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ABSTRACT 

Command and control is central in all distributed tactical operations such as rescue operations and 
military operations. It takes place in a complex system of humans and artefacts, striving to reach 
common goals. The command and control complexity springs from several sources, including 
dynamism, uncertainty, risk, time pressure, feedback delays and interdependencies. Stemming from 
this complexity, the thesis approaches two important and related problem areas in command and 
control research. On a general level, the thesis seeks to approach the problems facing the command 
and control operators and the problems facing the designers in the associated systems development 
process. 

We investigate the specific problem of operators losing sight of the overall perspective when 
working with large maps in geographical information systems with limited screen area. To approach 
this problem, we propose high-precision input techniques that reduce the need for zooming and 
panning in touch-screen systems, and informative unit representations that make better use of the 
screen area available. The results from an experimental study show that the proposed input techniques 
are as fast and accurate as state-of-the-art techniques without the need to resort to zooming. 
Furthermore, results from a prototype design show that the proposed unit representation reduces on-
screen clutter and makes use of off-screen units to better exploit the valuable screen area.  

Developing command and control systems is a complex task with several pitfalls, including getting 
stuck in exhaustive analyses and overrated reliance on rational methods. In this thesis, we employ a 
design-oriented research framework that acknowledges creative and pragmatic ingredients to handle 
the pitfalls. Our approach adopts the method of reconstruction and exploration of mission histories 
from distributed tactical operations as a means for command and control analysis. To support 
explorative analysis of mission histories within our framework, we propose tools for communication 
analysis and tools for managing metadata such as reflections, questions, hypotheses and expert 
comments. By using these tools together with real data from live tactical operations, we show that they 
can manage large amounts of data, preserve contextual data, support navigation within data, make 
original data easily accessible, and strengthen the link between metadata and supporting raw data. 
Furthermore, we show that by using these tools, multiple analysts, experts, and researchers can 
exchange comments on both data and metadata in a collaborative and explorative investigation of a 
complex scenario. 

This work has been supported by the Swedish Defence Research Agency and the Swedish 
Armed Forces. 
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Chapter 1 
Introduction 

Command and control is central in all distributed tactical operations such as 
rescue operations and military operations. Due to the complexity encountered in 
this kind of work, extensive resources are devoted to the development of new 
technical solutions to support the operators involved. In this thesis, we propose 
tools both for supporting the operators carrying out certain low-level command 
and control (C2) work, and for supporting the designers in the associated 
development process. 

Command and control takes place in a complex system of humans and 
artefacts, striving to reach common goals in distributed tactical operations; for 
example a multi-agency rescue operation concerning a large accident or a 
military operation involving a mechanized battalion with specific mission orders. 
Command and control work is highly dynamic and highly uncertain. It involves 
countless entangled subcomponents and comes with great risks, time pressure, 
feedback delays and interdependencies. Obviously, technical support is needed 
and used in numerous problem areas in command and control, such as for 
communications, graphical order management, resource monitoring, status 
monitoring and unit tracking.  

In this thesis, we deal with the important issue concerning operators 
interacting with information systems in the confined environments of command 
and control vehicles. In particular, when operators are working with maps much 
larger than the limited computer screen, they face the immediate problem of 
getting lost while panning and zooming in the system. Woods (1995) named this 
issue the keyhole problem. To confront this problem, we present two 
complementary candidate techniques. The first technique approaches the problem 
by providing the operators with efficient means of interaction based on high-
precision touch-screen input. The second technique approaches the problem by 
providing informative visual representations of military units. 

The complex nature of a socio-technical field such as command and control 
propagates to the process of systems development. System designers face a 
substantial challenge in gaining proper insight into the command and control 
work situations and in identifying the needs for changes. Furthermore, the 
designers need support to evaluate the consequences of changing the command 
and control system by introducing new technological artifacts, new methods and 
doctrines, modified organizations, and new personnel. Additionally, when 
analyzing complex socio-technical systems, there is an inherent problem of 
dealing with large amounts of process data from field trials. In this thesis, we 
provide exploratory tools for command and control analysis to take on these 
problems. These tools include a means for communication analysis based on 
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interactive data presentation, and an approach to help analysts, designers and 
domain experts to incorporate their insights and reflections into the supporting 
raw data. 

1.1 Setting 
This thesis is devoted to the study of how to support operators working with 
geographical information systems in low-level command and control on the one 
hand, and how to support command and control systems development on the 
other. The first part is naturally more narrow and focussed than the latter part, 
since it can be considered an instance of such a design problem that the latter part 
aims at supporting. 

The overall setting of this research concerns low-level command and control 
within the scope of C2 systems development projects. The domains include 
battalion-level command and control for mechanized units, battalion-level 
command and control for helicopter units and airborne units, as well as 
operational command and control in multi-agency rescue operations. These 
close-to-the-action domains put various demands on C2 work. First, because of 
the nested structure of command and control, humans will always be a central 
part of any event. This leads to extensive dynamism as well as significant 
interdependencies between personnel. Furthermore, since conditions can vary 
dramatically during the course of actions in a time-critical situation, the nature of 
problems also changes over time. Commanders have to deal with multiple on-
going tasks of varying duration, and problems with multiple possible causes and 
consequences. Inherent in C2 are the problems of interruptions of tasks and 
delayed or missing feedback. Last, and most important, because of the enemy 
actions and the hazardous environments, there is great uncertainty and risk 
associated with the work.  

Besides the organizational command structure, rules and regulations, 
theoretical education and practical training, technical systems are often expected 
to be a powerful support to cope with the complexity associated with C2 in 
tactical operations. Since the underlying work complexity cannot be removed, 
the technical systems must provide means for dealing with the inherent 
complexity (Hollnagel, 1997).  

Designing useful systems that support C2 operators is challenging. To first 
exhaustively determine the true requirements of the system-to-be and then use 
this specification for procurement and, eventually, as a blueprint for rationally 
building the system is an approach that has not been shown to be effective for 
socio-technical, ill-structured problems (Löwgren, 1997; Tolvanen, 1998). There 
is a risk to address only the straightforward and well-defined measurable aspects 
of a problem, as these are not necessarily the most crucial aspects for a useful 
system in the new reality (Nelson & Stolterman, 2003, p. 187). Furthermore, 
such an approach can easily lead to what Nelson and Stolterman (2003) called 
analysis paralysis and value paralysis, which ultimately deplete resources 
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without achieving problem insight or useful artefacts. Heavy emphasis and 
reliance on rational methods can also lead to the hiding of responsibility (ibid, p. 
246; Bell, 2004): designers blame the methods when a systems development 
project fails. It is important to shed light on the fundamental difference between 
verifying that the system was built according to specifications, and validating that 
the system fulfils a purpose. Thus, there is a need to support the designers to 
confront these problems and to take a validation stance. 

1.2 Approach 
The main idea underlying our research is that to provide tools to support the C2 
operators we need an exploratory design approach to handle the complexity. Our 
approach is based on design-oriented research (Fällman, 2003a; 2004). On a 
general level, a design-oriented research approach uses design, the bringing forth 
of something new, to take on the difficulties of reaching insight into the problem 
domain. The sketching of design artefacts serves as an intertwined means both 
for understanding the problem domain and for proposing solutions (see Figure 1). 
The approach acknowledges creative and pragmatic accounts of design besides 
the traditional rational viewpoints and it regards the activity of sketching as a 
fundamental ingredient. In this way, the design-oriented research approach 
emphasizes the importance of validation, the questioning of the underlying 
problems and needs, and the addition of domain knowledge. Verification issues 
concerning formal methods for rational-technical generation of refined solutions 
are thus seen as subordinate. 

The support systems used in C2 work deal with various types of events and 
properties of the world and need to make the representations of these events and 
properties as informative as possible for the operators. Depending on how a 
situation is represented, different means for interpreting and solving problems 
emerge (Simon, 1996; Zhang & Norman, 1994). Therefore, our approach 
specifically addresses representation design (Woods, 1995) as a key issue. On a 
high level, the main principles of representation design include finding frames of 
reference that allow expression of the relevant relations between data; putting the 
represented data into the context of related values and landmarks within the 
frames of reference; and highlighting significance, contrasts and change relating 
to real world aspects. A successful representation design is effective in several 
ways (Woods, 1995; Woods, draft): It affects the structure of problems, avoids 
data overload, focuses attention, and reduces the need for secondary tasks. 

Moreover, since we are dealing with socio-technical systems, the approach 
must be grounded in the study of realistic settings (Hutchins, 1995; Woods, 
1993; Woods, 2003; Mackay & Fayard, 1997). This does not mean that 
controlled laboratory experiments are abandoned. Preferably, they are used for 
focusing on aspects that are clearly connected to real world situations, without 
over-generalizing the interpretations of the laboratory results (Hutchins, 1995). 
Dealing with realistic settings is challenging. Above all, it is difficult to get an 
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overview of distributed activities and to capture the tacit command and control 
processes. To study the C2 work in relevant settings, we have adopted a method 
of reconstruction and exploration of real operations and realistic exercises 
(Morin, 2002a; 2002b). The reconstruction involves several steps for 
constructing a multimedia model of the course of events of a distributed work 
session. This model incorporates extensive process data such as audio, video, 
digital photographs, observation protocols, system log files, and position track 
files from multiple sources in the operational environment. These data provide a 
trace of the cognitive processes in relation to the unfolding course of events in a 
complex work session. The exploration refers to the rendering of this model in a 
multimedia framework that supports explorative analysis of the data. 

1.3 Problems and research questions 
This thesis deals with two important and intertwined problem areas in command 
and control. It investigates possibilities to support the operators in low-level 
military command and control work. It also seeks to support the system designers 
in the process of creating useful artifacts for C2 work. These problem areas are 
intertwined since we need analysis tools to judge and measure the needs, impact 
and relevance of operator support tools. 
1.3.1 Supporting the system operators 
The sources of complexity in low-level military C2 are diverse and there is a 
need for support in several activities. One important and ever-present issue 
concerns operators interacting with geographical information systems in the 
demanding and confined environments of C2 vehicles. When operators are 

Understanding

Sketching

Results in…

Gives input for…

Give input for…

Results in 
improved…

Solutions

 

Figure 1: A high-level view of the basic design-oriented research approach. The 
sketching of design artefacts results in both an improved understanding of the 
problems and needs of the C2 system, and factual C2 systems solutions. 
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working with maps much larger than the limited screen they are presented on, the 
operators face the imminent problem of getting lost while panning and zooming 
in the system.  

The research question that stems from this problem can be formulated as: 
How can a technical support system be improved to tackle the challenges of C2 
operators dealing with large geographical maps in demanding environments? 
1.3.2 Supporting the system designers 
For researchers and designers2, it is a well-known difficulty to reach an 
understanding of how to assist C2 operators in their work. The designers also 
need support for evaluating the consequences of changing the C2 system. 
Furthermore, when analyzing complex socio-technical systems, there is an 
inherent problem of dealing with large amounts of process data from field trials.  

The research question that stems from this problem can be formulated as: 
How can the designer toolbox be enhanced to deal with the complexity of 
explorative C2 analysis? 

1.4 Contributions 
Concerning the support for operators in low-level military command and control, 
this thesis contributes to the problem of getting lost while working with large 
geographical maps on much smaller screens in information systems. The 
contribution includes input and output techniques to deal with the keyhole 
problem. 

• Input techniques—high-precision touch-screen interaction: We present 
touch-screen input techniques that can keep the overview and lessen the 
need for the secondary tasks of panning and zooming, but that can still 
operate at high precision and high speed. Two candidate techniques are 
evaluated in a formal experiment, and are found to achieve performances 
comparable to traditional zooming approaches (Section 4.1; Paper II).  

• Output techniques—informative military unit representations: We propose 
a novel way of representing military units to confront the keyhole 
problem. The approach helps operators monitor large sets of unit 
positions, gives hints on unit positions and patterns both within and 
outside the screen area, and lowers workload by aggregating several 
individual graphical elements into larger chunks (Section 4.2; Paper III). 

Concerning the support for analysts and systems designers, this thesis contributes 
to the area of explorative C2 analysis. The contributions include means for 
communication analysis and means for strengthening the coupling between 

                                                 
2 This thesis brings together design and research, and therefore also the designer and the researcher. To 
deal with the complexity of understanding C2, we argue that the researcher must take the role of a 
designer. In the rest of this thesis, we will use the term ‘designer’ to refer to this compound of researcher 
and designer. 
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analysis products and supporting raw data. 

• Supporting exploratory communication analysis: To support the 
demanding work of communication analysis, we propose an explorative 
approach that addresses several of the inherent problems by using 
interactive data presentation. The approach manages large amounts of 
data, preserves contextual data, supports navigation within data, and 
makes the original communication data easily accessible (Section 5.1; 
Paper I; Albinsson, Morin & Fransson, 2003; Morin & Albinsson, 2004). 

• Managing metadata in exploratory analysis: We present an approach to 
strengthen the integration between raw data from distributed tactical 
operations and metadata such as insights, reflections, hypotheses and 
conclusions. Using this approach, multiple analysts, experts, and 
researchers can exchange comments on both data and metadata in a 
collaborative and explorative investigation of a complex scenario 
(Section 5.2; Albinsson, Morin & Thorstensson, 2004). 

In addition to these individual contributions, this thesis also includes initial work 
towards a design-oriented research framework (see Chapter 3). The framework 
regards systems development as a means for reaching new knowledge of C2 
work.  

1.5 Outline 
The thesis is divided into two main parts. The first part includes the background 
and motivation for our research, the methods used, and the results obtained. 
Chapter 2 gives an overview of command and control and the challenges 
involved in developing command and control systems. Chapter 3 explains our 
design-oriented view on C2 research and describes our research framework. 
Chapters 4 and 5 present the main results of our research, dealing with C2 
support and systems design support, respectively. Chapter 6 concludes the first 
part. The second part comprises three papers that expand on the subjects brought 
up in Chapters 4 and 5.  
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Chapter 2 
Background 

The main background elements in this research are operational command and 
control work and command and control systems development and their inherent 
sources of complexity. This chapter first introduces command and control in 
general, largely based on the work of Morin and Albinsson (2004). After 
providing a model of the concept of complexity, we use it to briefly describe the 
inherent sources of complexity in low-level C2 and to discuss strategies for 
coping with them. The following chapter presents pitfalls and challenges in 
systems development in C2 research including wicked problems, the risks of 
paralysis, and issues on verification and validation.  

2.1 Command and control 
Command and control work is central in any distributed tactical operation such 
as fire fighting, law enforcement, rescue operations, and military operations. It is 
carried out in a complex system of humans and artefacts, striving to reach 
common goals. The artefacts include technical support systems but also 
doctrines, methods, and organizational structures. 

