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Introduction

Solving crimes is a difficult and laborious process. Vast amounts of evidence often
have to be collected and processed, numerous witnesses may have to be interviewed,
and it can take years before the person responsible for a crime is brought to justice.
In fact, most crimes are never solved (Gross, 1996), simply because many crimes are
never reported to the police and because the police does not have time to perform
a detailed investigation of all reported crimes (so a choice has to be made on which
investigations to pursue). Other cases are hard to investigate; there are not enough
leads to follow and the investigation comes to a standstill. In some cases errors are
made by the police: possible leads are overlooked or ignored, possible investigation
tracks are not explored, or wrong conclusions are drawn based on the available evidence. Police errors are particularly problematic in cases in which innocent suspects
are convicted. Recently, in the Netherlands a few of such miscarriages of justice have
received extensive media attention and have shaken up the Dutch legal system. As
a result, the investigation methods employed by the police were analyzed and reconsidered. This thesis was inspired by that discussion and aims to propose software
solutions to overcome some of the problems that persist in solving complex criminal
cases.

1.1 Criminal investigations
Within the law enforcement organization it is the task of the detectives, or investigators, to perform criminal investigations in order to solve crimes and apprehend
suspects. Such investigations involve a “process of discovering, collecting, preparing,
identifying, and presenting evidence to determine what happened and who is responsible” (Bennett and Hess, 2006, p. 6). The main goal of a criminal investigation is
thus to identify “whodunit”, but this involves various subgoals (Bennett and Hess,
2006, p. 8):
• Determine whether a crime has been committed
• Legally obtain information and evidence to identify the responsible person
• Arrest the suspect
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• Recover stolen property
• Present the best possible case to the prosecutor
To achieve these goals, an investigation typically follows a number of stages (Bennett and Hess, 2006). It usually starts with some initial clues that a crime has been
committed. Based on these facts, an initial investigation is performed in order to
determine the basic facts of the case and to arrest possible suspects. Subsequently,
it is decided whether to continue with the investigation. If on the basis of this preliminary investigation it is decided to continue, in a follow-up investigation the leads
developed earlier are pursued and the information obtained in the initial investigation
is verified (for example, the background of the witnesses is checked). Finally, the case
is presented to the prosecutor, who will attempt to bring the suspect to trial.
Hence, an investigation generally consists of what de Poot et al. (2004) call a
reconstruction phase and a verification phase. Reconstruction involves the generation of initial scenarios to reconstruct what happened in the case, while verification
involves the search for evidence to prove the preliminary scenarios. In this sense
the investigative process follows the hypothetico-deductive method (Jamieson, 2004)
in which theories are hypothesized based on observations. These theories produce
testable predictions that should be observed if the hypothesized theory is true. If the
predictions do not match the observations, the theory is falsified. In case of criminal investigations, the observations correspond to evidence, the theories to scenarios,
and the predictions to possible evidence (Keppens and Schafer, 2006). Following this
method, in criminal investigations scenarios are created to explain the observed evidence, while based on these hypothesized scenarios predictions are made of what
else should be observed if the scenarios are true. Thus, when investigators find evidence, they try to determine what caused this evidence by creating explanations in
the form of scenarios. The predictions based on these scenarios then guide the course
of the investigation, as they give rise to searches for additional evidence to test them.
In this sense the investigation process also fits Klein et al.’s (2006b) Data/Frame
Theory for sensemaking tasks that distinguishes between two phases: mental model
formation (explanatory reasoning) and mental simulation (anticipatory, or predictive,
reasoning). An investigation thus involves both explanatory and predictive reasoning,
following a cycle of observation (data collection), hypothesis (through storytelling),
and assessment. Ideally, this process should result in a list of possible scenarios and
their relative strengths. Hence, criminal investigation is a sensemaking task that can
be characterized as “a motivated, continuous effort to understand connections (which
can be among people, places, and events)” (Klein et al., 2006a, p. 71).
In their study on the process of criminal investigation in the Netherlands, de Poot
et al. observed that the nature of the investigation depends on the type of the case at
hand. In clear-cut cases, in which a criminal is caught red-handed, and in verification
cases, in which a victim reports a crime by someone he or she knows, a possible
scenario and suspect are known from the start. In such cases the investigation mainly
involves the search of evidence to confirm the scenario. In investigation cases there is
a scenario about what has happened, but the suspect is unknown, for example, cases
in which a witness reports a crime committed by a person that he or she does not
know. The investigation then primarily focuses on tracing the suspect, but when the
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suspect is identified, the scenario is completed and verified. Finally, in search cases,
in which only physical evidence is found, neither a scenario nor a suspect is given, so
the investigation will start with the reconstruction of what might have happened in
the case. During an investigation, a case changes into the various types. For example,
a search case is changed into an investigation case if a possible scenario is constructed
and an investigation case changes into a verification case if a suspect is found. Ideally,
every investigation should result in a clear-cut proof for a particular scenario so that
the investigation can be closed and the suspect can be brought to trial, but this is
not always possible.

1

1.2 The problem of wrongful convictions
Criminal investigation is a difficult process in which the costs of mistakes are high. The
process of scenario generation and testing is prone to errors, especially in complex
cases. Due to cognitive limitations of human investigators such as tunnel vision
(Martin, 2001), groupthink (Janis, 1982), or confirmation bias (Klayman and Ha,
1987) teams of investigators tend to focus on a single shared scenario (and suspect)
and primarily collect evidence to secure a conviction. They tend to give too much
weight to some hypotheses and scenarios and too little weight to others and the
investigation focuses too much on finding evidence to support a certain scenario, while
evidence that contradicts it is dismissed. In capital cases (violent crimes, murders,
kidnappings, rapes), there is another factor that makes mistakes more likely: due to
the pressure to solve such high-profile cases the investigators may be tempted to cut
corners and jump to conclusions to clinch the case (Gross, 1996). Ultimately, this
may lead to the prosecution of the wrong suspect and miscarriages of justice may
ensue.
A miscarriage of justice is primarily the conviction and punishment of a person
for a crime that he or she did not commit. Such wrongful, or erroneous, convictions
have been a problem for many years and are not restricted to a single criminal justice
system (Huff and Killias, 2008). For instance, Bedau and Radelet (1987) discuss 343
miscarriages of justice in the United States, while Walker and Starmer (1999) and
Gudjonsson (2005) discuss several cases in the United Kingdom. In the Netherlands,
Crombag et al. (1994) published an influential book1 , in which 35 criminal cases
were analyzed in which the verdict was at least dubious. However, it was only in the
beginning of the twenty-first century that a string of high-profile miscarriages of justice
caught the attention of the general public. Two well-known examples are the Putten
murder case (Wagenaar and Crombag, 2005, Chapter 9) and the Schiedammerpark
murder case (van Koppen, 2003). In the latter case a suspect was convicted for a
murder of a 10-year old girl in a Schiedam park, but was released after serving four
years of prison, because another person confessed to the crime.
The controversy around this case led to the establishment (by order of the Dutch
Council of Procurators-General) of a committee of inquiry chaired by Frits Posthumus
(often called the committee Posthumus I), which was appointed to analyze what had
gone wrong in this case and give recommendations for “improving investigation and
1 An

English, but adapted, version is also available (Wagenaar et al., 1993).
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prosecution”2 . The conclusions of this committee revealed that the investigators in
this case made substantial mistakes. For example, due to the fact that the first suspect
initially confessed, they became “blind” to the discrediting evidence that was available
in this case (e.g., the suspect did not match the description of the eyewitness). The
police was thus subject to tunnel vision and confirmation bias. Subsequently, the
Posthumus II committee was appointed to investigate whether similar mistakes were
made in other cases. Additionally, based on Posthumus’ recommendations the police
and prosecution were ordered to develop a program called Versterking opsporing en
vervolging 3 (improvement of investigation and persecution) to improve the “pursuit
of truth” in criminal cases. One of the recommendations of this program was to
reevaluate the task of crime analysts in investigations and give them a more important
role in this process4 . These recommendations correspond with the observations made
by de Poot et al. (2004), who found that in the period between 1998 and 2001 police
forces did not make optimal use of the knowledge and skills of their crime analysts.
They recommend that these analysts are made responsible for the critical examination
of the information that is available in a case.

