components are specified, 
implemented and tested.  

 
To be noted, the authors [21] provide tools to 
conduct each phase of the process, beyond the 
scope of this paper.  
      In summary, research within DSSs is not 
straightforward. More recent studies in decision 
support systems in medical settings [22] suggest 
that there is a need to change the focus of 
decision making support. According to [22], 
there is a need to expand the scope of the 
research (i.e. classical decision making) which 
the decision support is built upon. In other words, 
there is a need to change perspective from the 
‘classical view’ which, traditionally, decision 
support system are build upon, to an approach 
which combines problem solving, decision 
making and acknowledge the role of conceptual 
knowledge and the naturalistic and dynamic 
nature of the decision environment. In the end, 
this would lead to development of technology 
which truly and successfully mediates decision 
processes.  
 

4. DSSs in Information Fusion  
Judging IFSs in general, they are implicitly 
treated as decision support, i.e. it is often 
acknowledged that the system will, eventually, 
be used for aiding human decision making, in 
some sense, e.g. [2-7]. Consequently, IFSs are 
considered to function like DSSs. In fact, there 
are studies which have emphasised that 
information fusion technology could, in fact, be 
the base for DSSs. For example, [23] presented a 
‘smart decision support system’ based on fusion 
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technology (e.g.  utilizing case base reasoning, 
fuzzy clustering, fuzzy decision trees, k-nearest 
neighbour algorithms, Bayesian belief networks) 
which supports the user by reducing the complexity 
of military planning tasks and de-cluttering and 
speeding up the decision making process. 
     [24] developed an expert DSS based on fusion 
techniques (fuzzy logic and evolutionary 
algorithms) which aimed to determine new multi-
agent techniques, rules, and strategies for which no 
human expertise exists. In other words, an expert 
system was developed to function without human 
intervention, making decision in areas of 
uncertainty where no previous human knowledge 
exists.  
      Also, [25] examines DSS in the command and 
control process (which could be built on 
information fusion technology). They propose a 
‘Command and Decision Support Interface’ 
(CODSI) which can be integrated in the 
development of DSS enabling reassurance of the 
success of, for instance, fusion based DSS. 
Especially, CODSI together with SEATS (a test 
bed) could be used to study and measure human 
situation awareness and decision making. Second, 
it could be used as a concept validation tool where 
technological concepts are validated from a human 
performance and operational perspectives.  [26] 
developed web-based DSS utilizing information 
fusion techniques (combining two 
forecast/predictions models) to help managers 
make better decisions on what movie 
characteristics to choose for a specific movie.  
    Further, [6] have explored the issues of trust in 
data fusion based decision aid. In detail, [6] studied 
degraded and distorted icon’s ability to illustrate 
uncertainty to users, and how that affected users 
trust to the information. 
    Interestingly, in 2006 two articles [27, 28] 
published in the Decision Support Systems Journal 
presents DSSs based on fusion techniques 
(compared to almost no articles, apart the two 
mentioned since its start in 1985). [27] used a data 
fusion approach in an information retrieval DSS. 
[28] developed CAST which assisted teams to 
make effectively critical decision under time 
pressure. The idea was to support the anticipation 
of information need of other team members, hence, 
the process could be made faster. Information 
fusion was particularly used to reduce the cognitive 
workload of users.  Hence, this exemplifies the 
recent interest and recognition of fusion techniques 
outside the information fusion community.  
    To conclude, using information fusion based 
DSS have proven to be effective, however, the 
information must be presented in such a way that it 

conveys important aspects of the information and 
that the system can be trusted by the user [6]. 
Indeed, [18] argue that the interface of the DSS 
can bias the users and cause inappropriate 
elicitation approaches. Thus, both the cognitive 
aspects (e.g. decision making theories) and HCI 
aspects (interface issues) are important for the 
success of a fusion based DSS.  
 

5. Discussion  
In the information fusion literature, the idea of 
supporting human decision makers appears 
numerous of times, yet, research, most of the 
times, does not consider IFSs in the light of DSS. 
In the following subsections, some of the added 
value a DSS perspective provides for 
information fusion research is elaborated upon 
and some suggestions for future work are 
provided.  
 