Pigeau and McCann (2000) provided a general definition of command and 
control that focuses on its role in a distributed activity: “The establishment of 
common intent to achieve coordinated action” (p. 165). They further distinguish 
between intent that is publicly communicated (explicit intent) and intent that is 
assumed from the cultural, organizational, and individual context (implicit 
intent). Based on this notion, Shattuck and Woods (2000) analyzed command and 
control in the theoretical framework of a distributed supervisory control system, 
conceived as a hierarchical assembly of remote supervisors and local actors who 
cooperate to control some process: 

A remote supervisor uses a communication process to provide local 
actors with plans and procedures and to impart his or her presence. 
The degree of control established by the remote supervisor influences 
the ability of local actors to adapt to unanticipated conditions based on 
the actors’ assessments of their local environments (p. 281, original 
boldface). 

By specifying the boldface terms, we can characterize generic command and 
control in distributed tactical operations as a distributed supervisory control 
system: 

• Remote supervisor: a commander who is responsible for carrying out the 
task assigned by coordinating the actions of several units. 
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• Local actors: subordinate commanders or leaders who monitor local 
conditions and respond to the plans and procedures of their remote 
supervisors.  

• Communication process: the means of exchanging information between 
the superior commanders and subordinate commanders.  

• Plans and procedures: directives for coordinated action in anticipated 
situations.  

• Presence: the subordinate commanders’ sense of being close to the 
superior commander despite physical separation.3 

• Degree of control: the latitude or flexibility a superior commander will 
give subordinate commanders to adapt plans and procedures in response to 
unanticipated situations.  

Applying these definitions recursively makes it possible to define distributed 
supervisory control systems with multiple levels. Thus, a commander at a 
specific level in the hierarchy can be both a local actor with respect to a superior 
commander, who acts as a remote supervisor, and a remote supervisor with 
respect to subordinate commanders serving as local actors. 

Communication is crucial in the command and control of distributed, safety-
critical human activities. In such environments, multiple units operate at separate 
locations under hazardous conditions to achieve common goals. Commanders, 
team leaders, and specialists must communicate to coordinate and synchronize 
their efforts (e.g., Rasker, Post & Schraagen, 2000). A distributed supervisory 
control system links the role of command and control to the role of a 
communication process as a conveyor of plans, procedures, specifications of 
degree of control, and reports on system status between supervisors and local 
actors in a hierarchical, distributed organization. In essence, this issue concerns 
what must be communicated, before and during a mission, and what can be 
managed at a local level guided by what has been communicated and what can be 
inferred from the context.  

This thesis focuses on aspects of low-level command and control, ranging 
from battalion level and below in the military domain, and corresponding 
operational levels in rescue and emergency response domains. One example of 
the C2 work of interest concerns commanders and leaders operating 
computerized support systems inside combat vehicles. Another example is the 
inter-agency C2 work carried out between on-site incident commanders, incident 
officers and personnel during large rescue operations and during crisis 
management. This level involves especially challenging conditions with regard to 
time pressure and other types of complexity. To further concretize the inherent 
sources of complexity we first need to look into the concept of complexity. 
                                                 
3 The superior commanders’ sense of being close to the subordinate commanders is certainly also 
important. 



 9

2.1.1 Complexity 
The concept of complexity has several interpretations (Bainbridge, Lenior & van 
der Schaaf, 1993). According to Leplat (1988), complexity is coupled to the 
operator. A task may be complex for one person, but simple for another. 
Increasing the operator’s skill may reduce task complexity as “task complexity is 
not the same at the beginning and at the end of learning” (p. 107). Woods (1988) 
elaborated further and saw a triadic composition of complexity:  

1. World: Different characteristics of the domain will make some things 
harder than others. 

2. Representation: The way a problem is represented affects how it can be 
solved (Woods, 1995). As Simon (1996) put it: “… solving a problem 
simply means representing it so as to make the solution transparent” 
(p. 132).  

3. Agent: Complexity also depends on the problem-solving capabilities of 
the agent involved in a situation. 

For the moment we shall concentrate on aspects of complexity that pertain to the 
world and the tasks in the world. We shall address representation issues in 
Section 2.5 later in this chapter and properties of the agent will be highlighted 
briefly for discussion in Chapter 6. Woods (1988) used four dimensions to 
characterize complexity arising from the world or domain:  

• Dynamism: To what extent can the system change states without 
intervention from the user? To what extent can the nature of the problem 
change over time?  

• Interconnecting parts: The number of parts and the extensiveness of 
interconnections between the parts or variables. To what extent can a 
given problem be due to multiple potential causes and to what extent can 
it have multiple potential consequences? To what extent are there 
competing goals and to what extent can multiple on-going tasks have 
different time spans? 

• Uncertainty: To what extent can the data describing the system be 
erroneous, incomplete, or ambiguous—how predictable are future states?  

• Risk: What is at stake? How serious are the potential consequences of 
users’ decisions? 

Leplat (1988) described three temporal factors of complexity that are not 
primarily characteristics of the world, but rather characteristics of the tasks 
involved, and therefore related to the agent. From one point of view, Woods’ 
four dimensions may subsume these sources of complexity. However, they 
explicitly capture crucial aspects of complexity:  

• Time pressure: Users must handle situations where the rate of input or 
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amount of simultaneous data exceeds their ability to assimilate sufficient 
information (data overload). They may filter data, queue tasks or, if worst 
comes to worst, abandon the tasks (cf. the interconnecting parts 
dimensions). 

• Interruptions: Often, straightforward tasks can be hard to continue if they 
are interrupted. An interruption may be another more urgent task or a 
disturbance in the environment (cf. the dynamism and parts dimensions). 

• Feedback delays: When feedback is lacking or delayed, operators must 
rely on feedforward control (Hollnagel, in press)—that is, open-loop or 
prospective control. Depending on the nature of the feedback problems 
and the operator’s mental models of the situation, this approach may be 
more or less opportunistic. If the user has a solid knowledge of the 
emerging situation, she may be able to carry out successful actions 
without feedback. However, in many cases it would be difficult to know 
the current state of the system (cf. the uncertainty dimension). 

Bainbridge and colleagues (1993) added the social dimension: 

• Dependencies of others: Tasks that to a high degree must be carried out in 
a group or that have parts that other workers need to be involved in or 
aware of, place special demands on practitioners involved. Examples 
include communication, synchronization, externalization and 
interpretation of problems, and other social matters. Human involvement 
and behaviour naturally contribute to overall system complexity, making 
this source of complexity a part of all others. 

All these approaches to characterizing the components of complexity overlap, 
and the dependencies between the parts are extensive. Therefore, it is important 
to realize that two or more sources of complexity together can produce new 
characteristics of a system.  
2.1.2 Complexity in C2 
Complexity in low-level C2 scores highly on all the complexity dimensions 
described earlier. Because of the nested structure of command and control, 
several levels of humans and artefacts will always be a central part in any 
situation. This means that the system as a whole will, to a great extent, change 
states without a particular user’s intervention. Furthermore, since conditions can 
vary dramatically during the course of actions in distributed tactical operations, 
for example weather, terrain, enemy activity, casualties and personnel conditions, 
it is obvious that the nature of problems also changes over time. Multiple on-
going tasks are common in low-level C2. Actors handle both activities with very 
short time spans, such as reporting enemy activity or prioritizing casualties, and 
those with longer time spans, such as monitoring resources to be able to carry out 
future orders. Models of C2 are often massive and with extensively 
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interconnected parts. To exemplify the interconnectedness of C2, imagine the 
following scenario: 

A commander identifies a unit, aided by a sensor system. With results 
indicating a positive enemy classification, the commander reports to a 
superior unit using a communication system. Let us say that the 
identification was incorrect, and it was not an enemy unit. The cause 
of this problem could originate from misinterpretation or malfunction 
of the sensor system—but the cause could also originate from 
information warfare. The consequences can vary dramatically: from 
unnecessary rerouting of planned movements to fratricide. 

Furthermore, time pressure varies considerably during different parts and phases 
of the chain of command. Fighter pilot activity (Amalberti & Deblon, 1992) 
reaches extreme levels in time pressure, but other areas and situations in 
command and control are time critical as well. Interruptions of tasks are frequent 
and demanding and feedback in the system is often delayed or missing (e.g. radio 
communication problems). Enemy actions are a great source of uncertainty; the 
enemy cannot afford to be predictable. The tough physical circumstances in the 
C2 domains (e.g. extreme heat, cold, noise, vibration) are another source of 
uncertainty. When it comes to risks, the consequences of C2 actions can be 
severe—lives are at stake. 
2.1.3 Coping with complexity in C2 
Coping with complexity in C2 has much to do with gaining and maintaining 
control of the C2 system. To control a system, there is a need for observability; 
that the operators know what is happening and what has happened is crucial for 
feedback of actions and awareness of system modes. To achieve predictability in 
C2 systems involves providing means for the anticipation of future events. There 
is of course the need for experience and knowledge; operators have to know what 
to do, when to do it, and how to do it. Experience and knowledge together with 
predictability make feedforward control possible. In feedforward control the 
operator carries out actions prospectively, based on a sound model of the system, 
and while feedback control—where the operator needs to react on system 
outputs—takes time, feedforward control saves time (Hollnagel, in press). In C2 
work there is always a combination of both modes of control. Gaining 
experience, for example, naturally relies on feedback of actions. If the rate of 
input or the amount of simultaneous data is too high to gain enough information, 
operators may have to abandon their tasks. If the task load is too low, however, 
other problems can occur (e.g. oversimplification or users slipping into zombie 
state). Last, even if the systems are observable and predictable, the users’ 
knowledge considerable, and there is sufficient time and the task load is good, all 
that is of limited use if the actions essential to complete the tasks cannot be 
carried out. An extensive degree of automation (or clumsy such) is an example 
where systems can cripple the users’ ability to carry out certain actions (e.g. 
Dekker & Hollnagel, 1999).  
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Hierarchical decomposition is a standard way of managing complexity in 
distributed tactical operations. Introducing multiple command levels enables 
every level to control a smaller number of units. In addition, it makes it possible 
to address short-term responses to changing conditions in the environment and 
long-term strategies at different levels (Brehmer, 2000). The hierarchical 
structure invites for delegation of tasks and responsibilities. Furthermore, rules 
and regulations give a common ground for understanding implicit intent. This 
approach gives observability and predictability to the system as well as means for 
managing task load. To gain experience and deeper knowledge, a large part of 
the work of tactical operations units is devoted to both theoretical education and 
practical training. Furthermore, technical systems are often expected to be a 
powerful support to the difficult work associated with C2. This is especially true 
in the currently ongoing shift towards network-centric warfare (Alberts, Garstka 
& Stein, 1999), leading to new organizational structures and completely new 
needs for C2 systems. However, one must remember that the underlying work 
complexity in large socio-technical systems cannot be removed, only hidden, and 
to hide complexity is risky (Hollnagel, 1997). We should not make the systems 
portray the work as less demanding than it really is. Instead, we need to design 
for complexity and provide means for coping with the inherent complexity (ibid). 
There are of course numerous tasks in C2 that involve and call for an extensive 
degree of technical support, such as communications, graphical order 
management, monitoring resources, and keeping track of unit positions and unit 
condition. We shall not go further into these areas at the moment, but come back 
to particular issues in Chapter 4.  

2.2 Developing command and control systems 
Substantial amounts of resources are placed on systems development to deal with 
the complexity in C2, especially concerning the systems’ technical aspects. In 
Sweden, a large overarching C2 systems programme is currently ongoing in the 
Armed Forces, which aims at developing a Swedish network-centric defence by 
2010. There are also several projects for specific army, navy and air-force C2 
systems. In the civil domain, the Swedish Emergency Management Agency is 
currently developing a common communication system to support command and 
control for public safety authorities. Other civil C2 projects are carried out at the 
Swedish Rescue Services Agency and the Swedish Police Service. Due to the 
changing state of the world, with increasing concern for terrorist attacks and new 
types of military operations, command and control systems development is of 
international interest. 

To take on such large projects, the ordering party and the contractors often 
prioritize rationality and to wholly employ and follow formalized methods and 
processes. The extensive procurement process that accompanies large systems 
development projects traditionally relies on detailed requirements specifications 
based on the expressed needs of the customer. In this way, there is often a clear 
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distinction between identifying the problem and system requirements on the one 
hand, and building solutions that fulfil the requirements on the other. Whichever 
industry partner is chosen to take on the project of realizing these requirements is 
supposed to arrive at the right system solution based on the initial inputs. It 
would seem important then, that the requirements are as true as possible since 
they will be hard to completely rework after one industry partner has accepted 
the task of building the system.  
2.2.1 Research and systems development 
Formulating expressed needs and system requirements can only deal with the 
assumed needs, and not necessarily with true or correct needs. This issue is 
especially apparent when considering the problem of not knowing how the needs 
will come about after the system is introduced—the envisioned world problem: A 
new system will alter the tasks it was designed to handle, and alter the situations 
where these tasks occur (Woods & Dekker, 2000). It creates a new reality. 
Furthermore, there is nothing that guarantees that the derivations from needs to 
requirements are valid either; there are countless possible interpretations of what 
the assumed needs imply. There are numerous examples of system development 
projects that failed to bring forth solutions that met actual needs of the actors in 
the work situation (see e.g. Tolvanen, 1998; Woods & Dekker, 2000). Also, 
projects frequently exceed the budgets because of the customers’ gradually 
evolving insights into the shortcomings of the initial ‘elicitation’ of requirements 
(Löwgren, 1997). Following formal methods can be seen as a way to structure, 
standardize, and provide a common language for system development 
(Cronholm, 1998). Standardization can be beneficial for large systems 
development contractors with the unchallenged focus on profit and where added 
knowledge or insight is of subordinate value. Similarly, leading in-house 
development companies do not necessarily want to arrive at a high-quality 
solution, but a solution that is not worse than their competitors (Graham, 2004, 
ch. 2). For them it is more important to be able to reach an acceptable outcome in 
predictable time than risk spending time in unsure but interesting and 
unconventional directions. However, when it comes to C2 research, the main 
goal is to reach a better understanding of C2—the addition of new knowledge— 
rather than actual products. In this case, the arguments for a mainly rational view 
on how to conduct systems development are less applicable. When using systems 
development in C2 research, it would then seem risky, if researchers would use 
an approach that places stronger emphasis on standardizing the development 
process than on supporting the expressiveness of the designers.  
2.2.2 Wicked problems 
If the imagined goal is to find the true or ideal needs before building the C2 
system, there is a risk of designers getting caught in dealing with mostly straight-
forward and measurable aspects (Nelson & Stolterman, 2003) which can hide the 
really important needs: a wicked problem is treated as a tame problem (Rittel & 
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Webber, 1973). Rittel and Webber described the characteristics of a wicked 
problem as follows (ibid, pp. 161–167): 

• No definitive formulation: A wicked problem cannot be exhaustively 
formulated, because the “information needed to understand the problem 
depends upon one’s idea for solving it” (p. 161). Every problem can be 
seen as a symptom of another problem, and there is always a, more or less 
subconscious, choice between several possible problem explanations. The 
designers cannot know what possible solutions exist; it is a matter of 
judgment to decide whether to look for more possibilities or not.  