1.3 The role of crime analysts in investigations
These recent developments in the Netherlands have altered the role of crime analysts
in investigations. It is now the task of crime analysts to make sense of the evidence and
generate and verify scenarios. They are instructed to critically examine underlying
assumptions and evidence and to focus on information to falsify scenarios. To avoid
tunnel vision in a team of investigators, it is the crime analysts’ task to critically
reflect on the line of investigation that is chosen by this team and to point them
to alternatives. Moreover, analysts have to warn this team when they are about to
“enter a tunnel” or make them aware of their tunnel vision in case they do enter a
tunnel. Therefore, analysts should not only receive training in developing hypotheses
and scenarios, but also in understanding the cognitive processes involved in decision
making, and in recognizing tunnel vision, biases, and groupthink. Since 2007 the
Dutch Police Academy offers crime analysis as a discipline. One of the main courses
in this discipline is “creating and testing scenarios”.
Kerstholt and Eikelboom (2007) investigated the role of Dutch crime analysts
in investigations and found that to avoid biases in a team of investigators, crime
analysts are indeed called in to provide a “fresh”, independent assessment of the
available evidence. Their main task is to point out alternative interpretations of the
case and to identify missing information. To do so they select, filter, and evaluate the
collected evidence and visualize it into schemas, for instance, time lines or relation
2 The

findings of this committee were reported in Evaluatieonderzoek in de Schiedammer Parkmoord (in Dutch) and can be found online at http://www.om.nl/actueel/
archief_strafzaken/schiedammer/@143611/evaluatieonderzoek/; accessed on January
28th, 2010.
3 The report Versterking opsporing and vervolging (in Dutch) can be found online at http://www.
om.nl/actueel/archief_strafzaken/schiedammer/@143544/rapport_versterking/; accessed on January 28th, 2010.
4 Specific recommendations concerning the role of crime analysts can be found in an appendix
entitled Herijking rol en inzet Criminaliteitsanalist.
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schemes. After this structuring process, they will interpret these schemas in terms of
scenarios that explain the evidence at hand. Subsequently, they test or evaluate their
scenarios in order to select the scenario that gives the best explanation of what has
happened. During this process the analysts discover information that is still missing
or tracks that were not considered before, and come up with new research questions
for the team of investigators that they did not think of before.
However, Heuer (1999) showed that also crime analysts themselves are subject to
various cognitive biases. As a result, analysts fail to generate multiple scenarios and
tend to look for evidence to support rather than to refute a certain scenario. Hence,
although it is their task to consider as many alternative interpretations as possible, also crime analysts often tend to focus on only one interpretation. To improve
the analysis process and overcome these biases, Heuer proposes that analysts should
be encouraged to generate and evaluate multiple hypotheses. Also Wagenaar and
Crombag (2005) stress that it is essential that in complex criminal cases at least one
alternative scenario is developed and investigated seriously. Heuer goes even further
and states that analysts have to record all possible hypotheses so that the investigation starts with a full set of scenarios. Moreover, they have to record all reasons for
and against a certain scenario, in doing so they have to be encouraged in building
arguments against a certain scenario, instead of trying to confirm it. For this thesis
it is especially important that Kerstholt (2006) and Kerstholt and Eikelboom (2007)
suggest that crime analysts can benefit from tools that support them in generating
alternative scenarios and in critically relating these scenarios to the evidence in a
case, for example, by visualizing which data supports a certain scenario and which
data discredits a certain scenario.

1

1.4 The role of computer software in crime analysis
The crime analysis process relies heavily on computer technology (see Adderley and
Musgrove, 2001, for an overview of the role of computer software within crime analysis). Computer-based tools for crime analysis can typically be divided into two types.
Firstly, crime analysts use data collection and storage software that allows for the
electronic management of the vast amount of data that is available in a case (see
Boba, 2005, Chapter 7, for an overview). Secondly, specialized crime analysis software, such as Analysts’ Notebook (see subsection 2.5.1 for more details), COPLINK
(Chen et al., 2003), and Jigsaw (Stasko et al., 2008), is available to structure and
analyze the evidence at hand. Using such tools it is possible to extract entities (such
as people, places, dates, and organizations) from the evidence and relate them to
each other through time lines or other relation schemes. These tools thus provide the
analysts with a visual overview of the case at hand and the connections between various types of entities. In this way it should be easier for the analysts to find relevant
information, track connections between data, and detect patterns. As a result the
workload of crime analysts is reduced. These structured visualizations of entities and
events, and how they are connected may help the analysts in discovering scenarios
about what might have happened in a case.
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Still, the support provided by these tools is mostly aimed towards managing large
amounts of information. In essence, they are limited to the structuring of evidence into
schemas, while scenarios have to be constructed in the analysts’ minds and cannot
be recorded in these systems. Therefore, it is also not possible to record how the
evidence available in a case supports or attacks the created scenarios and as a result
the evaluation of the scenarios also takes place in the heads of the analysts. In this
way it is hard to verify the analysts’ reasoning processes and how they reach their
conclusions. This is “dangerous”, since crime analysts are affected by biases and
their judgments may be flawed. Therefore, within the field of Artificial Intelligence
(AI) there have been recent developments with respect to the emergence of support
tools for crime analysis that focus on the sensemaking part of the crime analysis
process, that is, the analytical reasoning process that involves scenario construction
and evaluation. In this process it is important for analysts to record how certain
evidence supports or attacks a certain scenario and thus to record their reasoning
process.

1.5 Recent developments in support software for crime
analysis
Two information visualization tools that aim to support analysts in recording scenarios are the Sandbox environment (Wright et al., 2006) and the Aruvi prototype
(Shrinivasan and van Wijk, 2008). Both tools are claimed to encourage the analysts
to make their thinking explicit by providing visualization tools to record hypotheses
and evidence, and to visualize how the evidence supports or refutes the assertions in
the hypotheses. These hypotheses are generated in a flexible free-form representation
format that does not enforce a logical reasoning model on the users.
Simultaneously, decision-support systems for crime analysis and investigations
were developed. An example is Keppens and Schafer’s (2006) prototype system. This
system automatically generates hypotheses that are consistent with the evidence and
constructs possible scenarios that explain them. Moreover, the system suggests additional pieces of evidence that could be collected if a given scenario were true. By
verifying whether this evidence can indeed be found it is possible to differentiate between different scenarios. Similarly, the STAB (STory ABduction) system developed
by Adams and Goel (2007) (see also Goel et al., 2009) is able to generate multiple
hypotheses for the input data. Based on these hypotheses, it generates expectations
about future data, which can be confirmed or contradicted by newly found evidence,
and calculates confidence values for the hypotheses. Both systems contain handcrafted
knowledge bases that are used to abduce (Josephson and Josephson, 1994) possible
hypotheses from evidential input. In Keppens and Schafer’s system the knowledge
base consists of scenario fragments in the form of causal rules while STAB’s “story
library” contains hierarchical story plots in the form of plans with goals and states.
In sum, two types of computer systems for crime analysis have recently been developed, namely, knowledge-based systems and sensemaking systems. Knowledge-based
systems, such as the systems by Keppens and Schafer and Adams and Goel, reason
automatically. They contain knowledge about a certain problem domain and reason
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with it in order to provide a solution to the problem. Sensemaking systems, such as
Sandbox and Aruvi, do not reason themselves. Instead, such systems support humans
in making sense of a problem by allowing them to structure or visualize the problem in
a way that is meaningful to them and by allowing them to record their reasoning process. The main difference between knowledge-based systems and sensemaking systems
is thus that the former has a knowledge base containing general knowledge about a
certain domain, while the latter does not contain such explicit knowledge. This means
that for building sensemaking systems no difficult knowledge-acquisition phase is necessary, while knowledge-based systems face the notorious knowledge-acquisition bottleneck (Feigenbaum, 1984). After all, for the knowledge-based tools described above
to be of any real use in crime analyses, more complex and complete knowledge bases
have to be constructed than the ones that are currently available (e.g., the STAB
system contains only seven story plots and was tested only on a limited input data
set), but this can be a difficult and time-consuming task. In particular for applications to reasoning with evidence, acquisition of this knowledge seems hard, because
it often concerns commonsense knowledge about the world. A second problem with
automated knowledge-based systems is that the users may tend to trust the output
of the system while they do not have a complete understanding of the information in
the knowledge base and the reasoning performed by the system (Dijkstra, 1998). In
this way, they are not able to verify the output of the system and to fully comprehend
it. Considering these reasons, sensemaking software arguably has better chances of
being useful in the domain of crime analysis. In this thesis visualization software will
be proposed that provides such sensemaking capabilities to its users.