5.1 Information fusion systems as 
DSSs  
Throughout the IF literature it is acknowledged 
that IFSs are intended, most of the times, to be 
used by human user e.g. “data fusion processes 
are generally employed to support human 
decision making” [5, p 432]; “The purpose of a 
fusion system should be tailored towards 
supporting a decision-maker” [4, p.1]; 
“Ultimately, information resulting from the data 
fusion process is presented to the human 
decision-maker through a computer interface” [6, 
p 1]. Hence, IFSs could, indeed, be treated as 
DSSs. In fact, considering the list of DSSs 
characteristics provided by [19], IFSs, in general, 
could consist of all components, as follows (cf. 
‘3. Decision Support System’): 
 

g) IFS contains knowledge of the 
environment due to data from different 
sensors, and could sometimes give 
information about future states  

h) IFS has the ability to  acquire and store 
knowledge (information) from different 
sensors 

i) IFS could present knowledge and 
information in various ways  

j) IFS has the ability to fuse information, 
and present it to the user for further 
considerations  

k) user of the IFS could interact with the 
system influencing the result  
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l) IFS could coordinate/facilitate interactions 
among multiple decision makers 

 
    Hence, IFS fulfils the requirements stated by [19] 
and, to some extent, the list provided by [20]; 
therefore, IFSs could be treated as DSSs. Similarly, 
another point of view: IF could be considered as 
requirement for effective DSSs i.e. “Without data 
fusion, the user is faced with dealing with data that 
is redundant, inconsistent and conflicting …” [11, 
p. 1] Hence, not only should an information fusion 
system be treated as a decision support system but 
also information fusion should be a component in 
DSSs to become effective.  
  

5.2 Fusion based DSS: A new class of 
DSSs 
In addition to identify different characteristics of 
IFSs, there is an added value to categorise DSSs. 
[18, p. x] argue: “Categorizing decision support 
systems can assist researchers and managers in 
understanding how this general class of 
information systems impact decision behaviour and 
how one should design and construct such 
systems”. In fact, [17] has a useful categorisation 
of different DSSs. At first, IFSs might be 
considered as data-driven DSS because of the 
emphasis on analysis of large amount of structured 
data. However, today’s IFSs are much more 
complex, and could be used for different purposes, 
resulting in the possibility to be categorised as 
different of [17] identified categories. First of all, it 
does not only fuse data from databases (e.g. data-
driven DSS) but also from models, simulations (e.g. 
model-driven DSS), further, they could be 
developed for different tasks (e.g. function specific 
or general purpose DSS). 
     Secondly, the traditional view of DSSs (such as 
the previous mentioned categories e.g. data-driven 
DSS) does not properly take into account the 
mixed-initiative interaction [15], often exploited in 
IFSs [e.g. 29]. Also, [3] argue that IFSs is 
particularly challenging because of the information 
flow. Ordinary computer systems could be 
classified as either user-driven applications or data-
driven applications. IFSs comprise both modes of 
interactions, simultaneously. On one hand, data is 
received from sensors and processed by automated 
fusion processes for presentation to the user. On 
the other hand, the user is in charge of the system 
and can initiate interaction to retrieve information, 
perform computations and control the system 
resources. Also, not to forget provide input to aid 
the system. As a consequence, the interaction is 

complex and both modes need to be supported. 
This is further reinforced when comparing DSSs 
[19] and IFSs characteristics e.g. cf. previous 
mentioned characteristic “e” i.e. IFSs’ users 
could influence the result, and even, when 
needed, encouraged to aid IFS to come to a 
conclusion, as a contrast to traditional DSSs. 
      Thirdly, due to the typical environment 
captured by IFSs, they are not typical ‘decision 
support systems’. DSSs are often based on the 
classical decision making paradigm which views 
humans as rational being capable of making 
objective decision between alternatives. IFSs, on 
the other hand, often deal with dynamic 
environments characterised by real-time data, ill-
structured problem, shifting goals, multiple users, 
i.e. the characteristics of ‘natural decision 
making’ NDM (i.e. the research discipline which 
studies real decision making in its natural 
settings cf. [34]).   
      Therefore, a new class of DSSs is needed 
which emphasise the added value and 
characteristics of fusion, namely, “Fusion Based 
Decision Support Systems”. This class 
complements the list provided by [17], 
previously mentioned. In detail the class would 
include the following aspects:  
 
- Fusion based DSS e.g. systems which are 

based on fused information from different 
sources such as sensors, databases and models, 
providing both automatic and semi-automatic 
fusion processes i.e. enabling complex 
decision making from large amount of 
information (which may be conflicting/ 
contradicting or uncertain) without 
information loss (e.g. information is not just 
filtered, but aggregated)   