• No stopping rule: Designers do not terminate their work for any logical 
reasons inherent in the problem. Rather, the grounds for stopping include 
running out of “time, or money, or patience” (p. 162). The designers stop 
when they think the solution is good enough or when they think they have 
arrived at the best possible solution for now. 

• No true-or-false: There are no true or false answers for wicked problems. 
There will always be various parties involved that judge the solutions 
differently based on their own priorities and ideas. Furthermore, any 
solution will have repercussions that might completely change the grounds 
for earlier judgments, making any immediate or ultimate ‘solution test’ 
impossible.  

• No common problems: Every wicked problem is unique, which means that 
seemingly similar problems can have particulars that make them 
fundamentally different. Every solution is one-of-a-kind. 

• No right to be wrong: In ‘normal’ research, it is good practice to put 
forward hypotheses that are later refuted. When designing a solution for a 
wicked problem, this approach is considered less acceptable. This is 
because the designers are not aiming at finding the truth, but improving a 
situation, and if that does not succeed it is considered a failure.  

There are no clear borderlines between wicked and tame problems. A wicked 
problem is a problem that scores highly on the previous characteristics, whereas a 
tame problem is one that does not show the above characteristics to a high 
degree. The rest of this chapter will focus on wicked problems. 
2.2.3 Paralysis 
The activity of building C2 systems scores highly on all these characteristics of a 
wicked problem. It is impossible to successfully treat a wicked problem as a tame 
one since they are inherently different in nature. Doing so can lead to different 
forms of paralysis (Stolterman, 2001; Nelson & Stolterman, 2003). Analysis 
paralysis (ibid) concerns the, per definition, doomed hunt for general truths in a 
wicked problem. For every splinter of an answer the designers may find, several 
new questions will arise and possibly render the initial answer inapplicable. 
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Wicked problems are therefore too complex to penetrate exhaustively by 
retrieving more and more information without proper means for convergence. In 
such paralysis cases, there is the risk of ending up with oversimplifications of the 
problematic situation (Nelson & Stolterman, 2003, p. 187). Value paralysis (ibid) 
concerns the impossible strive towards universally optimal solutions of wicked 
problems. When putting great effort into reaching ideals for every aspect of a 
design problem, the values will soon come to oppose and contradict each other, 
and thus not lead the design forward. Value paralysis can also take the form of 
only valuing technically measurable aspects when evaluating the solutions and 
then putting large efforts on trying to arrive at their optima. Another example of 
paralysis concerns overrated reliance on formalized methods, models and tools 
(e.g. Göransson, 2004; Bell, 2004; Cronholm, 1998). Nelson and Stolterman 
(2003, p. 246) explained how these problems can lead to the hiding of 
responsibility: designers put the blame on the methods when failing in a systems 
development project. Per-Sigurd Agrell, having worked with assessing military 
C2 for over 30 years, concluded that a large part of the assessments of C2 must 
be based on judgment and creative work and that a technical-rational approach 
cannot be sufficient alone. Perspectives may be defined and fused in numerous 
ways, and these actions should be a part of the assessment procedure (Agrell, 
1998). 
2.2.4 Verification and validation 
The previous discussion is related to the concepts of verification and validation4. 
The concepts are most easily (and maybe also most usefully) defined as ‘are we 
doing the things right?’ and ‘are we doing the right things?’, respectively. 
Verification thus covers the more rational and formalized issues, whereas 
validation deals with a much trickier difficulty. Validation questions the problem 
as such rather than how the solutions are built. The test process in systems 
development methods traditionally takes a verification stance as it concerns how 
well the solution corresponds to the earlier derived models or blueprints. 
However, even methods that focus more on validation issues often still seem to 
regard human ingenuity as subordinate to technical rationality. Vicente (2000) 
for example, stated that “... we need to vastly reduce the creativity […] it takes to 
conduct an analysis” (p. 193). Introducing iteration into the development models, 
allowing the developer to go both forward and backwards in the different phases, 
does not change the fundamental rational-technical assumptions. The emphasis 
on different deliverables between the phases still implies separation and 
orderliness. On an overarching level, dealing with wicked problems, we rather 
need an approach that accepts working on all levels simultaneously. 

                                                 
4 See also Nelson and Stolterman’s (2003, p. 232) discussion on techné and phronesis. 
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2.3 Summary 
There is no doubt that low-level command and control work has many sources of 
complexity. This complexity calls for extensive training and education, effective 
methods and organisational structures, and appropriate technical support. The 
underlying work complexity cannot be removed. Instead, we need to provide a 
means for coping with the inherent complexity (Hollnagel, 1997). The problems 
involved in developing useful C2 systems that support this coping constitute a 
well-known challenge with several pitfalls. Using systems development as a 
means of gaining deeper understanding of C2, we must acknowledge the 
wickedness of such an undertaking and the important role of validation. In the 
next chapter, we therefore adopt the concept of design-oriented research 
(Fällman, 2003a; 2004) as a valuable starting point. 
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Chapter 3 
Method 

In this chapter, we describe a design-oriented approach to C2 research, 
independently of systems development methods. We do not discuss various 
systems development methods or processes, their characteristics or suitability for 
the C2 domain. The choice of such methods is left to the designers (Stolterman, 
1992). Instead, we focus on providing an overarching framework and later on in 
Chapter 5, some tools for the designer toolbox. 

The chapter starts with describing how a design-oriented approach shifts the 
focus of systems development to better suite our goal of reaching deeper 
understanding of C2. The area of representation design is introduced as a 
foundation for dealing with the important subject of making data informative in 
operational C2. Last, we deal with the issues of studying C2 in a realistic context, 
and we present a reconstruction-exploration approach (Morin, 2002b) for this 
purpose. The presentation of the three main methodological topics is followed by 
a description of their application in our research. A brief summary concludes the 
chapter. 

3.1 Design-oriented research 
In design theory (e.g. Nelson & Stolterman, 2003), design is seen as a more 
fundamental concept than the design phase in traditional systems development 
(e.g. van Vliet, 1993). On a general level, it can be seen as the way a practitioner 
approaches complex undertakings such as the ones characterized by wicked 
problems. More concrete, design is about the bringing forth of something not 
previously there; it is about changing reality. It is, therefore, also about predicting 
the future (Stolterman, 1999). 
3.1.1 Three accounts of design 
Nelson and Stolterman (2003) viewed design as an emergent compound of the 
true, the ideal and the real forms of inquiry. They argue that science only deals 
with what is true: “The true comes from accurate descriptions, and explanations, 
through controlled observation [or] from careful abstract reasoning, and logic 
[…]” (p. 35). The ideal concerns normative higher-level truth, expert norms or 
‘what should be’. The real however, is a lesser known but still a most crucial 
ingredient in design. “The real […] is a result of action, taken through judgment, 
and formed by intention.” (p. 35). It has a focus on production and innovation. 
This triadic view has similarities with other efforts to describe design. Borrowing 
the terms from Jones (1992), design can be described from the perspectives of 
creativity, control and rationality: 

1. From the viewpoint of creativity the designer is a ‘mysterious’ black box 
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capable of explosive divergence and accomplishing ‘creative leaps’ 
through some hidden process. 

2. From the viewpoint of control the designer is a self-organizing system that 
takes the actual design process into consideration and controls and 
evaluates the progress in a convergent manner. 

3. From viewpoint of rationality the designer is a rational decision maker as 
seen through a glass box. In this manner, clear purposes and strategies are 
observable for everything the designer does. This view is close to seeing 
design as an automatic process of refinement. 

Fällman (2003a, 2003b) elaborated on this triadic composition of design and 
names the three accounts the romantic, the pragmatic, and the conservative 
accounts of design, respectively. The romantic account expands on the black box 
perspective. It draws on artistry and imagination. This perspective distances the 
designer from the problematic situation by placing her on a higher level, where 
the problem is subordinate to the ‘piece of art’ product (ibid). The pragmatic 
account builds on the self-organizing system perspective. It prioritizes practice 
and experience over theory and method and places the designer as tightly 
involved and active in the problematic situation. The designer is regarded as a 
highly responsible practitioner (ibid). The conservative account evolves around 
the glass box perspective. It values scientific theory and formal engineering 
methods for rationally reaching an optimal solution from a problem that can be 
completely formalized. This view distances the designer from the problematic 
situation by attributing great power to methods and their step-by-step approach 
(ibid). 
3.1.2 Sketching 
Common to the triadic descriptions is the emphasis of regarding design as a 
compound—a unification of the parts—leading to an emergent whole that is 
more than the parts alone. The problems concerning systems development 
discussed in Section 2.2 originate from the fallacy of viewing design as only one 
of these parts; the conservative. The conservative account, or the rational 
viewpoint, relying on prescribed methods and structured approaches fails to 
capture how a designer really works (Fällman, 2003a; Löwgren, 1997). Instead, 
researchers argue that it is more appropriate to use the activity of sketching to 
describe and understand how design work is done (Fällman, 2003a; Stolterman, 
1999; Nelson & Stolterman, 2003). Sketching is not only a tool or a skill, but 
more important it is the way a designer thinks—or how she shapes new ideas. 
Sketching is a form of dialogue with the situation that is more important than the 
resulting sketch itself (Schön, 1983). The designer ‘speaks’ to the design 
situation by imposing changes to the current set of materials and the materials 
‘reply’ to the designer by revealing new possibilities or new limitations. In this 
way, the understanding of the problematic situation and the proposed solutions 
will emerge as intertwined over time. Cross (2000) pointed out that the sketching 



 19

allows designers to swiftly switch between the whole and the parts. It enables the 
designer to reflect on high-level concepts at the same time as she considers 
particular details of possible implementations (p. 23). 

Sketching in C2 systems development would include prototyping on varying 
levels of fidelity. Dealing with wicked problems, it is important to acknowledge 
the purpose of the prototyping as primary a way of thinking and not as ‘partially 
refined final products’ (Woods, Patterson, Corban & Watts, 1996). As Woods 
and Dekker put it “[…] with rapid prototyping (where prototypes function only 
as partially refined final products), we make the same mistakes, only faster” 
(Woods & Dekker, 2000, p. 274). In line with this reasoning, Woods (1998; 
2003) assigned a critical role to prototypes or ‘design artefacts’ as a means for 
discovery. He described the artefacts to function as hypotheses: “By changing the 
tools and representations that people use, we can learn about the demands the 
domain places on any set of practitioners, the strategies practitioners develop, 
and how they shape artefacts to function as tools. Such understanding of what it 
means to work in that field of practice is a stimulus to design innovation.” 
(Woods, 1998, p. 171). 
3.1.3 Research and design 
Fällman (2003a; 2003b; 2004) distinguished between design-oriented research 
and research-oriented design. Both activities involve the activity of design—the 
bringing forth of some artefact—but they differ in purpose. Fällman (2004) 
defined design-oriented research as having production of knowledge as the main 
goal; knowledge that would not have been attainable had not the bringing forth of 
a prototype (sketch) been a central part. Research-oriented design however, is 
defined as having the focus on producing new artefacts, not knowledge. As 
Fällman pointed out (ibid, p. 3), both these activities do lead to knowledge as 
well as products, but they have different emphasis. The two definitions make it 
possible to differentiate among various types of design work conducted in 
science and industry. Industry partners that develop large information systems on 
behalf of a customer generally conduct research-oriented design, aiming at the 
production and delivery of a completed artefact with the help of research results 
(ibid). Research organizations, which strive for added knowledge in their area of 
interest, generally conduct design-oriented research where the (mostly 
unfinished) products function as a means and not an end (ibid). In this way, the 
concept of design-oriented research is valuable for our goal of finding ways to 
better understand C2 work. It both incorporates design theory for taking on the 
wickedness of C2 systems development, and accentuates the overarching 
importance of research. 
3.1.4 Summary 
To summarize, a design-oriented research approach confronts wicked problems 
by acknowledging the different design accounts, by approaching the problem and 
the solution as a whole, and by using artefacts or sketches to unveil knowledge in 
a reflective conversation with the situation (Schön, 1983). The design 
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constituents of the approach can in this way make it possible to avoid the 
different types of paralysis since they primarily deal with unique particulars in 
the reality and not with generally applicable truths or optimal ideals (Nelson & 
Stolterman, 2003). Even though the design constituents of the approach are not in 
themselves aiming for truths, this does not hinder the overarching research 
work—with insights drawing from the bringing out of artefacts—to aim for truth.  

3.2 Representation design 
Command and control involves increasing amounts of cognitively demanding 
elements. The C2 work is heavily computerized and the ongoing shift towards 
network-centric organisations is accompanied by an expectation that operators on 
operational organization levels need to be able to retrieve, use and distribute 
various kinds of data in a communication process involving several kinds of units 
in temporarily composed taskforces. Computer systems deal both with low-level 
issues including various sensors, communication equipment, and the status of 
technical systems, and also with high-level abstract data such as organizational 
status, planning, tactics, and strategy. Computerized maps are used for 
communicating orders, reports, and intelligence as a natural part of the command 
and control. Timelines are used both for long-term planning and for tactical 
estimations and deadlines. The systems also involve a large span in 
organizational terms, from individual low-echelon units and actors, to high-level 
command structures.  

Thus, the support systems deal with several types of events and properties of 
the world and need to make the representations of these events and properties as 
informative as possible for the operators. Depending on how a situation is 
represented, different means for interpreting and solving problems emerge 
(Simon, 1996; Zhang & Norman, 1994). Thus, as mentioned in Section 2.1.1, the 
representation of real world properties is one dimension of the overall complexity 
of the work (Woods, 1988). Even though the endeavour for presenting certain 
phenomena of the environment in particular ways is not new, it is with the advent 
of advanced computer technology that great possibilities emerge. The computer 
medium is highly dynamic and allows extensive processing and elaboration of 
collected data. The numerous types of abstract data involved in C2, the shift 
towards network-centric organizations, and the overall complexity of C2 work, 
make representations in C2 an even more critical concern than in other domains. 
Therefore, there is a growing need for effective approaches for arriving at 
informative representations. 
3.2.1 Representation design theory 
Woods (1995) proposed representation design as an approach to deal with the 
problem of reaching informative representations. Stressing the importance of 
relations, change and higher-level properties, representation design is about 
designing the relations between tokens in the presentational medium and 
structures and dynamics of the represented (‘real world’) domain. The main 
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effect of a successful representation design is that it changes the nature of the 
problem. Simon (1996) stated that “… solving a problem simply means 
representing it so as to make the solution transparent” (p. 132). 