1

1.6 Problem statement
Above it was argued that most current tools for crime analysis have several important
limitations in that they do not support the analysts in recording their hypotheses and
scenarios. To overcome this problem, in this thesis the sensemaking paradigm will
be applied to the area of crime analysis, since sensemaking software may encourage
analysts to record their scenarios and the underlying reasoning process. Sensemaking
software has not only been developed for crime analysis, but also for use in other
complex (problem solving) domains in which large amounts of information have to
be processed and analyzed. Research on knowledge representation in sensemaking
suggests that narrative (sequential) representations are not the only way in which
sensemaking products may be stored or manipulated; other types include spatial,
hierarchical, and argumentational representations (Faisal et al., 2009). In their book
on knowledge cartography Okada et al. (2008) distinguish various mapping techniques
and tools for sensemaking such as mind maps (Buzan and Buzan, 1996), concept maps
(Novak, 1990), issue maps (Kunz and Rittel, 1970), and argument maps (Wigmore,
1931). With respect to the latter, various so-called argument diagramming tools have
recently been developed (see Kirschner et al., 2003; Scheuer et al., 2010). Examples
of such tools are Rationale (van Gelder, 2007), Araucaria (Reed and Rowe, 2004),
and Cohere (Buckingham Shum, 2008). These tools allow their users to visualize the
reasoning employed in a case following some underlying logical theory of reasoning. In
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some of these tools, like Rationale, the underlying logic is largely implicit, while other
tools, for instance, ArguMed (Verheij, 2003a) implement an explicit argumentation
logic. By using such argument diagramming software analysts may be encouraged
to make their argumentative steps explicit and accordingly it should become easier
to identify possible gaps and inconsistencies and strong and weak points in their
analyses.
There are two main problems with the current body of research on sensemaking
software. Firstly, although many sensemaking systems currently exist, most of them
are not specifically designed for crime analysis, and may therefore not be suitable for
this task. Secondly, no system currently exists that incorporates a logical theory of
reasoning with evidence in the context of crime analysis. One important criterion
for sensemaking software in general is that it should be based on a logical theory of
reasoning that defines core concepts that apply to the particular mode of reasoning.
Sensemaking software that has such an underlying theory is expected to encourage
a standard of rational reasoning by requiring the user to stay within a logical system. In this way, mistakes in the reasoning process may be avoided (see also Bex,
2009b). It was already explained that current sensemaking tools for crime analysis
(Sandbox, Aruvi) are not based on a specific logical theory of reasoning, while other
sensemaking tools (in particular some of the argument diagramming tools) do have
a logical underpinning, but these models were not developed with crime analysis in
mind and therefore do not provide all necessary core concepts, in particular, they do
not incorporate notions to construct and test scenarios.
The problem statement can be summarized as follows.
Problem statement: The current research on sensemaking systems falls
short with respect to crime analysis for two reasons. On the one hand,
most currently existing sensemaking tools do not specifically focus on supporting crime analysis and as a result they are not suitable for this domain,
as they do not allow for scenario generation and comparison. On the other
hand, the few sensemaking tools for crime analysis that do exist are not
based on a logical theory of evidential reasoning in crime analyses and,
therefore, do not encourage a standard of rational reasoning.

1.7 Research aim and research questions
The main goal of this thesis is to propose a sensemaking tool for crime analysis
that is based on a rationally well-founded model of the reasoning process in crime
analysis that employs concepts that are natural to crime analysts. It is expected
that such a tool is useful to crime analysts and improves their performance. To
be usable in practice, this tool should also adhere to some standards of usability.
Thus, the design of this tool should meet five criteria: it should be (1) rationally
well-founded, (2) natural, (3) usable, (4) useful, and (5) effective. More specifically,
firstly it should be based on a rationally well-founded theory of the reasoning involved
in crime analysis, Secondly, it should also be natural in the sense that it should
be based on concepts already familiar to crime analysts. The proposed software
arguably has a better chance of acceptance if it is based on the reasoning forms used
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in practice, because crime analysts cannot be expected to have in-depth knowledge of
formal models of reasoning. Thirdly, the software should adhere to a set of usability
guidelines (Dix et al., 1993; Nielsen, 1993): it should be easy to learn and easy and
pleasant to use. It should in particular be usable with respect to large cases. This
is an important topic as visualizing vast amounts of information is problematic; as
soon as the size of a case increases, the visualization become more complex and
harder to understand. Large graphical visualizations demand much of the users’
cognitive abilities, as it becomes more difficult for them to read and interact with
such large graphs. Fourthly, the tool should be useful to crime analysts, that is, the
functionality that it provides should fit the needs of crime analysts and should be
in accord with the task requirements. Fifthly, it should have positive effects on the
quality of the produced analytical products and it should make it easier to disseminate
these products to the team of investigators working on the case. After all, the work of
crime analysts does not stand on its own. Their main task is to provide an independent
look on the case and to point out unexplored investigation tracks and formulate search
questions for the criminal investigation team working on the case. Their analysis thus
serves as an input for this team and affects how the investigation is continued.
The research aim of this thesis can thus be summarized as follows.

1

Research aim: To design and implement a rationally well-founded, natural, and usable prototype sensemaking system that is useful to crime analysts and allows them to visualize their thinking about a case in terms of
scenarios and their relation to the evidence, which improves their analysis of the case and the communication of their results to the investigators
working on the case.
In order to fulfill this aim five research questions will be answered.
Research question 1: What are the requirements of support software
for crime analysis?
Research question 2: What is a good model of rational crime analysis?
Research question 3: How can this model be implemented in a visualization tool that satisfies the requirements of support software for crime
analysis?
Research question 4: How can the visualization tool facilitate crime
analysts in effectively analyzing large cases?
Research question 5: How can the visualization tool facilitate crime
analysts in effectively communicating the results of their analyses?
To answer the questions a series of methods is applied such as requirements analysis, formalization, implementation, and user testing. Firstly, a requirements analysis
is performed and a logical theory of evidential reasoning in crime analysis is defined.
Based on this reasoning model an ontology is defined that allows for the representation of the concepts in this model. The software design incorporates this theory
and ontology and aims to satisfy the requirements. Subsequently, the design is implemented in a prototype system that is tested in a range of user studies to assess
whether the implemented prototype is indeed natural, usable, useful, and effective.
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1.8 Research project
The research reported in this thesis is part of the project Making Sense of Evidence:
Software Support for Crime Investigations 5 , which is a collaboration between the
Centre for Law & ICT and the Department of Artificial Intelligence of the University
of Groningen and the Department of Information and Computing Sciences of Utrecht
University. This project is funded by the Dutch organization for scientific research
NWO. The main aim of this project is to develop a theoretically sound sensemaking
tool for evidential reasoning in criminal investigation. As part of this project, Bex
(2009b) has been working on a theoretical model of evidential reasoning. His model
was adapted to serve as the software’s underlying reasoning model. Additionally, Noordzij (2008) has contributed to this project as part of his Master’s project supervised
by Herre van Oostendorp and the author. In his thesis he addressed the problem of
choosing an appropriate representation format for visualizing scenarios and evidence
in crime analysis. The findings of both Bex and Noordzij will be used in various parts
of this thesis as outlined in the next section.

1.9 Thesis outline
The structure of this thesis follows the research questions and the method of research
described above. Chapters 2 and 3 aim to answer research question 1. Chapter 2
concerns the daily practice of operational crime analysts and provides a detailed task
description based on expert interviews and the literature. It discusses the different
steps of the analysis process as well as the problems and biases that occur. This
chapter serves to provide a more thorough task analysis than the analysis provided in
section 1.3 and, based on this analysis, introduces requirements for support software
for crime analysis. Having investigated how crime analysts work and what their needs
are, in chapter 36 sensemaking is proposed as a viable method to support them during
their task. Firstly, the general concepts in structuring argumentation and argument
diagramming are explained7 . Then, related work on argument diagramming tools
and their functions is summarized in order to shed light on potentially beneficial
features that can aid the analysis process, in particular the analysts’ construction
task. Moreover, issues in designing software for argument diagramming are explored.
Based on this investigation specific requirements for argument diagramming software
aimed at crime analysis are proposed.
Subsequently, in chapter 4 research question 2 is answered. It focuses on two theoretical approaches to reasoning with evidence: a story-based and an argumentationbased approach. The concepts of scenarios and evidential arguments are explained
and it is shown how these two approaches can be brought together into a combined
5 For more information see http://www.cs.uu.nl/research/projects/evidence/; accessed
on January 28th, 2010.
6 A small part of this chapter is based on earlier work published in van den Braak et al. (2006).
7 In this thesis, the term argument diagramming is either used in a generic way to refer to various
methods to structure reasoning (for instance, in concept maps, issue maps, or argument maps) or in
a more specific way to refer to methods to visualize and analyze the logical structure of arguments
using a model of argument.
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model that offers the best of both worlds. This reasoning model is then formalized so
that it can underlie the design of a sensemaking tool for crime analysis. The proposed
model is to a large extent based on the research performed by Bex, although the formal theories presented in Bex (2009b) and Bex et al. (2007a) have been adapted on
some important points. In chapter 5 an ontology is defined based on this reasoning
model that takes the AIF core ontology (Chesñevar et al., 2006) as a starting point.
First, this AIF ontology is explained, after which it is adapted so that it cannot only
represent arguments but also scenarios.
Given the requirements, the reasoning model, and the ontology, chapter 6 answers
research question 3 and presents a design of the proposed solution to the research
problem called AVERs 8 . This design is inspired by the formalism and ontology proposed in the preceding two chapters, the general requirements given in chapter 2 and
the specific requirements for argument diagramming from chapter 3. The aim of this
chapter is to end up with a design of a system that is able to support crime analysts
in their tasks. To do so, the requirements are first formulated in terms of subtasks
that should be supported by the system. Secondly, a functional model is defined that
further specifies these subtasks, while based on this functional model a data representation is defined. Subsequently, an implementation of this design is described in
detail in which both AVERs’ graphical user interface and the functions it offers to its
users are illustrated. Finally, the results of various studies are presented that evaluate
the usability of the implementation.
The next four chapters present empirical studies conducted to evaluate whether
the proposed prototype is indeed natural, useful, and effective. More specifically, in
chapter 79 the naturalness of the reasoning model is evaluated. Chapter 8 reports
the results of a thinking-aloud study that tests whether the application is useful to
crime analysts and fits their needs. In chapter 9 methods are proposed, implemented,
and tested that allow analysts to handle visual representations of large cases10 . In
this way this chapter answers research question 4. Subsequently, to answer research
question 5, in chapter 10 it is tested which representation is the most suitable for communicating the results of the analysis to others. Various representations are explored,
implemented, and compared in order to determine which of them best facilitates the
transfer of analytical products. This chapter is to a large extent based on the research
carried out by Noordzij (2008). Finally, chapter 11 concludes this thesis.