 
In other words, the system does not only 
combines different information sources for 
aiding the user but also providing automatic and 
semi- automatic fusion processes i.e. providing 
control to the user (for examples of possible 
control functions cf. [7]. This is in contrast to 
ordinary DSSs which are, according to [18], 
often categorised as either automated decision 
aid or decision support system. As similarly to 
the arguments of [22], the traditional DSSs, as 
currently constituted, cannot adequately inform 
the development and implementation of effective 
medicine decision support, likewise, information 
fusion based DSSs.  
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5.3 Benefits, Challenges and Drawbacks  
Approaching IFSs as DSSs may have different 
implications for the development and design of the 
system. Some of them are elaborated upon in the 
following subsections.  
 
 

5.3.1 Benefits  
When considering IFSs as DSSs there are a number 
of benefits, especially if the IFSs are developed in 
a similar vain as the methodology provided for 
DSSs by [21]. 
     First of all, information fusion as currently 
constituted is lacking a user perspective, treating 
the IFS as a DSSs would naturally give this 
perspective. Today, often papers present the 
technological aspects of IFSs; forgetting to explain 
how it is actually going to be used by users i.e. how 
the interaction with the system works and actually, 
in what sense, users are supported by the system. A 
user perspective has been seen as less interesting 
and merely as an interface and visualization issue. 
In other words, traditionally, it could be argued that 
IFSs are treated as just a collection of sensors and 
data. Nevertheless, the role of the user should not 
be underestimated. Indeed, it exist a common 
consensus which imply the need for a more user 
centred approach [3]. For instance, there is a 
transition within the information fusion community 
to extend the concept of the information fusion 
process to include humans as well e.g. [11, 7, 14]. 
However, there is a lack of means (beyond ‘level 5’) 
to reach and create this ‘user perspective’. Having 
a DSSs perspective would ease this development, 
the framework provided by [21] is a great starting 
point. 
      Second, enabling this user perspective and 
treating IFSs as DSSs may ensure the effectiveness 
of the system. Today, IFSs become more and more 
advance and in order to optimize the system it is 
not enough to use more advance sensors. As [6] 
argue, the ultimate performance of a decision aid 
does not only depend on the quality of it, but also 
of the possible utilization of the system. It becomes 
clear that there is a need to approach IF from 
another perspective, i.e. the DSS perspective. In 
other words, we need to acknowledge the goal of 
the information fusion system e.g. the purpose with 
an IFS, is according to [3, 4], to some extent, to 
support the user’s decision making process. 
Treating IFSs as a DSS may have implications for 
the design of IFSs, and further ensure the success 
of the IFSs (cf. [21]).   

    Third, treating IFS as a DSS would provide a 
natural top-down perspective. Driven by the JDL 
model, research in information fusion has, up till 
now, been bottom-up. This has lead to numerous 
studies focusing on the lower level of the JDL 
model. In contrast, treating IFS as a DSS might 
give a top-down perspective (thus, in extension, 
providing a holistic view of the information 
fusion process), increasing the research 
performed at the higher levels of the JDL model, 
especially, those dealing with user issues. In 
other words, having a top-down perspective 
would give the focus of who should be supported 
by the system, what information we need in 
order to make the decision i.e. the goal of the 
system is acknowledged.  This would enable the 
needs and requirements of users are considered 
before considering what data we could actually 
fuse and what relationships we could find in the 
data to support a decision. In other words, “If the 
fusion approach was attacked top-down, then the 
community would start IF designs by asking the 
customer what they need” [9,p.2]. 
    