Woods (1995) described two challenges for successful representation design 
(Figure 2). The first challenge is to find the important real-world properties and 
real-world relations that are informative, given the goals and context of the 
involved practitioners. The second one is to setup the mapping between the real 
world and the medium for representation in such a way that observers can extract 
the intended information efficiently. These two challenges make up an 
intertwined totality of problem setting and problem solving. Thus, the same 
characteristics apply to representation design as for design in general. To strictly 
approach the former challenge using analysis methods (e.g. task analysis or work 
analysis approaches) to ‘solve the problem’ is therefore risky. 

Woods and colleagues (Woods, draft; Woods, 1995; Woods, Patterson, & 
Corban, 1996) presented some basic principles for representation design: 

• Find suitable frames of reference: The first step is to find frames of 
reference that allow expression of the relevant relations between data. By 
using different frames of reference, or perspectives, different problems 
can be found (e.g. a time perspective or a spatial perspective). 

• Put data into context: Within the frames of reference the represented data 
should be put into the context of related values. Provide landmarks in the 
frames of reference, representing significant real world circumstances and 
relations (e.g. safe/unsafe bounds or predicted value ranges in different 

 
Figure 2: The main challenges of representation design: What to represent and 
how to represent. Based on Woods (1995). 
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situations or locations). 

• Highlight significance: When the real world (e.g. objects or processes). 
changes, the representation of these patterns should support the 
highlighting of interesting events, changes and contrasting values (e.g. 
values drifting out of ‘safe’ bounds or contrasting unusual values).  

If a design succeeds in following these principles, properties will be emergent—
they are more than the sum of the component parts. An important issue in 
representation design is how the represented elements or signs refer to their real 
world counterparts; their form of reference (Woods, 1991; Woods, 1995; Woods, 
draft). Signs that do not resemble the object in any way and which demand the 
relation be learned are said to have a propositional form of reference. This form 
of reference is arbitrary or purely conventional (e.g. alphabetical letters, and 
numbers). If the structure and behaviour of marks in the medium are directly 
connected to structure and behaviour of the referents, the representation is said 
to have an analogical form of reference. Propositional or digital signs can be 
exact, but they require deliberate processing to a higher degree than do 
analogues. Analogical representations can help operators use their experience of 
work procedures in a more parallel or proactive way.  
3.2.2 Summary 
There are several key benefits of conducting representation design for command 
and control work. A successful representation design will affect the following 
issues (Woods, 1995; Woods, draft): 

• Structure of problems: Depending on the representation the observer will 
be able to see ‘other sides’ of the problems allowing different approaches 
to be used. 

• Data overload: Good representation design will direct cognitive actions to 
be more parallel, ‘naturally perceptual’ and less ‘in the head’. 

• Attention: A successful representation design that captures important 
properties using appropriate mappings will make use of cognitive 
processes of more pre-attentive nature. 

• Secondary tasks: A bad representation design will lead users to put too 
much effort into secondary tasks such as navigation and searching and 
thereby lose the focus on the primary tasks. 

3.3 Realistic context 
Command and control is a typical example of a highly complex socio-technical 
work domain. There are several models and theories that aim at explaining and 
understanding these kinds of human activities. Some of the recent research areas 
include situated action (Suchman, 1987), distributed cognition (Hollan, Hutchins, 
& Kirsh, 2000), and naturalistic decision making (Klein, 1998; Zsambok & 
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Klein, 1997). These areas share the common standpoint that it is necessary to 
capture events in a relevant and realistic context to conduct research on the 
complex work (Woods, 1993; Woods 2003; Mackay & Fayard, 1997). “The 
more that work becomes carried out in complex interacting systems, in which 
distributed teams of people and computers are the co-operating actors, then social 
interfaces become as important as technical, but are much more difficult to 
replicate in the laboratory.” (Wilson, Jackson & Nichols, 2003). This view does 
not mean that controlled laboratory experiments should be abandoned. Rather, 
they should be used for focusing on aspects that are clearly connected to real 
world situations with careful consideration when generalizing their results. As 
Hutchins puts it: “The implications […] is not that laboratory research should be 
abandoned in favour of ‘real-world’ settings, but that the way behaviour that 
occurs in the laboratory settings is interpreted should be changed to reflect the 
ways that subjects make use of cultural resources in the production of that 
behaviour.” (Hutchins, 1995, p. 99). Furthermore, the research approaches should 
complement each other: “[…] studying complex settings can help to focus 
spartan lab research […]; spartan lab research results can guide new ways to look 
at and parse complex settings.” (Woods, 1993, p. 250). 
3.3.1 Reconstruction and exploration 
Dealing with realistic settings is challenging. Above all, it is difficult to get an 
overview of distributed activities and to capture the tacit command and control 
processes in tactical operations. To accomplish this task, researchers must use 
multiple sources of data, and find ways of making sense of the large amounts of 
data collected. Morin (2002a, p. 81) stated, “Data from multiple sources extend 
the model of an operation beyond the interpretations provided by individual 
observers, and the multimedia presentation of the model opens it for inspection 
and discussion to anyone with an interest in the operation.” This process is 
necessarily interpretive, explorative, and typically collaborative. To study C2 
work in relevant settings, we have adopted an approach of reconstruction and 
exploration of the course of events in real operations and realistic exercises 
(Jenvald, 1999; Morin, 2002a; 2002b) as shown in Figure 3. The approach builds 
on behavioural protocols (Woods, 1993) and interactive data presentation (see 
e.g. Spence, 2000; Ware, 2000; Card, Mackinlay & Shneiderman, 1999). 
Behavioural protocols are constructed from a variety of data sources about the 
behaviour of the people involved in the work situation. Together with contextual 
data sources, these protocols provide a trace of the cognitive processes in relation 
to the unfolding course of events in a distributed tactical operation. It is about 
“lay[ing] out the problem-solving episode from the point of view of the people in 
the problem.” (Woods, 1993, p. 236).  

The reconstruction phase involves several steps for constructing a multimedia 
model of the course of events of a distributed work session. This model—the 
mission history—incorporates extensive process data such as audio, video, digital 
photographs, observation protocols, system log files, and position track files from 
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multiple sources in the operational environment. Exploration refers to the 
rendering of this model in a multimedia framework that supports explorative 
analysis of the data (see Figure 4).  

The first activity in the reconstruction phase is a domain analysis that aims at 
establishing the issues to be investigated in the C2 work session. This step is 
often carried out in collaboration with subject-matter experts. The modelling 
activity uses the domain analysis products to arrive at an object-oriented 
conceptual model that defines the elements in the work session. The elements 
include the main actors and activities for the study and the means for collecting 
and presenting the necessary data. In the instrumentation activity, the models are 
instantiated as procedures, equipment and software for data collection and 
presentation. During the data collection activity, which takes place throughout 
the C2 work session in study, the C2 work events are captured using the 
procedures and data collection components from the instrumentation step. The 
collected data are transformed and combined into a common mission history. The 
mission history is a time-synchronized, discrete-event model of the operation, 
which can be stored, shared and retrieved. Finally, in the exploration phase, the 
presentation activity comprises the use of data presentation components to make 
the mission history and its inherent course of events tangible. The presented data 
give grounds for analysis and exploration and the metadata derived from this 
exploration extend and deepen the mission history. 
3.3.2 The MIND framework 
The large amounts of process data resulting from the reconstruction of a 
distributed tactical operation introduce complications not only for storing and 
distributing data, but also for making the data tangible and available for analysis 
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Figure 3: Overview of the principal activities (represented as boxes) in the 
reconstruction–exploration approach (based on the work of Morin, 2002a; Morin, 
2002b). The small circles between the different activities describe their resulting 
products, functioning as input for the next activities.  
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and exploration. This problem motivated the development of the MIND 
presentation and analysis framework (Jenvald, 1999; Morin, Jenvald & 
Thorstensson, 2000; Morin, 2002a; Morin, 2002b; Albinsson et al., 2003; 
Albinsson et al., 2004b). The main purpose of MIND is to allow replaying the 
events in a mission history in a way that supports exploration and analysis. 

The data collected in a tactical operation define discrete events in the mission 
history, whose state variables capture aspects of the observed real-world 
phenomena. This relationship between observations in the real world and 
corresponding state transitions in the mission history, is fundamental for 
understanding playback of mission histories. MIND uses time as the primary 
navigation and coordination mechanism. The timestamps assigned to the data in 
the mission history provide mappings from data to time and from time to data. 
When the user selects a time point, MIND constructs the state of the mission at 
that point from the data available in the mission history. MIND updates all views 
to reflect this state. Conversely, the user can select a data item, for example a 
communication sequence, and let MIND synchronize the state of the mission to 
that item. In replay mode, MIND uses successive time points to animate the 
corresponding state changes. 

Figure 4: A small example of the MIND framework including an annotated photo 
view, a map view, a dynamic timeline, and a communication view. The data 
come from a large military exercise concerning transportation of an airborne unit 
to the area of operations. 
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The MIND framework is component based, which means that new functionality 
can be added in a flexible manner depending on the domain and aim of the study. 
Throughout the history of MIND, numerous components were added, modified 
and enhanced. The principal types of components are listed in Table 1. 
3.3.3 Summary 
There is a common standpoint that it is necessary to capture events in a relevant 
and realistic context to conduct research on complex socio-technical work such 
as C2 (Woods, 1993). However, it is challenging to get an overview of live 
distributed tactical operations. To accomplish this task, researchers use multiple 
sources of data and tools to make sense of the large amounts of data collected. 
One such approach involves the reconstruction and exploration of mission 
histories from the course of events in real operations and realistic exercises 
(Morin, 2002a). The collected data are imported into the MIND framework that 
allows replaying the events in a mission history in a way that supports 
exploration and analysis. 

 Table 1: Overview of component types in MIND (Morin & Albinsson, 2004). 

Type  Description Examples 

Objects Objects model real-world elements of a taskforce in a 
hierarchical fashion. State variables represent essential 
aspects such as location, capabilities, and resources. 

Vehicles, Ships, Aircraft, 
People, Casualties 

Events Events represent time-stamped data Events define 
changes in object state variables at particular time 
points corresponding to time stamps.  

Position sample, 
Observation report, 
Sensor sample 

Sources  Sources manage collections of events from a particular 
physical or logical source. Sources are the primary 
mechanism for organizing and tracing data from an 
operation. Sources can filter and format data. 

Picture source, Position 
source, Audio source 

Views Views are presentation windows for particular types of 
data. Customized views are the primary means of 
extending the presentation capabilities of MIND. 

Map view, Casualty 
view, Dynamic timeline, 
Communication link 
view  

Maps Maps encapsulate a model of the earth, a projection 
method, and the logic necessary to render an image of 
this model in a generic map view. 

Raster map, Vector map, 
Generic coordinate 
system view 

Docu-
ments 

Documents are static data, for example text, digital 
photographs, video clips, audio samples, local HTML 
pages, and Internet URLs. A document can be made 
dynamic by linking it to an activation event that 
specifies when it was created. 

Text, HTML, Digital 
photograph, Video clip,  
Audio clip, URLs 
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3.4 Application of methods 
In Section 3.1 we argued that to reach useful results when designing C2 systems, 
we need an approach that focuses on improving the understanding of the 
underlying C2 work. This section will introduce our adoption of a design-
oriented research approach for C2 systems development. It has evolved gradually 
together with the experiences from several design-oriented inquiries (of which 
some are presented in Chapters 5 and 6) during the last three years. 
3.4.1 Related work 
To argue for a design-oriented approach in the traditionally more rational-
technical field of systems development calls for a framework based on design 
theory (Löwgren, 1997). Simon (1973) provided a model for dealing with ill-
structured problems, connecting to the issues of wicked problems discussed in 
Section 2.2.2. He explained the need for “alternation between a problem solver 
working on a well structured problem, and a recognition system continually 
modifying the problem space” (p. 192). This reasoning relates to the duality of 
problem setting and problem solving in design (Schön, 1983). Similarly, Mackay 
and Fayard (1997) presented a design-oriented framework for the field of human-
computer interaction. Their framework includes the perspectives of theory, 
design of artefacts and observation as depicted in Figure 5. Imagine the following 
scenario in the domain of C2 systems following the structure in the figure: Based 
on our current understanding of the C2 work in a helicopter battalion and based 
on findings from an observatory field study, we create an initial sketch of a 
support system for mission re-planning. The sketch revises our understanding 

Understanding Revised understanding

Field study Experiment

Theory

Design of
artefacts

Observation

Initial sketch Prototype

 

Figure 5: A framework for triangulation across disciplines (after Mackay & 
Fayard, 1997). 
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about the needs for the different roles involved in re-planning situations and 
gives input for conducting an experiment. In turn, the revised understanding and 
the results from the experiment give enough input to design a prototype artefact 
for a role-based re-planning system. 

Woods and Christoffersen (2002) presented a practice-centred approach to 
research and design and argued that there is a need for interlocking multiple 
parallel cycles of learning and development. They stated that, “[systems] 
development also functions as opportunities to learn” (p. 123) and that it has a 
different purpose and appearance in the research cycle than in the traditional 
technological product development cycle. In the research cycle, designing 
prototypes functions as a tool for discovery, whereas in the development cycle, 
prototypes are regarded as partially refined products (ibid). 
3.4.2 A framework for design-oriented C2 research 
The ideas and models presented in this chapter form a research framework that 
was used throughout our research. Our framework incorporates the central issues 
in design theory and emphasizes the use of realistic contexts. It aims at wicked 
problems rather than tame problems and it makes clear the different roles of 
verification and validation. It addresses the duality of problem setting and 
problem solving, includes sketching as a central activity, and supports the three 
accounts of design discussed in Section 3.1.1. Figure 6 depicts the framework. 
The term ‘C2 system’ used in the depiction stands for the joint system of 
technology, organisation, methods and personnel, within which C2 work is 
conducted.  

Analogous to the framework in Figure 5 (top left box), we always start with 
some kind of initial understanding of the problematic situation and the associated 
needs or desires (top box in Figure 6). This understanding can be severely limited 
and contain errors and misconceptions. It may not hold the truth, but it is by 
definition the best understanding we currently have. The framework’s never-
ending modification of this understanding is similar to Simon’s “continuing 
modification of the problem space” (Simon, 1973, p. 192). The driver of the 
model is the act of sketching—the dialogue with the situation as discussed in 
Section 3.1.2 and similar to the middle level in the framework of Mackay and 
Fayard (1997) in Figure 5 (middle boxes). The current understanding provides 
input and ideas for the sketching, and the sketching in turn helps revising this 
understanding. 