1

8 Parts of this system were described earlier in van den Braak and Vreeswijk (2006), van den
Braak et al. (2007), and Bex et al. (2007a).
9 This chapter is to a large extent based on earlier work published in van den Braak et al. (2008a)
and van den Braak et al. (2008b).
10 The results presented here were published earlier in van den Braak et al. (2008c) and van den
Braak et al. (2008d).
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This chapter concerns the daily practice of operational crime analysts and aims to
provide a detailed task description and task analysis based on expert interviews and
the literature. It discusses the different steps of the analysis process, that is, the
construction, evaluation, and communication of scenarios about what might have
happened in a case, as well as the problems and biases that occur. This chapter serves
to elaborate upon the problems faced by analysts and their demands touched upon
in the introductory chapter and introduces requirements for a system that supports
crime analysts during their task and that aims to reduce errors on their part.
This chapter is organized as follows. The first section summarizes various definitions of crime analysis, while the second section describes the different thinking
steps in the crime analysis process. Subsequently, in section 2.3 common errors in
this process are identified and in section 2.4 possible solutions to avoid these errors
are proposed. Finally, several software support tools for crime analysis are described
and evaluated in section 2.5.

2.1 Crime analysis defined
In the literature a large variety of definitions of crime analysis exists (Moerland and
Mooij, 2000). For example, Peterson (1994) defines it as “the application of particular analytical methods to data collected for the purpose of criminal investigation or
criminal research”. Another well-known and more detailed account, which specifies
the data that is used in crime analysis and its goal, is found in the work of Gottlieb
et al. (1994):
Crime analysis is a set of systematic, analytical processes directed at providing timely and pertinent information relative to crime patterns and
trend correlations to assist operational and administrative personnel in
planning the deployment of resources for the prevention and suppression
of criminal activities, aiding the investigative process, and increasing apprehensions and the clearance of cases.
In the Netherlands another, more abstract explanation was proposed: “The identification of and provision of insight into the relationship between crime data and other
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potentially relevant data with a view to police and judicial practice” (Minnebo, 2004,
translated from Dutch)1 .
All aforementioned definitions agree on the main goal of crime analysis, that is,
to prevent and fight crime. The objective of most crime analysts is thus to find
meaningful information in the vast amounts of available data and to disseminate
this information to investigators in the field to assist in their efforts to solve crimes,
apprehend criminals, and to suppress criminal activity.
The discipline of crime analysis is broken down into different types that differ
in purpose, scope, data, and analysis techniques. Generally, five major types are
distinguished, namely, (1) intelligence analysis, (2) criminal investigative analysis,
(3) tactical crime analysis, (4) strategic crime analysis, and (5) administrative crime
analysis (Boba, 2005; Osborn and Wernicke, 2003). Note that crime analysis and
crime intelligence analysis are not the same; the former primarily focuses on already
observed crime facts, while the latter is targeted at crime prevention by identifying
networks of offenders or criminal activity. In the Netherlands the intelligence analysis branch receives relatively little attention; a primary distinction is made between
operational (sometimes referred to as tactical crime analysis) and strategic analysis.
Operational crime analysis is directed towards a short-term goal with an immediate
result in mind, for example, the arrest of a suspect. It aims to support the investigation of one particular crime or one specific series of crimes and aims to provide an
understanding of the information collected during a specific investigation. The goal
of strategic crime analysis is to develop, implement, or evaluate a policy based on insights into the nature of a type of crime or criminal. It aims to provide information on
trends in criminality on which the police management can base their decisions. These
two types can be divided further into different subtypes of crime analysis with each
a different goal and focus (see Table 2.1). This originally Dutch model was formally
accepted by Interpol as the international standard, referred to as the Trevi definition.
Research in the Netherlands (Moerland and Boerman, 2003) showed that in practice an even larger variety of terms are used to describe the type of analysis that
is performed, and that above-mentioned categories are not always used consistently.
Additionally, it was found that the people who conduct crime analysis are diverse in
background and that the role of crime analysts, and even their goals and the questions
that they answer, may vary from district to district.
To clarify, this thesis will focus on case analysis which involves specific, individual
cases. Subject of analysis is the often quite complex course of events in such a case
and the goal of such an analysis is to help solving a certain crime or a series of
related crimes (with probably the same offender) by establishing what has happened,
who did it, and why he or she did it. The analyst’s task is to support the team
of criminal investigators by managing the vast amount of available information and,
based on this, to investigate which of the team’s hypotheses is better supported by
the evidence than the others. Additionally, it is his task to identify inconsistencies
and missing information. The results of his analysis may subsequently be used to
aid interrogations, but also in later stages after the investigation. For instance, the
analyst’s results may be used by the public prosecutor while deciding whether to
1 This definition has been adopted by many countries and has been approved by twelve European
countries and Interpol.
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prosecute the suspect, or by the judge while making decisions about the guilt of the
suspect.
Table 2.1: Types and subtypes of crime analysis according to the Trevi definition

Operational/tactical crime analysis
Case analysis: The establishment of the course of events immediately before,
during, and after, a serious offense (for example, through a time line) to
find inconsistencies or hiatus.

2

Offender group analysis: The structuring and comparison of facts about a
certain group of suspects in order to establish the structure of a group, the
significance of each member, and their involvement with criminal activities.
Operations analysis: The evaluation of the effectiveness of activities that are
undertaken within the context of an investigation.
Comparative case analysis: The identification of series of crimes with common offenders by seeking similarities between offenses.
Specific profile analysis: The construction of a hypothetical picture of the
perpetrator of a serious crime or series of offenses on the basis of crime
scene data, witnesses’ statements, and other available information.
Strategic crime analysis
Crime pattern analysis: The examination of the nature, scale, and development of crime within a geographic area.
General profile analysis: The identification of typical characteristics of perpetrators of a certain type of crime.
Crime control methods analysis: The evaluation of the effectiveness of (investigative or preventive) methods and techniques with the aim of establishing their future usefulness and possible improvements.
Note. Adapted from “Local Crime Analysis” by T. Read and D. Oldfield, 1995.

2.2 Phases in the analysis process
Boba (2005) and Osborn and Wernicke (2003) recognize different steps that are involved in crime analysis: data relating to a crime is collected, collated, analyzed, and
disseminated. This data is typically from various sources and is generally observed
and collected by others such as police officers who are part of the investigation team.
The first two steps basically involve the collection and preparation of the data, while
the actual analysis takes place in the third step. Similarly, Minnebo (2004) distin-
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Figure 2.1: Steps in the analysis process. Adapted from “The sensemaking process and
leverage points for analyst technology as identified through cognitive task analysis” by P.
Pirolli and S. K. Card, 2005.

guishes an objective fact-finding phase and a more subjective interpretation phase.
So, before the actual analysis takes place, preliminary work has been done to collect,
store, evaluate, and organize the available information, after which in the analysis
phase the meaning of this information for the ongoing investigation is found. Subsequently, conclusions and recommendations are reported to the team of criminal
investigators. Note that this process is not linear as there is a continuous interplay
between the different steps (Boba refers to this as the data modification subcycle).
A similar, but more detailed model is proposed by Pirolli and Card (2005), which
is based on a cognitive task analysis and a thinking-aloud protocol analysis of analysts as they performed their tasks. This model also distinguishes two phases, namely,
a foraging and a sensemaking loop, where the first aims at gathering, selecting, and
evaluating the information (similar to Minnebo’s fact-finding phase), while the second
aims at establishing the meaning of this information (Minnebo’s interpretation phase).
Figure 2.1 displays the process from raw evidence to reportable results. This process
is organized in two major loops of activities and there is plenty of interaction between
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them. Moreover, two kinds of processes can be distinguished, namely, a bottom-up
process and a top-down process. The former is from data to theory, while the latter
is from theory to data and aims to find support for the constructed hypotheses. This
concurs with observations by de Poot et al. (2004), who stress that a criminal investigation consists of two tracks, the reconstruction phase and the verification phase. In
the former, hypotheses about what might have happened are constructed on the basis
of the available information. In the latter, investigators will try to find (new) information to prove their hypotheses. Verification is top-down; starting with a hypothesis
supporting or discrediting evidence is searched, while reconstruction is bottom-up;
starting from the available information possible hypotheses are constructed. There
will always be an interaction between both tracks based on the incoming information.
For instance, new information may be used to test a hypothesis (i.e., verification), but
also to extend or adapt the hypothesis (reconstruction). Likewise, the observational
user studies by Gotz et al. (2006) and Scholtz et al. (2004) showed that analysts
employ a mixture of both top-down and bottom-up techniques, that both tracks are
highly integrated, and that the analysis itself is continuously taking place in both
phases.
In the bottom-up process data undergo the following transformations: the raw
data is visualized into some sort of schematic representation, for example, a time
line or a relation scheme. Based on this scheme, interpretations are made to build
a mental model that best fits the evidence (this is what Pirolli and Card call build
case). These hypotheses of what might have happened are tentative but supported
by arguments. Subsequently, these results are presented to interested parties (tell
story). In this thesis, the step from schemas to hypotheses together with the entire
sensemaking loop, are of particular interest, as they are the core business of crime
analysis. Therefore, in the next section, these steps are described in more detail.
Pirolli and Card’s information-processing model will be taken as the framework, which
will be specified using knowledge gathered from interviews with analysts working in
different districts in the Netherlands, teachers of crime analysis at the Dutch Police
Academy, and research done in the Netherlands on the practice of crime analysis
(see Boerman and de Rooij, 2000; Kerstholt, 2006; Kerstholt and Eikelboom, 2007;
Minnebo, 2004; de Poot et al., 2004).