5.3.2 Challenges 
However, it is not straightforward to treat IFS as 
DSSs. There are a number of challenges. First of 
all, maybe most challenging, as well; to build 
effective DSSs one needs to have a thorough 
understanding of the decision making process. 
Indeed, “maximally effective decision aiding 
requires the problem representation in the 
decision aid to reflect the problem representation 
and cognitive processes of the decision maker 
using the aid” [21, p. 1244]. However, in IF 
research, there are a lack of research focusing on 
the user’s decision making process embedded in 
an information fusion setting.  There have been 
attempts e.g. [7], however, much remains to be 
done. Consequently, in order to treat the IFS as 
DSSs there is a need for research that considers 
the user’s decision making process when 
interacting with IFS. However, an interesting 
suggestion is provided by the DSS community 
i.e. [21]. In this framework, a ‘Task Summary 
Description’ (TSD) is created to capture the 
user’s decision making process. From the TSD, 
requirements for DSSs could be identified. To 
create TSD they propose tools such as 
behavioural/cognitive analysis protocol and 
COGNET cf. [21]. 
      Second, to my knowledge, there is no 
research which examines if, for instance, the fact 
that information is fused, affects the user’s 
decision making. As it is today, it may be 
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difficult to change the focus from the more 
technical oriented IF research, hence, it may be 
difficult to ensure the success of treating the IFS as 
DSSs. However, there are other areas which have 
introduced DSSs with promising results. For 
instance, [30] drew the conclusion, amongst others, 
that despite the fact that the concept of 
organisational DSSs has evolved over many years, 
no study has examined enterprise resources 
planning (ERP) systems functioning as a type of 
organisational DSSs (even though ERP and related 
systems perform similar functions as organisational 
DSS). [30, 31] address this issue and describe the 
characteristics of ERP systems as DSS and the 
benefits. This possible mapping further establishes 
the possibility for treating IFSs as DSSs. 
      Third, so far, the two disciplines of IFS and 
DSS have developed independently and there is a 
need for informing and combining the research 
results from the two areas i.e. fuse the existing 
research results. Today, there might be a possibility 
that the two areas are dealing with similar 
problems. For instance, the IF community could be 
informed on how to provide a user perspective 
when designing IFSs. Similarly, DSS community 
could benefit from IF community, for instance, [32] 
argues: an efficient information system which 
supports decision making need to present 
information of the past, present and future (thus, 
integrating databases with simulations and models 
i.e. the aim with IF). Clearly, information fusion 
might be a successful technique to utilise.  

 

 

 5.3.3 Drawbacks 
There might be limitations in considering IFSs as a 
DSS. For instance, looking at information fusion 
systems, one could see that it does not confirm to 
the neat logical view of DSSs i.e. DSSs does not 
accommodate for e.g. the active user (i.e. mixed 
initiative interaction, where the system could be 
supported by its users), which typically distinguish 
IFSs.   
     Moreover, [22] recognised that there is a 
general need to go beyond the traditional view of 
DSSs i.e. we need to look beyond the classical 
decision making (CDM) theories which they are 
built upon. [22] acknowledge that we instead of 
CDM need to focus on (1) problem solving skills, 
(2) to capture the nature of decisions a ‘Naturalistic 
Decision Making’ approach is essential, (3) the 
technology (i.e. decision support) need to be 
considered as mediators of performance. In other 

words, there is a need to change how DSSs are 
approached in order to build successful 
technology which could mediate human decision 
making processes. Further, they argue that we 
need to have a deeper understanding of a) 
performance in actual settings, b) effects of 
technology propagating thought the different 
layers of an organisation, and, c) the adaptability 
of health professionals to an increasingly 
technology mediated world. These would be 
issues transformed to IFSs. Hence, there are 
known limitation within DSS which need to be 
considered before treating IFSs as DSSs. 
However, by original starting out with a special 
class of fusion based DSSs and by using the 
proposed method by [21], the above identified 
drawbacks may be limited. Although, to be noted, 
the limitations of the DSS paradigm as 
demonstrated by [22], has yet to be noticed by 
the mainstream DSS community. 
 

6. Conclusions and future 
research  
In future, it is clear that IFSs will play an ever 
larger role in our world, working for, and in 
cooperation with users. To date, most research in 
information fusion has not explicitly focused on 
treating information fusion systems (IFSs) as 
decision support systems (DSSs), at least not in 
the traditional sense of decision support research 
(similarly, very limited research presented in the 
DSS community uses fusion technology). The 
Information fusion field has benefited from 
substantial research efforts in the technological 
aspects of information fusion, however, much 
research remains to be performed, especially 
concerning user aspects, hence, understanding 
the user’s utilisation of IFSs and capturing the 
user’s decision making process. This paper 
proposes that treating IFSs as DSSs is a first step 
towards ensuring the effectiveness of IFSs. In 
addition to a user perspective, it could also 
provide a top-down perspective to IF and overall 
ensure the success of the IFSs. However, more 
research is needed. Indeed, [21] argue that an 
understanding for user’s actual decision making 
process is needed before being able to build 
effective DSSs, hence, research capturing user’s 
decision making process and user’s integration to 
IFSs, is essential.   
      Future work will further investigate the 
relationship between users and their IFSs (hence, 
the users’ decision making process exploiting 
capabilities of IFSs), as similar to [33].  
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