Intertwined in this understanding, the sketching also results in artefacts, 
including models of the C2 system or subsystems, and implemented solutions or 
sub-solutions. Even though intertwined, we choose to provide two separate boxes 
for the understanding and the artefacts to enable reflection on the overarching 
focus as described in Section 3.1.3. The solutions (in the bottom box) include 
artefacts ranging from low-fidelity prototype sketches to high-fidelity prototypes 
and refined products. The solutions regard technological, organisational, 
methodological and personnel changes. The models can vary from functional 
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system requirements and class diagrams to data collection plans for measuring 
and judging the effects of introducing the system changes. Whereas system 
solutions include implemented artefacts that can be applied in a context, trial 
setup solutions represent the factual trial runs. Such a trial varies from expert 
judgments to field trials and formal experiments similarl to the framework in 
Figure 5 (bottom boxes). The models aim at describing the solutions.  

When some parts of the current understanding seem sufficiently clear for 
expressing them, this expression can be done by modelling (note that such a 
model may have been preceded by several weakly modelled solutions, thus not 
implying any sequential order between models and solutions). The process of 
making sure that the solutions are constructed according to the models constitutes 
the verification process (see Section 2.2.4); are we building the system right? 
Verification can be seen as the well-structured part of Simon’s view of working 
with ill-structured problems (Simon, 1973, p. 192) and the rational procedures 
often described in systems development (van Vliet, 1993). 
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Figure 6: A model of the design-oriented research framework used in this thesis. 
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The framework makes a clear distinction between verification and validation. 
Validation, as described in Section 2.2.4, seeks to answer whether we are 
building the right system. Therefore, the artefacts and their effects need to be 
validated against the best available knowledge of the system as a whole, which is 
represented by the top box in our framework. Indeed, this task is much less well 
defined than is verification, since we need to deal with the in large parts tacit and 
fuzzy current understanding. Furthermore, the framework makes clear that when 
validating, we can only say something about the system in combination with the 
actual trial setup (as represented by the enclosing box in Figure 6). Our choice of 
measurements and methods naturally affects our interpretation of the system 
performance. Even expert judgments take place in a certain context. To 
recapitulate and clarify, the ‘understanding of the C2 system’ box would include 
high-level areas of measurement and judgment that are central for the work to be 
supported by the system. For a mechanized battalion this would include for 
example ‘battle tempo’, ‘intelligence’ and ‘initiative’ as areas to be considered 
when validating the system. When building trial setup models as a part of the ‘C2 
systems models’ box, points of measuring and accompanying methods are 
designed to cover these areas of measurement. For ‘battle tempo’ this could 
include using a communication analysis method to investigate the time between 
the issuing of and the execution of orders. These trial setup models are included 
in a data collection plan. Finally, the ‘trial setup solutions’ box represents the 
actual implementation of this plan during a field trial or an experiment. 
Validation helps to assess the usefulness of the system for the intended work (as 
well as the usefulness of the trial setup). In addition, it revises the current 
understanding of the system. New system needs might be discovered, some of 
the current needs might turn out to be irrelevant, and others might need to be 
modified, thus providing a new basis for further design.  

The research framework aims at acknowledging the three accounts of design 
discussed in Section 3.1.1. Tight loops of creative sketching allow taking a 
romantic stance. The questioning of the understanding and artefacts in the 
validation process enables a pragmatic stance. The rational verification during 
the refinement of the artefacts and the trial setup to conform to their models 
supports a conservative stance. 

3.5 Summary 
To summarize, our approach relies on design-oriented research, together with 
representation design and the reconstruction and exploration of mission histories. 
A design-oriented approach shifts the focus of systems development to better 
suite our goal of reaching deeper understanding of C2. Representation design 
deals with the important issue of making data informative in operational C2. 
Last, the reconstruction-exploration approach focuses on the importance on 
studying C2 in a realistic context. 
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We present a research framework that incorporates the central issues of this 
chapter. Our framework brings together design and research, and therefore also 
the designer and the researcher. To deal with the complexity of understanding 
C2, we argue that the researcher must accept the role of a designer. In the rest of 
this thesis, we will use the term ‘designer’ to refer to this compound of researcher 
and designer. 
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Chapter 4 
Supporting the C2 operators 

 
 

“… machines. They are either a benefit or a hazard.” 
 – Rick Deckard in Blade Runner 

 
 
Geographical information systems are omnipresent in modern tactical operations. 
This is especially true for military command and control, even though 
information systems are becoming more common in non-military C2 domains. 
The military systems are used for keeping a common picture of friendly units’ 
positions and movements, intelligence reporting, graphical order management, 
planning and numerous other purposes. In this chapter, we concentrate on 
mechanized low-level command and control, where the surrounding environment 
places critical demands on these systems. Staffs operate in harsh conditions, in 
confined and shaky vehicles carrying out time-critical tasks. The minimal space 
available limits the input and output devices for the system. Input devices, such 
as keyboards and mice, must be small, robust and efficient to use. Similarly, the 
output devices, such as visual displays, must make the most of the available 
screen size and resolution. 

The main challenge when dealing with small screens with much larger 
underlying maps falls under the notion of the keyhole problem (Woods, 1995; 
Woods et al., 1996). The limited screen size forces the operators to view the map 
as if looking through a keyhole. Operators need to zoom and pan or ‘move the 
keyhole’ to handle the information, in contrast to the traditional way of browsing 
a paper-based map. The zooming and panning are secondary tasks that can be 
harmful for the operators’ ability to relate data between consecutive display 
updates. This problem relates to the concept of visual momentum (Woods, 1984; 
Woods & Watts, 1997). “When visual momentum is high, there is an impetus or 
continuity across successive views that supports the rapid comprehension of data 
following the transition to a new display” (Woods, 1984, p. 231). Going from 
one zoom level to another forces operators to regain the overview, which can 
lead to losing the overall picture. This problem of humans failing to notice visual 
changes is known as change blindness (Rensink, 2002; DiVita, Obermayer, 
Nugent & Linville, 2004). The phenomenon is not limited to peripheral and 
minute changes but can often include missed differences that in retrospect seem 
unlikely. Furthermore, studies suggest that change blindness does not necessarily 
decrease with practice (Neumann & Durlach, 2004). Preliminary results from a 
field study indicate that the command and control staff uses zooming and 
panning in clusters when interacting with the geographical information system 
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(Fransson, Albinsson, Stjernberger & Axelsson, 2002). When changing zoom 
levels there are often long chains of panning and zooming back and forth, 
indicating a considerable amount of time spent on secondary tasks. Often, the 
commanders need a particular zoom level to overview the area of interest 
concerning the subordinate units.  

These problematic situations motivated our search for possible solutions. We 
present approaches that focus on how operators select and point at geographic 
data, as well as approaches that focus on how representations of geographical 
data are designed—that is, we look at both input and output techniques for 
investigating the problematic situation.  

4.1 Input techniques in demanding environments  
Visual momentum is not the only crucial aspect when working with geographical 
information systems. Moreover, when it comes to pointing and selection actions, 
digital maps can have as small ‘targets’ as operators can visually identify, since it 
is all a matter of scale. If the point of interest is visible, the operators want to be 
able to directly point there. Precision is therefore also crucial. As discussed in 
Chapter 2, operators are often conducting time-critical work and consequently 
speed is another crucial factor. When using mice, trackballs or similar devices 
users can reach considerable precision and can point at very small targets at 
relatively high speeds (Sears & Shneiderman, 1991). However, as just described, 
the military environment makes the use of such devices troublesome. There 
might not be sufficient space for free-moving devices, and external devices might 
also not be durable enough. 

Several of the characteristics of touch screens seem suitable for taking on this 
problem; they have no moving or loose parts, excellent resilience, easy and fast 
direct manipulation, and low space cost, etc. Indeed, touch screens are used in 
various demanding environments, including public kiosks, automatic bank teller 
machines and in microgravity (Adolf & Holden, 1996). However, touch screens 
are normally not very precise. It is difficult to point at targets that are smaller 
than the finger width since the finger and hand occlude the area of interest. One 
way to approach this problem is of course to use zooming, but then we return to 
the keyhole problem and the risk of losing visual momentum. Thus, we wanted to 
investigate touch-screen interaction techniques that would reach high precision 
without resolving to secondary tasks such as zooming and panning (Paper II). 
4.1.1 Precise touch-screen interaction 
The literature offers several existing techniques for dealing with precision issues 
on touch screens. There are quite a number of clever techniques to be used if the 
targets are known beforehand (see e.g. Potter, Weldon & Shneiderman, 1988; 
Blanch, Guiard & Beaudouin-Lafon, 2004). The system can then guide the user 
towards the available targets. In our case, however, a target can be any arbitrary 
geographical point or area, and can therefore not be known by the system before 
the action. Techniques for handling arbitrary targets are fewer. The best-known 
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and most successful existing technique is the Take-Off technique, developed by 
Shneiderman and colleagues (Potter et al., 1988; Sears & Shneiderman, 1991; 
Shneiderman, 1991). The idea behind the Take-Off technique is to get around the 
problem of the operator’s hand occluding the target point, and thereby providing 
better precision than the size of a fingertip. This goal is achieved by providing a 
cursor with an upward offset from the user’s initial point of touch. Keeping the 
finger down, the user drags the at all times visible offset cursor to the desired 
position and then releases the finger to activate the selection. Olwal and Feiner 
(2003) extended the general idea behind the Take-Off technique by adding 
zooming possibilities when rubbing the area of interest. Evaluations of the Take-
Off show a great improvement in precision to traditional touch-screen input 
techniques even though very small targets (a few pixels) still cause problems 
(Potter et al., 1988).  

We designed a number of alternative techniques and ran informal tests to 
narrow down the solutions to some potentially precise and fast candidates 
(Paper II). To find fundamental low-level speed and accuracy differences we 
conducted formal experiments for the two most promising new techniques 
together with zooming and Take-Off as baseline anchor points. The first 
technique, the Cross-Keys, integrates virtual discrete arrow keys with a cross-hair 
cursor (see Figure 7). The first tap on the touch screen deploys the cursor, and if 
adjustments are needed one taps on the handles to move the crosshair in discrete 
steps. Once on target, the user taps the centre circle for activation. Depending on 
the distance to the target after the initial touch, the user then either uses the 
discrete step handle keys, or deploys the cursor again to get a better starting 
point.  

To tap on arrow keys for discrete movement benefits from the simple 
underlying concept and the ability to swiftly adjust a few pixels. The 

Figure 7: The discrete Cross-Keys technique. The operator deploys the cursor as 
close to the target as possible and taps the handles to adjust the position. A tap in 
the center circle activates the selection. 
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disadvantage, however, is the strain and inefficiency to repeatedly tap several 
times when larger adjustments are needed. Therefore, we also wanted to 
investigate smoother or more fluid techniques. The second candidate technique, 
the Precision-Handle, uses a continuous leverage effect between a handle and a 
tip to improve the finger precision (Figure 8). Any movement made at the handle 
is also made at the tip but on a smaller scale, thus increasing precision. The 
handle will naturally stretch or shrink as the user manipulates it. To select the 
current crosshair position an activation circle around the tip is used as in the 
previous technique. By considering the screen area where the user initially taps, 
the layout of the handle can be optimized to provide large movement possibilities 
in all directions. If, for example, the target is on the lower left part of the screen 
the initial layout would be a handle pointing down and left, thus avoiding the 
problem of being placed outside the screen.  

The formal experiment (Paper II) shows that both candidate techniques 
perform well in comparison to state of the art zooming techniques when it comes 
to speed and accuracy for small targets. The new techniques also score well in 
subjective evaluation. Our main goal in this work on input techniques is to find 
what is needed to allow users to precisely point at single pixels without resolving 
to zooming, which does not maintain the complete view of the entire area of 
interest. The traditional zooming technique performs well in this simple 
experimental task, especially when dealing with small targets. However, in this 
initial work the experiment aims at comparing low-level speed and accuracy 
issues and does therefore not include any contextual tasks that call for overview. 
The zooming technique thus serves as a performance anchor point in this study 
notwithstanding its main drawback of losing overview. Take-Off, the best-known 

Figure 8: The fluid Precision-Handle technique. The user deploys the cursor as 
close to the target as possible. The cross-hair on the tip of the handle is then 
adjusted into target by moving the wide part of the handle in the direction of the 
target using a leverage effect between the tip and the handle.  
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touch-screen precision technique in the literature, fares well for large targets (8 
pixels) but fares poorly for small targets in comparison to the two new 
techniques. Take-Off’s one-step nature makes it fast when the target is large 
enough, but hard to operate accurately when aiming at single pixels. Cross-Keys 
allows the users to select small targets with a low error rate. The discrete 
movement appears to make exact adjustments easy. Unstructured interviews 
reveal that participants sometimes have difficulty seeing the crosshair and 
handles with the Cross-Keys technique because their finger and hand obscure 
them. The Precision-Handle performs with satisfactory speed and accuracy for 
both small and larger targets, thanks to the precision leverage effect. 
Subjectively, it is considered to be very close to Zoom-Pointing in most 
dimensions. Above all, Precision-Handle is perceived to be as fast as the state-of-
the-art zooming technique.  
4.1.2 Discussion 
This study shows that, at an elementary level, there are possible complementary 
alternatives to zooming when it comes to fast and accurate touch-screen 
interaction. Of course, we cannot generalize these results to operational settings 
for C2 situations in military vehicles, but nevertheless, we have found some 
promising candidates worthy of further study in more realistic settings. How does 
a shaking screen or seat affect the techniques? Will any technique fare especially 
well or especially poorly when users are continuously interrupted and required to 
take on other tasks? Touch screens will certainly evolve when it comes to screen 
resolution. How do the different techniques respond to that? These are some of 
the questions to ask in future studies. 

Some of the techniques will be implemented in a forthcoming C2 support 
system for the Swedish Army and will thereby be available for further 
evaluation. Furthermore, the input technique of Olwal and Feiner (2003), which 
combines the benefits of the Take-Off technique and temporary local zooming, 
would be an interesting concept to investigate for our purposes. 

4.2 Output techniques in demanding environments 
There are several general presentation techniques that address the problem of 
getting lost while navigating in a virtual map (see e.g. Spence, 2000; Card et al, 
1999). One technique, commonly known as fisheye views, magnifies the local 
area of interest but keeps the surrounding area unchanged (e.g. Spence, 2000; 
Gutwin & Skopik, 2003). This technique makes it possible to get a higher level 
of detail in one particular area without losing the overview. However, fisheye 
views necessitate the use of distortion which can have serious drawbacks in 
tactical operation applications where accurate rendering of geographical aspects 
is important. Furthermore, fisheye views, by definition, operate on certain points 
of focus which require active interaction to adjust. 