2.2.1

2

Hypothesis generation

As said above, the processes schematize, build case, and tell story are particularly
interesting, but Pirolli and Card did not specify how these processes take place, neither
did they describe the precise content and structure of the produced hypotheses. This
will be clarified below.
According to de Poot et al. (2004), criminal investigations consist of the reconstruction of what might have happened through story-telling. Events are always
part of a series or chain of events, which are sometimes causally connected to each
other. While reconstructing a crime the knowledge about such causal relations between events is used in linking events to construct a preliminary story. Additionally,
based on such knowledge analysts will try to explain why certain events occurred and
in this way a story is completed. Similarly, Adams and Goel (2007) “view sensemak-
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ing in threat analysis as abducing stories that explain the current data and make
verifiable predictions about future data” (p. 1). In informal contacts with Dutch
crime analysts it was observed that they first develop a number of possible hypotheses and then develop different scenarios based on them. The hypotheses are thus
specified in the form of stories, or scenarios. Kerstholt and Eikelboom (2007) also
speak of hypotheses in terms of causal representations, or scenarios, that best fit the
evidence at hand. These causal representations describe why, how, and when particular events took place, and who were involved. Generally, such scenarios are based
on the available facts together with interpretations based on general world knowledge
and domain-specific knowledge. The main goal of an analysis is thus to come up with
one or more plausible scenarios that explain the evidence found. This set of possible
scenarios is then reduced by means of consistency checks.
Although hypotheses usually take the form of scenarios, there is an important
difference between a scenario and a hypothesis: a scenario is a description of a combination of events, while a hypothesis is an important feature of the crime such as the
type of death (see also Keppens and Schafer, 2006). Possible hypotheses in a case in
which a dead body is found include a suicide hypothesis, a murder hypothesis, and a
death-by-accident hypothesis. A hypothesis may give rise to numerous scenarios that
explain this hypothesis. For example, based on the murder hypothesis different scenarios may be developed: one that describes how the victim is murdered by a family
member with a revolver and another one that describes how the victim is murdered
by an intruder with a gun. In this chapter the terms hypothesis and scenario are used
interchangeably, but in chapter 4 a distinction is made between the two notions in
their formal specification.
Based on aforementioned literature and expert interviews the process from evidence to scenarios can be characterized as follows. After the analyst has decided
which parts of the evidence are relevant and after he2 has identified people, locations,
events, and relations between them (cf. the foraging loop in Figure 2.1), events or
facts that might have occurred are formulated based on these entities. These events
are thus founded in the current evidence and somehow or other the analyst has to
remember by which pieces of evidence the events are supported. From these events
preliminary scenarios may be constructed in which causal knowledge may be used to
determine how certain events are related to each other. In order to complete such a
preliminary scenario, the analyst will try to fill in the blanks by adding hypothesized,
yet unsupported events, and will formulate which information is missing. This is usually done based on knowledge from earlier investigations or experience. Additionally,
new events are predicted from the events already incorporated in the scenario, which
still need to be supported by evidence. These tasks are all part of the process that
Pirolli and Card call build case.
The identification of missing information, and the addition of predicted, still unsupported events to the scenario forces the analyst to go back to the evidence or
to formulate search questions for the team of criminal investigators in order to find
support. This is the point where the analysis turns into the verification phase (cf.
the top-down process in Figure 2.1). Furthermore, in practice it is not likely that an
2 For brevity’s sake, an analyst, a software user, or a participant in an experiment will generally
be referred to as “he”, when actually “he or she” is meant.

18

2.3

ERRORS MADE IN THE ANALYSIS PROCESS

analysis results in a single hypothesis. In fact, most starting investigations will result
in a large number of possible scenarios. All these alternatives need to be evaluated
and ultimately one of them has to be selected. To identify the best scenario, the
analyst will compare the alternatives by looking at how well they are supported by
the available evidence, that is, by establishing how many events of a certain scenario
are supported or disconfirmed by the evidence. As a start, it is determined which
events need to be true or false in order to confirm or rule out a certain hypothesis
immediately, sometimes based on the occurrence or absence of a single event. As the
analysis proceeds, more and more hypotheses are refuted in this manner. At a certain
point in this process, the pros and cons of the remaining hypotheses are mapped out,
and accordingly a few hypotheses are chosen that will be investigated further. As
fewer viable hypotheses are now available, it becomes more important to investigate
certain parts of the scenarios in more detail. This is the time to critically examine
the quality of the remaining scenarios and the reliability of the sources of evidence
supporting them. Pirolli and Card refer to this entire process as reevaluate and search
for support.
In sum, crime analysis is an iterative process in which there is a continuous interaction between reconstruction and verification in order to find the scenario that
best explains what has happened. At first, the produced scenarios are general, maybe
some information is left implicit, but during the process they will become increasingly
specialized and refined. In fact, during the analysis new evidence may become available from the team of criminal investigators working on the case. This means that
the analyst will have to incorporate more and more information into his scenarios and
will have to return to previous steps in the process to keep his scenarios up to date.

2

2.3 Errors made in the analysis process
The most important task of a crime analyst is to choose among several alternative
hypotheses. This requires him to identify all reasonable alternatives and to compare
them against each other, rather than to evaluate them one at a time. However, most
analysts work by selecting a single, most likely hypothesis based on their intuitions
and by subsequently trying to support this with the available evidence (Heuer, 1999).
Heuer refers to this as a satisficing strategy. More specifically, the process which aims
at finding the best alternative requires three activities, namely, hypothesis generation
(problem structuring, step 4 in Figure 2.1), hypothesis confirmation or disconfirmation
(evidentiary reasoning, step 6), and hypothesis selection, that is, choosing the best
hypothesis from the set of alternatives (decision making). All these processes are
affected by limitations in human mental processes and by cognitive biases. Three
problem areas may be identified (Heuer, 1999; Pirolli and Card, 2005): (1) the limited
human working memory, (2) a perceptual bias together with the failure to generate
more than one hypothesis, and (3) a confirmation bias.
Firstly, the limited capacity of human working memory limits the number of hypotheses, pieces of evidence, and relations between them that can be kept in mind
at the same time. As a result it is difficult for a human crime analyst to keep track
of multiple hypotheses and to evaluate competing hypotheses simultaneously (Pirolli
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and Card, 2005). Secondly, an analyst is often unable or does not have the time
to generate a complete set of competing hypotheses. He tends to focus on a single
hypothesis and fails to generate alternatives, and thus does not consider all possibilities. The perceptual bias of interpreting new information into existing expectations
causes him to stick to the favored hypothesis, even if new information arrives. This
hypothesis is likely to resist change, because new data received will be fitted into
it and the analyst will fail to recognize that much of the evidence consistent with
the favored hypothesis is also consistent with alternatives (Heuer, 1999). Moreover,
the focus on a single hypothesis influences the information managing process, as the
current hypothesis functions as a perceptual filter. As a result, an analyst tends to
focus on information that is relevant for this particular hypothesis, and important
information may be lost especially in cases in which the initial hypothesis turned out
to be incorrect.
Thirdly, even when multiple hypotheses are generated, the confirmation bias
causes the analyst to fail to consider the “diagnosticity” of evidence (Heuer, 1999).
Evidence is diagnostic when it influences an analyst’s judgment on the relative likelihood of the various hypotheses. A piece of evidence thus has no diagnostic value
when it is consistent with all hypotheses. As a consequence of the confirmation bias,
an analyst will only focus on information that supports his hypotheses rather than
on data that may refute them. He will tend to seek confirming evidence and select
information that is in line with his current beliefs and will thus fail to disconfirm
hypotheses. Combined with the focus on a single hypothesis this leads to a limited
view, in which the analyst is only looking at the evidence that supports his preferred
hypothesis, while he forgets that most of this evidence may be consistent with other
plausible alternatives.
Similarly, Kerstholt and Eikelboom (2007) stress the importance of prior information and current beliefs (or “mindset” as it is called by Heuer) on the analysis process,
as these influence the way in which people assess and reason about situations. Due
to this mindset, information is selectively gathered, interpreted in the direction of the
belief, and distorted to match the current belief. This may cause errors, for example,
a crime analyst who knows about the perspective of the investigation team, may not
produce an independent analysis.
Heuer argues that these mindsets are unavoidable, as they are in fact the result of
mechanisms which allow people to process large quantities of data, but this does not
mean that the crime analysis process cannot be improved. In fact, different solutions
have already been proposed to overcome these cognitive limitations and that may
minimize the number of errors made.

2.4 Improving the analysis process
To aid analysts in simultaneously evaluating multiple hypotheses, Heuer introduces
a simple procedure containing eight steps to analyze competing hypotheses (often
referred to as the ACH procedure, all steps are listed in Table 2.2). He proposes
the use of a matrix in which all pieces of evidence are put down the side and all
hypotheses are across the top (cf. step 3 of his step-by-step plan). This gives the
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Table 2.2: Step-by-step outline of analysis of competing hypotheses

1. Identify the possible hypotheses to be considered. Use a group of analysts
with different perspectives to brainstorm the possibilities.
2. Make a list of significant evidence and arguments for and against each
hypothesis.

2

3. Prepare a matrix with hypotheses across the top and evidence down the
side. Analyze the diagnosticity of the evidence and arguments that is,
identify which items are most helpful in judging the relative likelihood of
the hypotheses.
4. Refine the matrix. Reconsider the hypotheses and delete evidence and
arguments that have no diagnostic value.
5. Draw tentative conclusions about the relative likelihood of each hypothesis.
Proceed by trying to disprove the hypotheses rather than prove them.
6. Analyze how sensitive your conclusion is to a few critical items of evidence.
Consider the consequences for your analysis if that evidence were wrong,
misleading, or subject to a different interpretation.
7. Report conclusions. Discuss the relative likelihood of all the hypotheses,
not just the most likely one.
8. Identify milestones for future observation that may indicate events are
taking a different course than expected.
Note. Adapted from “Psychology of Intelligence Analysis” by R. J. Heuer, 1999, p. 97.

analyst an overview of all available information. In this matrix it is indicated how
each piece of evidence is related to each hypothesis, for example, by adding pluses
for support and minuses for attack at the intersection of evidence and hypothesis.
The analyst will work across the rows of the matrix, examining one piece of evidence
at a time to see how consistent it is with each hypothesis, instead of looking at one
hypothesis at a time. This will result in an overview of all evidence for and against
the hypotheses. In step 5 the analyst will then work down the columns, looking
at each hypothesis as a whole. In examining the matrix and evaluating competing
hypotheses, he will have to focus on the minuses. The hypothesis with the fewest
minuses is probably the most likely one, because if a hypothesis is inconsistent with
the evidence, this is a good reason to reject it. Heuer points out that this method has
several advantages: (1) the analysis starts with a complete set of hypotheses, (2) the
method forces the analyst to look for evidence that has the greatest diagnostic value,
and (3) the analyst is encouraged to refute hypotheses, rather than to confirm a single
favored hypothesis.
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This ACH method does not guarantee that the analysis will be without errors
and will result in finding the correct hypothesis, but it does guarantee an appropriate
process of analysis. Based on this method Heuer proposes a complementary checklist
which summarizes the recommendations and helps analysts to protect themselves
from avoidable errors. This protocol consists of six steps, namely, define the problem,
generate hypotheses (step 4 in Figure 2.1), collect information (step 6), evaluate
hypotheses (step 6), select the most likely hypothesis, and monitor new information
(steps 1 to 3). It proposes guidelines for analysts to follow; the most important can
be summarized as follows:
1. When generating hypotheses, identify all plausible hypotheses that need to be
considered and do not screen out reasonable hypotheses only because there is
no evidence to support them.
2. When collecting information, collect information to evaluate all reasonable hypotheses, not just the most likely one.
3. When evaluating hypotheses, focus on developing arguments against each hypothesis, rather than on trying to confirm them.
4. When selecting the most likely hypothesis, keep in mind that the most likely
hypothesis is usually the one with the least evidence against it not the one with
the most evidence supporting it.
5. When monitoring new information, pay particular attention to new information
that does not fit prior understanding.
Following the above list of guidelines is not easy as, for instance, concerning the
first guideline, the analyst’s limited memory makes it hard to retain multiple hypotheses in working memory and to note how they are related. Therefore, Pirolli and Card
(2005) propose information visualization techniques in order to improve the analyst’s
capacity to keep track of patterns and relations. In this way, his working memory is
expanded, because the information is offloaded onto external memory. This touches
upon Heuer’s (1999) ACH matrix and corresponds with Minnebo’s (2004) recommendation to externalize a problem by listing all elements that are part of it (on paper or
in a computer database) in order to obtain an overview of all elements and their relations. By doing so the analyst will become aware of missing information. Moreover,
all information can be retrieved from the database at all times and no information
will be lost. Minnebo proposes decision matrices or mind maps to aid this task.
Additionally, the analyst may be encouraged to generate alternative hypotheses, for
example, by highlighting patterns or relationships in the data which point at possible
alternatives (Kerstholt, 2006; Kerstholt and Eikelboom, 2007).
In evaluating a hypothesis and to overcome the tendency to fixate on the confirmation of one alternative, Kerstholt suggests that the analyst should be supported
in critically relating the hypothesis to the data, for example, by visualizing how the
hypothesis is “anchored in the data”. This corresponds with the theory of Anchored
Narratives proposed by Wagenaar et al. (1993) which states that good stories should
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always be sufficiently anchored in commonsense knowledge. By making anchors explicit it becomes easier to see which data supports a certain hypothesis and which
data does not support it or even attacks it (cf. Heuer’s matrix, which also offers this
feature). Additionally, she recommends that the analyst is made aware of missing
information and unknown parts of his hypotheses. Furthermore, it is important for
a crime analyst to be aware of the effect of the truth of a piece of information on
the likelihood of the scenario, as it points out critical information and allows him
to differentiate between relevant and less relevant information. The latter is also an
important point in Heuer’s method that encourages an analyst to search for evidence
with a large diagnostic value.
Following these recommendations, various crime analysts in the Netherlands have
recently adopted a method that uses “analysis quadrants” (Minnebo, 2004, pp. 121–
122) to map out the strengths and weaknesses of hypotheses and scenarios. This
method is similar to the SWOT-analysis (Strengths, Weaknesses, Opportunities and
Threats) used in strategic planning and management (see, e.g., Wilson and Gilligan,
2005) and to de Bono’s (1985) PMI thinking tool (Plus-Minus-Interesting). Using
this method, the analyst constructs a quadrant for every scenario and maps out all
pluses and minuses, questions, and remarks. The main disadvantage of this method
is that this analysis is done on paper and is not recorded in a computer system. As a
result it is not easy to maintain a connection between the pluses and minuses in the
quadrants and the evidential data that is often digital.
All in all, this means that it is important to use some sort of method, for example,
computer software, to systematically generate and externally store all (or at least a
substantial number of) hypotheses and which enables the analyst to note how they
are related to the evidence. By making the underpinning and underlying assumptions
of the generated hypotheses explicit he is able to critically evaluate his hypotheses
and hopefully a more objective analysis is achieved.

2

2.5 Software support for crime analysis
Crime analysts may benefit from software which allows them to manage and organize
the vast amount of available data, as this compensates for their limited working memory. Information visualization software is suggested to be beneficial as its schematic
representation provides an overview of all available information. Also other software
may be useful to aid the analysis process, for example, general software applications
such as spreadsheet software (Excel), database management software (Access), and
statistical software (SPSS) may be used to collect and organize data and to perform
analyses (Boba, 2005, Chapter 7). Stol (2000) distinguishes between what he calls
“source systems” and analysis software, where the former is used to store the data,
while the latter used to analyze the data. Analysis software may be subdivided further into software used for comparative analysis (e.g., SPSS, Excel/Access, DEX,
ViCLAS, InfoRay) and software used for operational (case) analysis (e.g., Analyst’s
Notebook, Excel/Access, RBS-connect). To the current project, this last subcategory
of analysis software for case analysis is of particular interest.
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Moerland and Boerman (2003) conducted a detailed study into the daily practice
of crime analysis in the Netherlands. Their questionnaire also included a question on
the software used by an analyst to collect, store, relate, and present the information
available. They found that the applications used range from generic tools such as
Excel (70% of the conducted analyses), Word (70%), and PowerPoint (36%) to more
specialized tools such as Analyst’s Notebook (55%). When analyzing specific cases,
the type of crime analysis that is considered in this thesis, the analysts mainly turn
to the usage of Analyst’s Notebook (82%), Word (80%), and PowerPoint (46%, but
mainly used for presentation purposes). As Analyst’s Notebook3 makes such an important part of the current practice in the Netherlands, this package is described in
more detail.