Another possibility is to use additional overview maps in parallel with the 
main view. This is a commonly used technique both for graphics editors and 
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computer games. However, an extra map takes valuable space. Furthermore, 
studies show that an overview map does not necessarily lead to better 
performance when working with geographical information systems (Hornbæk 
and Frøkjær, 2002; Baudisch, Good, Bellotti, & Schraedley, 2002). Yee (2003) 
presented an innovative approach to challenge the keyhole problem in handheld 
geographical information systems. By tracking the position of the handheld 
device in relation to the operator, the display is used as a peephole into the large 
underlying map by simply moving the device. However, this technique depends 
on small and free-moving devices as well as available space for manoeuvring.  
4.2.1 Informative military unit representations 
Instead of focusing on the representations of the underlying map to confront the 
keyhole problem, we look into the representations of the military units deployed 
on the map (Paper III). We argue that traditional military unit symbols used in 
geographical information systems do not address the inherent problems in the 
low-level C2 domain. Figure 9 exemplifies some of the traditional military 
symbols. The information an operator can gain from these symbols is mainly that 
of unit type, size, identity and geographical location. Their original use on large 
paper maps and plastic sheets for high-level planning has little in common with 
low-level, time-critical command and control in mechanized battle. For 
commanders controlling their subordinate units in low-level command and 
control, the actual name caption is as informative as the rest of the symbol since 
the commanders do not need to reflect on the type and size of their own units. In 
these circumstances, it is common to use individual symbols for each vehicle in 

Figure 9: Examples of traditional presentations of mixed unit types and unit 
sizes. The company 3.coy represents several units, whereas the three vehicles F, 
G, H represent individuals.  
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the unit instead of the larger and blunter unit symbols. Nevertheless, this use of 
symbols is susceptible to the keyhole problem. When zoomed in around a set of 
symbols, there is no support for inferring the whereabouts of the rest of the units 
outside the screen limits. When zooming out, the large number of symbols cause 
clutter in addition to the introduction of secondary control tasks.  

Baudisch and Rosenholtz (2003) introduced a simple and effective technique 
for handling off-screen objects (Figure 10a). By surrounding the off-screen 
object with a circle using a radius just greater than the distance to the screen 
limit, there will be an on-screen arc showing both the direction and distance to 
the off-screen object. The direction is inferred by the normal vector and the 
distance by the length of the arc. For a battalion commander, a large number of 
circles would be needed to account for all vehicles included in the subordinate 
units. Even though aggregation of circles is possible, on-screen objects will still 
cause clutter. 

Wright and Kapler (2002) proposed a military unit representation based on 
membranes that enclose the vehicles of every unit to form dynamic, blob-like 
structures in a bottom-up fashion (Figure 10b). A set of vehicles sufficiently 
close to each other would form a membrane which in turn would merge with 
other membranes on contact. One aim with their unit representation is to convey 
capabilities more efficiently than traditional symbols. Furthermore, the 
representation reduces clutter for on-screen objects by forming membranes, and 
off-screen objects can be connected to on-screen objects through the membranes. 
In this way, an operator can infer the whereabouts of certain off-screen objects. 
However, the shape of membranes is very dynamic and an operator cannot easily 
‘extrapolate’ the location of off-screen objects based on the on-screen parts of the 
membranes. Furthermore, when units become sufficiently far apart, divided 
membranes will end up completely outside the screen limits and will not 
contribute to the overall picture.  

    

Figure 10 (a): The concept of using arcs (Baudisch & Rosenholtz, 2003) to 
convey information about off-screen objects. (b): The membrane concept 
(Wright & Kapler, 2002) grouping neighboring objects together. The white 
square represents the screen area, the small filled circles represent objects, and 
the gray area represents off-screen area. 

(a) (b) 
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4.2.2 Nested convex hulls 
Drawing on the previous ideas we approach the keyhole problem by the 
principles of representation design (see Section 3.2). In previous examples, the 
map is used as the main frame of reference when presenting the units. However, 
the important hierarchical structure of military organizations, helping to cope 
with C2 complexity, is another important frame of reference, which is largely 
unused in the previous examples.  

By using the positions of all involved vehicles in a unit we can produce the 
unit’s outer limit by calculating the convex hull (e.g. Preparata & Shamos, 1985). 
Figure 11a provides a simple example of five separate units. To understand the 
convex hull concept, imagine a board with a set of partially driven nails. When 
releasing a rubber band around the nails it will contract around the outer nails 
and thereby represent the convex hull of the set. Using the convex hull technique 
recursively makes it possible to draw new convex hulls around subordinate units 
inside an outer hull (Figure 11b).  

The well-defined nature of convex hulls makes it easy to determine locations 
of off-screen objects. This power is supported by the gestalt principles of 
continuity and closure; a user does not see a cut-off surface but instead 
subconsciously fills in the non-visible parts (Ware, 2000, p. 206). In Figure 11a 
two single objects (the two first from the left inside the screen area) are sufficient 
to ascertain bottommost and left-rightmost limits of two convex hulls. Thus, in a 
military application, the vehicles are put into the context of the organisational 
distribution of units, giving relational information as to where the rest of the units 
are. The nested convex hull technique naturally highlights significant real world 
conditions. Boundaries of units are important in low-level C2 (Fransson et al., 
2002). There are often situations where it is critical to know whether a unit has 
any vehicles beyond a certain geographical line. This information is directly 
supported and highlighted by the hulls. Furthermore, the patterns formed by the 
hulls show unit formations, and unusually large or small hulls draw attention to 

(a) (b) 

 
Figure 11 (a): The convex hulls of five units. (b): A mechanized company 
represented as nested convex hulls. The corners of the hulls are rounded by 
adding virtual circles with fixed radiuses around the outer objects before creating 
the hull. 

(a) (b) 
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possible vulnerabilities. In Figure 12 an identical part of a mechanized battalion 
is presented both using traditional symbols (a) and using nested convex hulls (b).  
4.2.3 Discussion 
The novel representation approach presented tackles the keyhole problem by 
reducing on-screen clutter, by making use of off-screen units to better exploit the 
valuable screen area, and by providing more efficient landmarks when panning 
and zooming the map. The nested convex hull technique has gained sufficient 
interest to be implemented in a forthcoming C2 support system for the Swedish 
Army as an optional complement to traditional techniques. Furthermore, we are 
preparing formal evaluations of the nested convex hulls. Operators will use a 
prototype C2 support system where they assume a supervisory role in a 
mechanized battle scenario. They will be asked to be prepared to answer 
tactically relevant questions concerning the course of events in the simulated 
operation. The unit representations used in the system will be alternated between 
traditional symbols and the novel nested convex hull technique.  

So far, we have applied nested convex hulls to the fighting units of a 
mechanized battalion, focusing on the particular situation of time-critical battle. 
However, there are many other types of units involved in tactical operations, 
stressing the need to investigate a more general use of this technique. Work is 
also ongoing to investigate the possibilities to combine nested convex hulls with 
the arc technique discussed in Section 4.2.1 and showed in Figure 10a. The basic 
idea is that vehicles not belonging to any of the visible or partly visible hulls on 
screen would be represented by on-screen arcs. Furthermore, the representation 
of uncertainty in geo-spatial data is a large and rapidly growing research area that 
needs to be approached in future research (e.g. Burrough & Frank, 1996; Pang, 
2001; Grigoryan & Rheingans, 2002). 

Figure 12 (a): Traditional individual vehicle symbols are susceptible to the 
keyhole problem, (b) whereas the nested convex hulls technique both reduces 
clutter and supports predicting the location of off-screen units. 

(a) (b) 
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Chapter 5 
Supporting the C2 designers 

 
 

“I suppose it is tempting, if the only tool you have is a hammer, to treat 
everything as if it were a nail” (Maslow, 1966, pp. 15–16). 

 
 
In Chapter 3, we proposed a framework for C2 research that involved systems 
development as a means for understanding the demands in C2 work. 
Furthermore, since systems development methods and processes rarely are 
applied as originally intended but instead locally modified for specific needs 
(Tolvanen, 1998), we argued that the framework should be independent of 
particular methods. Instead, the framework describes the overarching level of 
design-orientation. In this chapter, we augment the research framework with a set 
of tools for the designers’ toolbox.  

The research framework describes how the design work leads to emerging 
insights on validation needs. As the design progresses, new ideas are formulated 
of what and how to measure and judge, to validate the system against the current 
understanding of its aims. The designers need to evaluate how the introduction of 
new artifacts affects the system as a whole. Furthermore, since our approach 
values the study of work in realistic settings, there is an inherent need for dealing 
with large amounts of process data from field trials.  

For this purpose, this chapter presents two exploratory tools for command and 
control analysis. Indeed, the foundation for the tools was formed during the 
design work on C2 support systems, such as those in Chapter 4. The means were 
of necessity designed together with the ends. First, to support communication 
analysis, we propose an explorative approach that challenges several of the 
inherent problems by using interactive data presentation. The approach manages 
large amounts of data, preserves contextual data, supports navigation within data, 
and makes the original communication data easily accessible. Second, we present 
an approach to strengthen the integration between raw data from distributed 
tactical operations and metadata such as insights, reflections, hypotheses and 
conclusions. Using this approach, multiple analysts, experts, and researchers can 
exchange comments on both data and metadata in a collaborative and explorative 
investigation of a complex scenario. 

5.1 Supporting exploratory communication analysis 
As we discussed in Sections 2.1 and 3.3, communication is a rich source for 
analysis of complex socio-technical systems, such as command and control. 
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Although observable, often accessible, and multidimensional, communication 
data give rise to demanding analyses (Cooke, 1994; Fisher & Sanderson, 1996). 
Designers need methods and tools that preserve contextual data, manage large 
amounts of data, support navigation within data, make the original data easily 
accessible, and encourage explorative analysis (see e.g. Mackay & Beaudouin-
Lafon, 1998). Our reconstruction-exploration approach including the MIND 
framework, as described in Section 3.3, is a fundamental starting point for taking 
on these problems.  

However, initially the MIND framework focused mainly on the handling and 
presentation of communication data and on the synchronization to other data 
sources, with limited means to interact with the communication data dynamically 
(Thorstensson, Axelsson, Morin & Jenvald, 2001; Albinsson & Fransson, 2001). 
Therefore, we wanted to investigate possibilities to support the important 
explorative nature of communication analysis and investigated existing data 
presentation techniques that would meet these demands. Our main findings 
resulted in an implemented analysis component for the MIND framework 
(Paper I; Albinsson et al., 2003; Morin & Albinsson, 2004). The component, the 
Communication Explorer, is based on the Attribute Explorer tool, developed by 
Lisa Tweedie and Robert Spence (Spence & Tweedie, 1998; Spence, 2000; 
Tweedie, Spence, Williams & Bhogal, 1994). 

The needs for this tool sprung from insights attained during C2 systems 
design. When sketching the trial models for new field work, and when working 
with communication data from previous trials, we needed means for aiding 
measurements and judgments for validation. The Communication Explorer tool 
is one result from this process. 
5.1.1 The Attribute Explorer 
The Attribute Explorer is an interactive data presentation tool that employs the 
concept of linked, colour-coded histograms (Figure 14). It provides one 
histogram for each dimension (or attribute) of the communication link, where the 
height of each bar in the histogram corresponds to the number of links that fall 
under that interval. Sliders are used to define constraints for each dimension. A 
corresponding change in the colouring of the histogram elements indicates how 
close each element is to satisfying these constraints. Histogram elements in a 
contrasting green colour represent full hits, that is, they satisfy all constraints in 
all dimensions. Shades of grey—from black to white—represent the number of 
dimensions failed. An element is coloured black if it fails in one dimension only 
and white if it fails in all (Spence & Tweedie, 1998).  

Consider the following example, depicted in Figure 13. Suppose that we want 
to buy a car from a salesperson that has several cars for sale. To find a suitable 
car, we use the Attribute Explorer. The car data set has two dimensions: Brand 
and Cost of car. Consequently, the Attribute Explorer provides two histograms. 
The first dimension (1) shows five brands of cars, whereas the other (2) shows 
the price range. There are some cheap cars, some expensive ones, and many in 
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between. Initially, all histograms are white, since there are no selections and, 
thus, all elements fail in all dimensions. Changing the constraints for one 
dimension, for instance by selecting a certain brand, causes a part of the 
histogram bar to turn black, which indicates that the data elements (i.e., cars) of 
that portion only fail in one dimension. The corresponding change appears in the 
cost dimension (3), where the same elements turn black. Looking at these black 
elements, we see that most cars of the selected brand are relatively inexpensive. 
Suppose that we want a cheap car and apply constraints to the price dimension 
accordingly (4). We know that the black elements within the range are going to 
be full hits (and turn green), because they previously only failed in this 
dimension. The green elements represent cars of the selected brand within the 
acceptable price range. Elements that are black under these constraints represent 
other cheap brands. Finally, we look at the brand dimension again (5) and see the 
corresponding green hits. Here, the black elements (failing in the cost dimension) 
tell us what those other cheap brands are. 
5.1.2 The Communication Explorer 
The MIND framework uses an abstract representation of the recorded 
communication (Thorstensson et al., 2001; Albinsson & Fransson, 2001). The 
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Figure 13. A simple example of the use of the Attribute Explorer. The example 
uses a two-dimensional data set, the brand and cost of cars, to explain the basic 
principles of the Attribute Explorer. 
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abstraction includes the following attributes: sender, receiver(s), classification, 
text annotation, start time, total length, and the raw original communication data. 
Drawing on link analysis (Chapanis, 1959), we call an instance of such an 
abstraction a communication link. Using an abstract format makes it possible to 
present the data in various tools, such as the Communication Explorer.  

Consider the following simple example that uses three dimensions of the 
communication data: sender, receiver and length (Figure 14). We might want to 
examine communication received by the company commander QJ initiated by 
any of the other companies. Furthermore, we might be interested in studying the 
communication sequences that are fairly long. As shown in the figure, we select 
all four companies in the sender dimension, QJ in the receiver dimension and the 
range in the length dimension. The green elements tell us that RJ and SJ initiated 
the communication and that the sequences are in the shorter half of the applied 
length range. The colour coding gives addition contextual hints. For example, the 
black elements outside the applied limits in the length dimension represent 
communication links that fail in this dimension only, thus indicating that QJ did 
 
 

Figure 14: A simple example of the Communication Explorer. We have selected 
the four companies, QJ, RJ, SJ and TJ in the sender dimension, and QJ in the 
receiver dimension, and finally we have put constraints in the length dimension 
for messages between 30 s and 2 min. 
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receive some shorter messages as well as a few longer ones, but no considerably 
longer ones. Furthermore, elements in shades of light grey, for example the unit 
JC in the sender dimension, represent communication links far from a hit, which 
reveals that JC never initiated any communication to QJ. All the hits, (i.e. all 
fairly long communications initiated by any of the four companies and received 
by company QJ), are shown in the list below the Communication Explorer. From 
here we can go through their textual summaries, replay the original sound, and 
synchronize all other MIND views to show the situation as it was during the 
communication. 