2.5.1

Analyst’s Notebook

Analyst’s Notebook was introduced in the Netherlands in 1992 and is now the standard in most if not all districts (Minnebo, 2004; Stol, 2000). It supports the analyst
in quickly visualizing large volumes of data, thus revealing a clear overview of the
data. It visualizes this data as entities (objects) and links (relations), and represents
all elements and relationships relating to a case. The produced charts can be used to
present the key findings to others.
The software package consists of two parts: Case Notebook and Link Notebook;
in particular the former is used in case analysis (Moerland and Boerman, 2003). This
component allows for the construction of time lines based on information imported
from, for instance, files produced with Excel. Such time lines represent how a sequence
of events unfolds over time by presenting them in a chronological order. Drawing
them may help an analyst in establishing the likely cause and effect between events,
in identifying inconsistencies or “blind spots” in his analysis, and in finding groups of
events or patterns that require closer inspection. Such an event chart may help the
analyst in understanding what has happened in a case.
The most important advantage of this software lies in the fact that it is able
to generate schemes and event charts automatically based on information imported
from structured databases. For example, the events that are added to a chart are
automatically positioned on a time axis to reveal their precise chronological order,
while the software also records interconnections between events. Moreover, the analyst
is able to highlight significant events by color or font, or by adding text labels. In this
way he is able to easily identify the important events. By switching between views
(e.g., a full view and a summary view), by varying the time increments on the time
axis, or by using the search features, the analyst is able to view the case from a high
level overview or to zoom in on the smallest details. Different “subjects” or “themes”
may be used to represent different time lines of a case.
However, automatically importing all information from a case in Analyst’s Notebook may lead to enormous charts which may cause the analyst to lose track of the
situation (Stol, 2000). Therefore, an analyst will typically “clean” his databases before he imports them into the program. Additionally, the software is quite complex
3 See http://www.i2.co.uk/Products/Analysts_Notebook/default.asp;
January 28th, 2010.
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to use and provides a large range of features. Stol notes that due to its complexity,
it is mainly used for complex cases; when analyzing simple cases an analyst will turn
to other applications such as Excel. Furthermore, its large range of features and its
rich representation format (colors, icons, arrows) may cause the analyst to add too
much information and icons to the schemes produced, which does not improve the
readability of the representation and may impede their understandability (Minnebo,
2004).
Another limitation of the software is that it does not allow for the addition of
the reasons why certain pieces of evidence support a certain element in a time line,
although this was one of the most important recommendations for improving the
analysis process. Thus, one of the most important subtasks of crime analysis, being
the assessment of the relations between hypotheses and evidence, the process that is
in fact prone to errors, still takes place entirely within the mind of a human analyst
and cannot be recorded by this software.
In summary, the Analyst’s Notebook software package which is widely used by
crime analysts in the Netherlands supports the foraging loop of the analysis process
by allowing an analyst to manage the evidence and to use this to create schemas
in the form of time lines. Nevertheless, the sensemaking loop is not supported as
this software package does not allow for the construction, evaluation, or comparison
of different hypotheses. It thus provides a solution to the first error mentioned in
section 2.3, because it allows for the externalization of information and thereby it
extends the limited working memory of an analyst, but it does not provide support
to overcome the other biases in the analysis process. Therefore, one of the objectives
of the current project is to produce a set of recommendations in order to improve
software of this kind.

2.5.2

2

Improving the software for crime analysis

Software for crime analysis should not only support the foraging loop, but also the
sensemaking loop of the analysis process by allowing an analyst to record and evaluate
multiple hypotheses. This is confirmed by interviews and task analyses that were
performed to explore what the wishes and demands of crime analysts working in the
field are. For example, Gotz et al. (2006) found that analysts give the highest priority
to computer tools designed to track and generate hypotheses. Similarly, Badalamente
and Greitzer (2005) put hypothesis generation and tracking in their top ten list of
enhancements for crime analysis tools; the analysts who participated in their workshop
said that they would benefit from features that supported them in formulating and
testing hypotheses, and in weighing alternatives. Finally, according to Patterson et al.
(2001) one of the criteria that should be satisfied by software for intelligence analysis
is what they call “broaden”, that is, a software solution should avoid prematurely
closing the analysis, and should break fixations on single hypotheses and widen the
considered hypothesis set. Based on these observations and the requirements for
improving the analysis process, a number of criteria for software for crime analysis
are defined. Such software should support crime analysts in the following tasks:
1. Managing vast amounts of evidence, while maintaining a direct link with the
original source documents (steps 1 to 3 in Pirolli and Card’s model)
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2. Constructing multiple hypotheses, and preferably a full set of hypotheses, of
what might have happened in the case in the form of scenarios, which are based
on the evidence (step 4)
3. Evaluating the scenarios and deciding which of them is best supported by evidence or least refuted by evidence (step 6) by:
(a) Recording how the hypotheses are supported or attacked by the evidence
(b) Being aware of missing information

2.6 Conclusion
In this chapter, it was illustrated how diverse the field of crime analysis is; different
definitions are used to describe it, the discipline is broken down into different types,
and the task descriptions of crime analysts differ from district to district. This chapter
focused on one specific type of crime analysis namely, case analysis. This type of crime
analysis concerns the analysis of individual criminal cases and aims to support the
investigation team in determining what has happened in a case.
The analysis process involves different steps: a foraging phase in which information is gathered, selected, and evaluated, and a sensemaking phase, which aims to
develop a hypothesis that best fits the evidence. The most important tasks of the
sensemaking phase, the core business of crime analysis, are the generation, confirmation (or disconfirmation), and selection of such hypotheses (in the form of causal
scenarios of what might have happened). These tasks are subject to cognitive biases
and errors are easily made. The most important error is that an analyst tends to
decide on a single hypothesis and will stick to this even if new data arrives, because
he will look for data that supports the hypothesis on which he is fixated, and not for
information that refutes it.
Therefore, different authors proposed guidelines and recommendations for improving the analysis process. Information visualization is presented to overcome problems
with the limitations of human memory. Additionally, to allow for a more objective
analysis, the analyst should be encouraged to generate a full set of hypotheses and
should be supported in visualizing how the evidence relates to the generated hypotheses and in critically examining these hypotheses. This has led to a more detailed list
of criteria for improved software for crime analysis.
The current software package that is used in the Netherlands, Analyst’s Notebook,
does not allow the analyst to make this underpinning explicit; it only allows for the
generation of schematic representations of the available data such as time lines or
relation schemes. Therefore, it is suggested that sensemaking abilities should be added
to such analysis software, which allow the analyst to record his reasoning process. The
analyst can thus connect his scenarios to the available evidence and represent how
this evidence supports or attacks his hypotheses. In the next chapter it will be shown
how argument visualization tools (Kirschner et al., 2003; Okada et al., 2008; Scheuer
et al., 2010) can provide a viable solution as they let users visualize their reasoning
in a way that is meaningful to them and explore its consequences.
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Information visualization (Card et al., 1999) may help people to better examine, analyze, and understand large quantities of data by offloading information onto external
memory; thus it may enhance analysis processes. Ware (2004, p. 3) identifies a
number of advantages of visualizations: they facilitate (1) the ability to comprehend
large amounts of data, (2) the perception of emergent properties that were not anticipated, (3) the identification of problems with the data itself, (4) the understanding of
large-scale and small-scale features of the data, and (5) hypothesis generation. Such
visual aids may also facilitate and structure reasoning processes. In this way, in crime
analysis visualization may be used to construct and compare scenarios, and to lay
out the structure of supporting evidential arguments. This chapter will focus on the
diagramming of argument structures, although as described in the next chapters the
developed software for crime analysis will visualize both arguments and scenarios.
Argument diagramming aims to visualize, and in this way to reveal, the structure
of an argument by representing its premises and conclusions, and the possible sources
of doubt, and may be used to analyze and evaluate arguments in discourse. Argumentation and more specifically argument diagramming are claimed to be effective
solutions to ill-structured problems (van Bruggen et al., 2003; Voss, 2005) or wicked
problems (van Bruggen, 2003; Buckingham Shum, 2003; Rittel and Webber, 1984).
Such problems, although there are some differences, may be characterized by their
incomplete problem specification and the lack of criteria to evaluate whether a solution has been reached. Solving such problems involves working on partial solutions,
while refining the problem representation. In this problem-solving process there is no
progress in a linear way; instead it is iterative. This corresponds with the characterization that was given of the crime analysis process in the previous chapter and,
therefore, such visualizations may be valuable to support crime analysis.
This chapter is organized as follows. Firstly, important basic concepts of argumentation theory will be explained. Subsequently, some methods to structure arguments
will be discussed. In the second part of this chapter, various software tools for argument diagramming will be reviewed (see section 3.2) and it will be discussed why
diagramming may improve the reasoning process (see section 3.3). Based on the experiments already conducted on these software tools, it will be investigated whether
such tools are indeed effective (see section 3.4). Finally, in section 3.5 some issues
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in designing argument diagramming software tools will be touched upon, while in
section 3.6 requirements for argument diagramming software aimed at crime analysis
will be proposed.