The Communication Explorer supports central tasks in visual exploration of 
communication. It accepts well-defined, absolute restrictions on each dimension, 
which subsumes pre-defined queries. Also, it encourages exploration by enabling 
dynamic interaction with every dimension and presenting immediate visual 
feedback. The colour-coded histograms give hints at all times on where to relax 
constraints to get hits and where to impose restrictions to narrow the solution 
space. See Figure 15 for another example that includes multiple, synchronized 
views. Albinsson and Morin provide more elaborate descriptions (Morin & 
Albinsson, 2004; Albinsson et al., 2003; Paper I). 
5.1.3 Application examples 
We have used the Communication Explorer tool together with several other 
MIND views to explore how operator information needs differed between roles in 
a mechanized battalion (Albinsson et al., 2003). Communication differed 
considerably depending on whether communication was from the battalion staff 
to companies, from companies to the battalion staff, between companies, or 
within the battalion staff. We could make these comparisons by just changing the 
constraints on the sender and receiver dimensions, while we observed the 
changes in the other dimensions. Orders were a major part of the communication 
and, naturally, most prominent in communication from the battalion staff to 
subordinate companies. Although coordination communication made up only 
approximately five percent of the total time, it constituted the main part of the 
communication between companies. Similarly, suggestions for task changes were 
a small part of the communication in general, but a significant part of the 
communication from companies to the battalion staff. Because the original 
communication data were easily accessible, we could select a particular category 
of communication and investigate how its substance differed depending on the 
units involved. Position communication between companies, for example, was 
more specific and more concerned with unit boundaries than other position 
communication. The contribution of the Communication Explorer tool is not to 
make it possible to answer these questions, since traditional methods already 
achieve this. Rather, the contribution concerns the ease and the emergent way of 
reaching these insights, as well as the flexibility to engage in a multitude of other 
exploratory investigations, which might never have been noticed or carried out 
using a traditional approach. 
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Another application example includes finding interesting time intervals in large 
amounts of process data. Since communication data function as an observable 
trace of course of actions, the tool makes it easy to identify where to direct 
attention when analyzing data. This can be done by, for example, selecting 
certain subordinate units as receivers, orders as classification and then reviewing 
the hits in the time dimension. By selecting the time between two green hits (two 
orders), and then filtering on the unit’s reports to its commanding unit, we can 
follow the course of actions when the order is carried out (see Paper I). 

However, the most important contribution of the Communication Explorer 
tool concerns its use in combination with several other MIND views of process 
data. Questions originating from one view can be carried on to the 
Communication Explorer for investigation, and logical gaps in the 

Figure 15: The mission history from a multi-agency emergency operation for an 
underground derailment accident involving multiple casualties. The top left view 
gives an overview of the incident area and the involved units. An annotated 
photo view and a communication link view are visible in the bottom left. The 
Communication Explorer view can be seen to the right. This example 
investigates the first police unit on site (9770) and his reports to the command 
post (70). The dimensions are constrained accordingly: 9770 as sender, 70 as 
receiver, and reports as classification. In this case, we find that 9770 sent only 
three reports, represented by the green elements and summarized in the list 
below. In this example we have synchronized the other views to reflect the 
situation for the time of the second report.  
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Communication Explorer view can be filled in by other views. For additional 
application examples, see (Paper I; Albinsson et al., 2003; Morin & Albinsson, 
2004). 
5.1.4 Discussion 
We have shown how the Communication Explorer tool can be applied for 
communication analysis in a command and control context. The presented 
approach has already been used in several domains, for the Swedish Army (C2 in 
mechanized units, helicopter units, and airborne units), and for the Swedish 
Rescue Services Agency (C2 in multi-agency emergency response and crisis 
management). Furthermore, since the tool was recently introduced into the MIND 
framework, there are large amounts of structured and accessible material in the 
form of mission histories from past field trials that now can be re-examined with 
an extended toolset. 

In the literature, there are numerous tools and approaches for interactive and 
dynamic data presentation, and the research that accompanies them constitutes a 
young branch within the human-computer interaction area (see e.g. Spence, 
2000; Ware, 2000; Card et al., 1999). This research confronts the problem of 
dealing with increasingly large datasets. Traditionally laborious problems, such 
as communication analysis, can benefit from these advancements. The original 
Attribute Explorer has been around for a decade (Tweedie et al., 1994) but there 
are yet few examples of the tool in research applications. We hope that our 
application of the Communication Explorer for communication analysis will 
contribute to the continuing use of exploratory tools in C2 analysis.  

5.2 Managing metadata in exploratory analysis 
The need to improve the handling of metadata grew apparent when working with 
process data from field trials in the MIND framework. The components in the 
MIND framework had, to date, focused on the task of making various types of 
raw data comprehensible, coordinated and ready-to-work-on. However, in the 
process of validation, most of the metadata had to be handled outside the 
framework. Therefore, we extended the MIND framework with a Metadata 
Workbench component to support the integration of metadata (Albinsson et al., 
2004b). The new component allowed us to link metadata to supporting 
underlying data and to framework settings, thus making it possible to review 
them in a proper context, to share them among analysts, and to add high-level 
landmarks to the original data set. The component also provided a common 
interface for subject matter experts and other people involved in the operations to 
contribute to a richer picture of the reconstructed course of events. 
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5.2.1 The Metadata Workbench 
The basic idea of the Metadata Workbench is to provide a dynamic space for 
adding and coupling metadata, or analysis products, to original raw data 
(Figure 16). The Metadata Workbench contains a timeline that covers the whole 
time period of the collected data. The timeline can be zoomed and panned to 
provide different granularity and time intervals. Analysts can add metadata in the 
form of notes pertaining to situations of interest by clicking on appropriate points 
of time in the timeline. Each note comprises a timestamp, a caption, a description 
and an icon. Icons and captions are shown in the timeline. Descriptions are 
displayed when the user clicks on the icons. Furthermore, each note is coupled to 
the current arrangement of the underlying views, tools, and associated data. This 
means that analysts can adjust, arrange, open and close MIND components to 
illustrate a situation of interest and, then, associate this configuration to the note 

Figure 16: A screenshot of the MIND Metadata Workbench tool. This example 
comprises three note fields: police in general, police commander, and police unit 
9040, where the first field contains notes of the analysts, and the others contain 
notes from involved actors. The police commander has commented on the notes 
of the analyst, and the police unit discussed in the notes, has himself commented 
on these notes. The current replay time is shown by the horizontal line cursor. In 
this example we have selected two notes to get the time span in between. 
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added. Later, analysts can retrieve the proper configuration associated with a 
particular item of metadata. Notes can be arranged in note fields to group them 
according to type, importance, level of abstraction, and other criteria of 
classification. Note fields can be minimized or maximized as appropriate. 
Figure 16 comprises three maximized note fields.  

The Metadata Workbench and its metadata are stored together with all other 
MIND components and raw data. In this storage, the notes remain linked to their 
associated configurations and are always accessible to the analysts. Notes thus 
function as landmarks that cluster and highlight data, which encourages analysts 
to consider metadata alongside the underlying raw data. Analysts can swiftly 
switch between reviewing metadata relations and generating new metadata. 
Furthermore, the dynamic nature of the Metadata Workbench allows 
practitioners or subject matter experts to comment on data or metadata by adding 
additional note fields to the workbench. In this way, the Workbench can handle 
multiple levels of metadata. 
5.2.2 Application examples 
We use data from a live military air assault exercise to briefly exemplify the use 
of the Metadata Workbench within the MIND framework. The task of the 
helicopter battalion was to transport an airborne unit from the base to an area of 
operations some 100 kilometers away. The mission of the airborne unit was to 
defend a position in that area. 

In Figure 17, we see the Metadata Workbench in the bottom right corner. 
There is one maximized note field with three visible notes and three minimized 
note fields for the helicopter units involved. The first note refers to a report from 
the helicopter Falken 5 that informed the other helicopters that Falken 5 aborted 
the mission shortly after the start. The second note pertains to the moment when 
the air traffic controller was informed of the aborted mission. The third note is 
linked to the order from the commander that instructed another helicopter to 
assume some key responsibilities from Falken 5. The other views are associated 
with these notes to illustrate the situation. The filter of the photograph view is set 
to display pictures from the runway now showing Falken 5 returning. The 
overview map is panned and zoomed to show the other helicopters on their way 
to the area of operations. The detailed map is set to show the base area with the 
position of Falken 5. In the middle is an observation protocol view whose filter is 
set to show reports pertaining to the runway events. 

Figure 18 shows a situation later in the mission, when the helicopters were 
arriving at the area of operations. Here, the user has synchronized the views to 
the second note from the right in the Metadata Workbench. This note reflects a 
communication sequence between the commander of the helicopter unit and the 
helicopters Falken 7 and Falken 8, where the commander informed Falken 7 that 
Falken 6 was heading its way and that they therefore should be prepared for the 
encounter. However, Falken 4 was also heading in the same direction and was 
already much closer to Falken 7 and Falken 8. A communication view showing 
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the interesting communication sequence is associated with this note. This view 
provides a textual summary of the sequence as well as replay of the actual 
communication. The map view is zoomed in and centred on the helicopters 
involved to show their real positions. Not related to this particular situation, the 
two selected notes show the time between Falken 2 landing in the area of 
operations and taking off again. 

These two simple examples show only some of the numerous views in the 
MIND framework, but still, the procedures involved in rearranging and properly 
adjusting the associated views back and forth to properly highlight the situations 
would have been cumbersome without the explicit coupling to the notes. For 
more application examples, see (Albinsson et al., 2004b). 
5.2.3 Discussion 
As we discussed in Section 3.3, the process of analyzing large amounts of C2 
data is necessarily interpretive, explorative, and typically collaborative, as it may 
involve multiple analysts, subject-matter experts, and participants in the actual 
event being investigated. From an epistemological point of view, it is essential 
that different levels of analysis maintain links between hypotheses, conclusions 
and other analysis results, on the one hand, and underlying data on the other hand 

Figure 17: The MIND framework showing the helicopter Falken 5 aborting 
shortly after the start. 
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(Xiao & Vicente, 2000). This perspective suggests that data and metadata should 
be treated in an integrated manner. If metadata such as insights, reflections, 
questions, and hypotheses, are handled manually and separately from the 
underlying data, this separation weakens the chain of evidence constructed and 
makes collaboration difficult because the links are not stated explicitly. Also, 
metadata can be hard to find, to recall, to share, and to put back in context. 
Sanderson and colleagues (1994) stressed the importance of managing relations 
between metadata and data when exploring observational data from complex 
work. For C2 in distributed tactical operations, there are numerous types of data 
to consider in addition to observational data.  

We have identified needs for coupling metadata such as reflections, questions, 
and hypotheses to their supporting raw data and implemented a tool that manages 
this task. Even though recently added to the MIND framework, the analysts can 
already approach their exploratory work in the MIND framework in new ways. 
Along with its increasing use, we expect the tool to give rise to new ideas for 
further possibilities in the area of managing metadata. Future work includes 
putting the metadata workbench along with the MIND framework into 
instrumental use for C2 field trials, involving both analysts and practitioners in 

Figure 18: The MIND framework showing a situation which indicates a lack of 
understanding of helicopter positions among the units. 
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the process. We are also interested in investigating the possibilities of integrating 
high-level analysis results such as reported conclusions and statistical 
interpretations with the metadata and raw data, thus strengthening the chain of 
evidence even further. Another area of investigation concerns the more technical 
aspects of how to efficiently store and handle metadata in a database solution 
(Andersson & Skagert, 2004). 
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Chapter 6 
Discussion 

In this thesis, we have presented tools and approaches for supporting low-level 
command and control operators on the one hand, and tools and approaches for 
aiding the command and control system designer on the other. Specifically, we 
have designed and evaluated techniques for tackling the keyhole problem 
regarding geographical information systems in demanding military 
environments. Furthermore, we have designed and put into use, techniques for 
supporting explorative command and control analysis, based on the 
reconstruction of distributed tactical operations. 

This chapter first discusses the results from the design inquiries and reflects 
on possible generalizations. Next, we view the designs from the perspective of 
the research framework used. In addition, on a higher level of abstraction, we 
touch upon the implications of adopting a design-oriented research approach in 
C2 systems development. Finally, we outline possible areas for future research. 
See Sections 4.1.2, 4.2.3, 5.1.3 and 5.2.3 for additional discussions on the 
individual tools. 

6.1 The design inquiries 
We have advocated a design-oriented research approach to deal with the complex 
nature of command and control and command and control systems development. 
As described in Chapter 3, a design-oriented research approach regards problems 
and solutions as a whole, and uses artefacts or sketches to unveil knowledge in a 
dialogue with the situation. We presented four such design inquiries in this 
thesis. 
6.1.1 Supporting the system operators 
The first inquiry investigated techniques for efficient touch-screen interaction to 
deal with the keyhole problem by reducing the need for secondary tasks such as 
panning and zooming. The activity of panning and zooming maps has been 
around for a long time in computer systems, which means that there are 
numerous techniques, tools and approaches that deal with this issue. Why do we 
build yet one more and test it alone, one might ask. Any system would most 
likely involve some kind of combination of techniques, which would lead to 
emergent effects. Should such effects be tested instead? To exhaustively test all 
combinations would be next to impossible. We believe that evaluations such as 
the one presented are valuable to be able to judge how different combinations 
and circumstances will work, and thereby suggesting possible studies.  

The touch-screen study originated from military applications in mechanized 
unit combat situations, where the circumstances are especially severe with 
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respect to the keyhole problem. The experiment, however, only dealt with 
general low-level speed and accuracy performances and subjective measures to 
investigate the differences among the candidates on a fundamental level to rule 
out dead-end designs. Of course, these results cannot be generalized to particular 
C2 situations. However, they do provide baseline guidelines for future research 
on C2 and related applications. Non-military applications include for example 
interaction in microgravity and computer systems in vehicles.  

The second inquiry dealt with the improvement of military unit 
representations, using the nested convex hulls technique, to take on the keyhole 
problem. One question that arises concerns the nested convex hulls applicability 
in the ongoing shift towards network-centric organisations and temporarily 
composed taskforces. Since the hulls are directly coupled to hierarchies, their 
advantages could be lost for network structures. However, for mechanized units, 
the smallest taskforce components would normally be the operational levels 
where we argued the hulls would be particularly useful.  

Even though the nested convex hulls technique is tightly connected to low-
level military command and control and its hierarchical organization we believe 
that the technique would be applicable to other similar complex domains where 
geographically dispersed units in a hierarchical organisation need to be 
controlled or overviewed. 
6.1.2 Supporting the system designers 
In the first inquiry for supporting the system designers, we searched for tools and 
approaches to support C2 communication analysis and presented the 
communication explorer technique. Some questions arise. First, since there still is 
a need for manual work concerning classification and annotation, do analysts 
gain anything from the tool? We believe so. One benefit is that manual 
classification and annotation can be carried out while synchronized to multiple 
other data sources. This synchronization can greatly support filling in gaps in the 
communication data. Furthermore, the annotations can be on any desirable level 
of detail—from coarse classifications to complete transcriptions—and still be 
connected to the original data for future updates. Second, there are several 
performance metrics connected to communication that are grounded on statistical 
models. Should not these metrics be incorporated in the communication analysis 
rather than tools with less specific output? Our focus on exploring live operations 
and complex settings posed a primary need for exploratory tools to use the 
communication as a data source among several others. We believe that such an 
approach can help understanding the characteristics of C2 communication and 
thereby help deriving and evaluating performance metrics.  

Communication analysis is a common way to measure or judge efficiency and 
performance in any socio-technical system. Our tool relied on abstracting 
communication events to include the attributes sender, receivers, classification, 
textual annotation, start and stop time, and the original raw communication data. 
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This general abstraction would allow the tool to be used for numerous other 
applications. 

The second inquiry regarded the management of analysis products such as 
reflections, ideas, questions, and hypotheses in the exploration of reconstructed 
mission histories. We presented the metadata workbench component to approach 
this task. A relevant critique concerns its usefulness as a tool for computer-
supported collaborative work (CSCW). Indeed, the tool does not specifically 
support real-time network collaboration as commonly associated with CSCW 
applications. However, collaboration is supported by working on and sharing the 
mission history binary file, similarly to the procedure of jointly writing a research 
paper over the Internet. Accompanied by a version control system, this approach 
can be both simple and efficient. However, such a solution is not sufficient in a 
future distributed-debriefing application.  

The coupling between raw data and metadata in analysis is certainly 
important outside the current scope of distributed tactical operations. Any type of 
analysis of events distributed in time involving numerous data sources and 
qualitative elements would be applicable to the presented tool. 

6.2 The research framework 
The characteristics of the design inquiries highlight the different constituents of 
the research framework presented in Section 3.4.2 and Figure 6; the creative 
sketching that results in an improved understanding of the problematic situation 
partly embodied in physical artefacts; the pragmatic questioning of the 
understanding and artefacts in the validation process; and the (in this thesis 
peripheral) rational verification during the refinement of the artefacts and the trial 
setup. This section will first briefly illustrate how the nature of the design 
inquiries followed a design-oriented research approach. Afterwards, we discuss 
our approach in relation to traditional C2 systems development. 
6.2.1 The design inquiries and the research framework 
The touch-screen inquiry involved the design of several artefacts which showed 
possibilities and limitations in various ways, including the differences between 
continuous and discrete input techniques. This sketching of artefacts resulted in 
two candidate techniques that we subjected to a formal experiment. The result 
from the experiment strengthened our belief that efficient interaction techniques 
can be designed to reduce the need of zooming and panning. The result also 
guided the setup of future studies.  

While not yet subjected to any comprehensive evaluations, the convex hulls 
design unequivocally showed the power of sketching. For example, in the early 
stages the concept of convexity was used for its simplicity when implementing 
an interactive prototype. But while using the prototype, the concept’s properties 
of predicting off-screen units were made apparent and led the subsequent design 
in this direction.  

Even though not designed to investigate the keyhole problem, the ideas 
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underlying both these design inquiries originated from earlier field studies of 
mechanized units (e.g. Fransson et al., 2002). The improved understanding after 
the field studies included assumptions about this new problem and possible 
solutions. For the touch-screen design, we have validated some of our 
assumptions, and for the nested convex hulls, we have reached richer 
assumptions to be investigated, thus continuing the loops in the research 
framework.  

The two design tools aimed at supporting the validation of C2 systems as well 
as our understanding of the C2 systems. The communication explorer tool could 
quickly be applied and so reveal new possibilities since we had large amounts of 
communication data already collected. For example, we found it especially 
suitable to easily find potentially and particularly interesting periods of time in 
reconstructed operations.  

Similarly, the initial use of the metadata workbench tool made apparent the 
possibilities for not only the analysts themselves to handle their comments on 
data but more generally for any participant or subject matter expert to comment 
on both original data and others’ comments in some sort of communication 
process. Furthermore, when using the tool, it was found important to implicitly 
form groups of metadata that evolved during the analysis. On the one hand, these 
insights led to initial ideas on methodological improvements regarding 
distributed debriefing. On the other hand, they led to ideas on the incorporation 
of existing qualitative analysis approaches into the research framework. 
6.2.2 The research framework and systems development 
Design-oriented research should not be confused with traditional systems 
development. Adopting a design-oriented research approach overarches the 
choice of systems development methods and indeed shapes the justifications of 
the methods applied within the framework. As described in Chapter 3, we regard 
the design inquiries presented in this thesis as sketches in a continual research 
process. 

Therefore, the research framework does not fit well with the traditional 
contract-based C2 systems development process. Surely, at some point, C2 
systems research shifts from design-oriented research, focusing on understanding 
the problematic situation, to research-oriented design, focusing on the product. 
Since the framework emphasizes a continuously emerging understanding, it 
implies a late such shift. Therefore, a possible pitfall accompanies the framework 
if the shift comes too early. Valuable possibilities to gain insights and 
understanding risk falling outside researchers’ scope of direct influence if 
handing over an immature specification of the system-to-be to the producing 
industry, which has different agendas and goals. At the very least, the research 
framework allows practitioners, designers and researchers to think about what is 
their purpose with the design work.  
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6.3 Future work 
The main contributions of this thesis—the four design inquiries—are all 
examples of ongoing work and they provide several future paths to explore. The 
next section will briefly mention some of these paths, followed by a short 
discussion on possible future domains for our research.  
6.3.1 The design inquiries 
Investigating touch-screen interaction and nested convex hulls opened the route 
for further inquiries into the keyhole problem. 

The input techniques are planned to be included in a forthcoming version of a 
C2 support system installed in military vehicles. This implementation enables 
more contextually relevant evaluations of the input techniques, and trial setup 
work has started. Factors to be studied include interruptions, physical 
disturbance, and screen resolution. By logging the users’ interaction with the 
system, we can use the reconstruction-exploration approach to relate these 
actions to other process data such as communication, observations and metadata, 
and thereby study the effects of the different input techniques.  

The nested convex hulls technique is both to be subjected to experimentation 
and to be introduced into a C2 support system. The initial experiment will 
compare performance differences between operators using traditional unit 
symbols and operators using nested convex hulls. Future experiments should 
investigate the impacts of the nested convex hulls for change detection issues. 
The forthcoming C2 support system will first of all allow us to collect large 
amounts of subjective data from operators using the nested convex hulls in live 
situations. Furthermore, using the reconstruction-exploration approach, we can 
relate logged streams of the unfolding events presented on the operators’ screens 
with other synchronized data to explore the impacts of the nested convex hulls. 
In addition, there are existing representation designs that could be combined with 
the nested convex hulls for further improvements, as was discussed in 
Section 4.2.3. 

The communication analysis tool shed light onto several possible tracks to 
explore. To date, the communication abstraction we use provides only one 
classification dimension per instance. The tool made apparent the need for 
allowing dynamic addition of classification schemes. Furthermore, we want to 
explore the possibility to provide keyword dimensions to the tool, allowing 
filtering communication on certain words and phrases. Ideas were also raised to 
investigate the usefulness of the tool as an operative aid in live C2 work where 
large amounts of textual and voice communication are logged. 

The metadata tool gave rise to a number of questions to pursue. We would 
like to examine the effects of involving numerous analysts, subject-matter 
experts and practitioners in a collaborative use of the tool to form a revised and 
dynamic mission history of a distributed tactical operation. We are also interested 
in studying how the tool can be used in C2 education as a part of the MIND 
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framework. On a more technical side, we want to find ways to efficiently 
represent and store metadata in a database solution that enables a common format 
outside the MIND framework.  
6.3.2 New domains and methodological issues 
In this thesis, the work on supporting exploration of reconstructed mission 
histories deals with live tactical operation exercises. However, large-scale 
training in live exercises is resource intensive and expensive. Thanks to 
technological advances in computer gaming and simulation, tactical operation 
exercises are increasingly carried out in synthetic or partly synthetic 
environments (see e.g. Lindoff & Hasewinkel, 2004; Magnusson, 2002). The 
domain of simulation and gaming in C2 is an interesting track to pursue, both as 
a means for validation in C2 systems design, and as a domain for which to 
provide analysis tools. What new possibilities and limitations emerge in our 
research approach when dealing with synthetic environments? 

The domain of study in this thesis is low-level command and control. The 
level of individual soldiers and commanders, involving psychophysiological 
measures of performance and workload (see e.g. Castor, 2003), is a possible new 
domain for which to investigate the applicability of and further develop the 
analysis tools presented in this thesis. What new requirements are placed on the 
analysis support when introducing large amounts of psychophysiological data 
into the reconstruction of a tactical operation? 

In Section 2.1.1 we mentioned the agent dimension of complexity which is 
largely omitted in the thesis. However, we have initiated work to provide a tool 
that couples existing models of complexity to well-known models of human skill 
and cognitive styles to capture system and personnel needs in a design process 
(Albinsson, Dahlbäck & Morin, 2004). This work opens up for incorporating 
new analysis tools into the research framework.  

The reconstruction–exploration approach (Section 3.3.1) in the research 
framework provides most details on the reconstruction part and leaves the 
exploration to be a general approach to be used within any methodological frame 
of reference. This generality is a conscious choice but does not contradict 
building MIND components tailored for particular analysis methods and thereby 
instancing new reconstruction–exploration approaches. We have initiated 
discussions on a few such instances and we believe that qualitative analysis 
approaches such as the critical decision method, emergent themes analysis 
(Wong, 2004) and analysis methods based on experts critiquing novices (Miller, 
Patterson & Woods, 2001) would be especially fruitful in combination with our 
research framework. 

The representation-design constituent of the research framework (see 
Section 3.2) is not explicitly coupled to the reconstruction–exploration approach, 
which draws attention to a possible issue to explore. We want to investigate the 
possibilities to tailor the reconstruction–exploration approach for assessing 
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representations in C2 systems, and develop methods and tools to specifically 
assist this important task. 
6.3.3 Summary 
To summarize, the future work ranges from short to long-term issues. The short-
term issues include the continuing design work as discussed in Sections 4.1.2, 
4.2.3, 5.1.3, 5.2.3 and 6.3.1. Some of the medium-term issues regard the 
application of the research framework in the new domains discussed in 
Section 6.3.2, including synthetic environments and psychophysiological 
measures. Another medium-term issue concerns the investigation of 
incorporating existing qualitative analysis approaches into the research 
framework as described in Section 6.3.2. A long-term research issue deals with 
the relations between design, research and systems development as discussed in 
Section 6.2.2. 
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Chapter 7 
Conclusions 

The conclusions from this thesis can be grouped under three headings: our work 
on tackling the keyhole problem in low-level C2, our contributions to the support 
of exploring reconstructed mission histories, and a look forward to where all this 
leads. 

7.1 The keyhole problem 
The first research question for this thesis was: “How can a technical support 
system be improved to tackle the challenges of C2 operators dealing with large 
geographical maps in demanding environments?” The main challenge when 
dealing with small screens with much larger underlying maps falls under the 
notion of the keyhole problem. The limited screen size forces the operators to 
view the map as if looking through a keyhole using zooming and panning. Such 
secondary tasks can reduce the operators’ ability to relate data between 
consecutive display updates. To answer the research question we have pursued 
two studies, using input techniques and output techniques. 

In the first study, we assumed the beneficial characteristics of touch screens 
in the complex domain of low-level C2 as reported in the literature. However, 
their inherent problem of low precision usually calls for large amounts of 
zooming and panning which in turn can contribute to the problem of losing an 
overview of the map. We looked for fast and accurate touch-screen input 
techniques that would not rely on zooming and panning. By designing novel 
interaction techniques for touch-screen input, and by subjecting several candidate 
techniques to a formal experiment, we found high-precision touch-screen 
interaction techniques that were fast and accurate and that reduced the need of 
zooming and panning. The laboratory setting limited any direct generalizations to 
particular field circumstances. However, the fundamental speed and accuracy 
measurements gave important guidelines for setting up future (field) studies. 

In the second study, we investigated novel ways of representing military units 
to deal with the keyhole problem. We argued that traditional symbols fail to take 
advantage of the limited screen area available in low-level C2 circumstances. By 
designing a novel unit representation based on the concept of nested convex 
hulls, we found that this representation could lower the keyhole problem by 
reducing on-screen clutter, by making use of off-screen units to better exploit the 
screen area, and by providing more efficient landmarks when panning and 
zooming the map. While not yet subjected to systematic evaluations, the design 
provided input for future experimentations and field studies. 

To conclude on a general level, both input and output issues can be valuable 
considerations when developing solutions to the keyhole problem.  
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7.2 Explorative analysis 
The second research question for this thesis was: “How can the designer toolbox 
be enhanced to deal with the complexity of explorative C2 analysis?” This 
question was approached by investigating support possibilities for the exploration 
of mission histories from tactical operations. By designing tools for explorative 
communication analysis and for managing metadata such as reflections, 
questions, hypotheses and expert comments we reached two main conclusions. 
First, the proposed tools can manage large amounts of data, preserve contextual 
data, support navigation within data, make original data easily accessible, and 
strengthen the link between metadata and supporting raw data. Second, by using 
these tools, multiple analysts, experts, and researchers can exchange comments 
on both data and metadata in a collaborative and explorative investigation of a 
complex scenario.  

Finally, to conclude on a general level, the proposed tools provide new 
possibilities for all activities involving the analysis of mission histories, including 
qualitative C2 research, C2 systems design, and C2 training and education. 

7.3 Outlook 
From an overview level, this thesis has presented systems to support operators in 
complex socio-technical work as well as a research framework with 
accompanying tools to assist designers in their work of bringing forth these 
support systems. So far, the framework has mainly been used to identify certain 
problematic situations in the work of study and to sketch possible solutions. An 
overarching and long-term outlook concerns the usefulness of the research 
framework in large scale C2 systems development. Would traditional C2 systems 
development benefit from shifting mainly research-oriented design to design-
oriented research (see Sections 3.1.3 and 6.2.2)? What repercussions would such 
a shift have on the large number of methods, models and tools used in current 
development practice? 

The next step, however, is to deepen the interconnection between means and 
ends by continuing the design inquiries and employing the research framework. 
That is, we will use the framework to validate current insights and solutions. This 
work includes applying the presented analysis tools to investigate the impacts of 
the presented operative tools. 
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