3.1 Models of argument
Arguments are structures of inferences between different claims leading from premises
to conclusions. The inference rules used for constructing such arguments may be
deductive or defeasible. Deductive inferences are monotonic: the conclusions are
entailed by their premises, which means that if the premises are true, the conclusions
must be true. On the contrary, defeasible inferences are nonmonotonic, meaning that
they are not absolutely certain. So, in defeasible reasoning arguments both for and
against a claim may be produced. In the literature, three types of conflicts between
arguments are usually distinguished: an argument can attack (1) the conclusion, (2) a
premise, or (3) an inference step of another argument. Firstly, the conclusion of an
argument can be rebutted with a counterargument for the opposite conclusion. For
example, “Tweety flies because it is a bird” is rebutted by “Tweety does not fly
because it is a penguin”. Secondly, the premises of an argument can be attacked.
Take, for example, the argument “Tweety flies because it is a bird”, which can be
attacked by an argument with the conclusion that Tweety is not a bird. Finally,
the applied inference rule can be attacked by giving reasons why the inference is not
allowed; this is called undercutting attack. For example, the rule “Penguin x cannot
fly since the observed penguins 1 to penguin x − 1 could not fly” may be undercut by
the statement “I saw a penguin (x + 1) which could fly”. A schematic representation
of these three types of attack is displayed in Figure 3.1. Note that also subconclusions
or substeps of an argument may be attacked, which is referred to as indirect attack
(see Prakken and Vreeswijk, 2002 and Rahwan and Simari, 2009 for an elaborate
introduction into the basic concepts in logics for defeasible argumentation).
Several different argumentation systems and frameworks have been developed to
formalize this type of defeasible reasoning in terms of the construction and comparison of arguments for and against a certain conclusion (e.g., Dung, 1995; Pollock, 1995;
see Prakken and Vreeswijk, 2002 for an overview). Such systems not only define the
notions of argument and conflict between arguments, but also specify the notions of
defeat between arguments and the dialectical status of arguments. The notion of defeat has to do with establishing whether an attack is successful or not by determining
which of the two conflicting arguments is stronger. An argument is said to defeat
another argument when it is attacking and not weaker or when it is attacking and
stronger than the other argument (the latter is referred to as strict defeat). Based
on the defeat relations between arguments the dialectical status of the arguments
can be assessed, which depends on the interaction between all arguments available.
Generally, arguments are classified into three classes: justified arguments (with which
a dispute can be won, because they survive the competition with their counterarguments), overruled arguments (that lose the competition with their counterarguments)
and defensible arguments (that leave the dispute undecided).
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Figure 3.1: Three types of attack between arguments.

Recently, the study of argumentation has become one of the core topics within AI
and argumentation theory has found a wide range of applications in many different
areas of AI research, including legal reasoning, decision-support systems, and multiagent systems (Bench-Capon and Dunne, 2007; Rahwan and Simari, 2009).

3.1.1

Structuring arguments

To gain a better understanding of arguments, their components and the relations
between them are often analyzed. Some of these analyses are expressed in natural
language, but also diagrams are used to establish and visualize the components of
an argument and the relations between them. Thus, several methods and models to
structure argumentation have been developed. Most of these models have in common
that they view arguments as trees of inferences, but they differ in the elements that are
identified: some methods distinguish different relations between premises (e.g., linked
and convergent premises, as will be explained below), different inferential steps, and
different types of conflicts (one or more of the three types mentioned above).
As said, the “standard structure” of an argument (cf. Reed and Rowe, 2007) is a
tree consisting of premises and inferences with the conclusion as the root. Take, for
example, Reed and Rowe’s diagram-based implementation of the standard model of
argument displayed in Figure 3.2, in which “Sacco was at the scene of the robbery
and shootings when they occurred” is the conclusion. Each node in this diagram
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may be supported by any number of other nodes, which are called the premises
of the argument. Two or more premises can be “convergent” or “linked”, where
premises that are convergent are able to support a node on their own, while linked
premises support a certain node together. In Figure 3.2 a linked subargument is
displayed by a horizontal line giving rise to a single arrow joining the linked premises
to the conclusion, while convergent premises are directly connected to the conclusion
through a single arrow. For example, the premises “Pelser testified that he was at
the window and saw Sacco at the scene of the crime when it occurred” and “Pelser
is being truthful” together support that Pelser recalls that he saw Sacco. They are
linked, because on their own they are not sufficient to support the conclusion. Finally,
rebuttals are drawn to the left of the proposition that is attacked and connected to it
by a line with arrows on both ends. The statement “Sacco was not at the scene of the
crime when it occurred” is an example of a refutation to the conclusion that Sacco
was at the scene of the crime. So, in short the basic structure of a defeasible argument
consists of three building blocks, namely, a conclusion, one or more premises, and one
or more inferences.
Sacco was not at the
scene of the crime when it
occurred

Sacco was at the scene of
the robbery and shootings
when they occurred

Sacco was not one of the
men leaning on the piperail fence when, before the
crime, Frantello passed the
two men on his way to
Hampton House

Pelser saw Sacco at the
scene of the crime when it
occurred

Pelser recalls that he
experienced that he was at
the window and saw Sacco
at the scene of the crime
when it occurred

Pelser testified that he was
at the window and saw
Sacco at the scene of the
crime when it occurred

Pelser is being truthful

Figure 3.2: An example of a standard argument structure. Adapted from “A pluralist
approach to argument diagramming” by C. A. Reed and G. W. A. Rowe, 2007, p. 66.
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Argumentation schemes Another method to analyze arguments is as instances of
stereotypical patterns of reasoning, called argumentation schemes (see, e.g., Walton,
1996; Walton et al., 2008). Such schemes typically contain one or more premises,
a conclusion, and critical questions that capture the defeasibility of the scheme. A
compendium of many schemes from the argumentation literature including references
is provided by Walton et al. (2008, pp. 308–346). A well-known scheme is the scheme
for argument from expert opinion (Walton, 1997, p. 210):

Major premise: Source E is an expert in subject domain S containing
proposition A.
Minor premise: E asserts that proposition A (in domain S) is true (false).
Conclusion: A may plausibly be taken to be true (false).

3

Walton recommends the following six critical questions for this scheme (Walton, 1997,
p. 223):
1. Expertise Question: How credible is E as an expert source?
2. Field Question: Is E an expert in the field that A is in?
3. Opinion Question: What did E assert that implies A?
4. Trustworthiness Question: Is E personally reliable as a source?
5. Consistency Question: Is A consistent with what other experts assert?
6. Backup Evidence Question: Is A’s assertion based on evidence?
Negative answers to these critical questions may lead to different types of counterarguments. Firstly, a negative answer to the “expertise question” (“E is not credible
as an expert source”) undercuts the relation between the major premise and the
conclusion. Secondly, a negative answer to the “consistency question” (“A is not consistent with what other experts assert”) may point to a possible argument with an
opposite conclusion (“E ′ asserts that proposition A is false, therefore A may plausibly
be taken to be false”) and thus rebuts an argument from expert opinion. Finally, a
negative answer to the “opinion question” may point to a possible attack of the minor
premise (“E did not assert that proposition A is true”).
To illustrate how diverse the developed models of argument are, below various
models will be described, namely, Toulmin’s (1958) argument scheme, Wigmore’s
(1931) charting method, and the Issue Based Information System (IBIS) framework
(Kunz and Rittel, 1970). Note that other schemes exist such as Beardsley’s (1950)
skeletal pattern to represent an argument’s structure. Additionally, various formal
models of defeasible argumentation exist in AI (Rahwan and Simari, 2009), for instance, Prakken and Sartor’s (1997) system for defeasible argumentation, DefLog
(Verheij, 2003b), and the Carneades Argumentation Framework (Gordon and Walton, 2006). Finally, examples of schemes that focus on modeling evidential reasoning
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include Schum’s (1994) evidence diagramming model, which is a simplification of Wigmore’s diagrams, and the visual framework for modeling legal reasoning developed by
Walker (2007). Many of these models are described in the work of Reed et al. (2007).
As already touched upon in the first chapter, argument diagramming tools are often at least implicitly based on a model of argument, but some of them explicitly
implement such a model, as will be explained below in subsection 3.2.1.
The Toulmin model Toulmin (1958) analyzed the logical structure of arguments.
His analysis resulted in a more complex scheme than the standard structure, as his defeasible arguments consist of six components, namely, (1) datums, (2) claims, (3) warrants, (4) rebuttals, (5) qualifiers, and (6) backings. In this model datums are facts or
observations which are related to claims through inferences. Warrants represent the
inference rules, while rebuttals are exceptions to these rules. Warrants in turn can
be supported by backings. Finally, qualifiers are used to express a degree of certainty
of the link between datum and claim. So, a claim is the conclusion of an argument
which is supported by the datum, while the warrant justifies why the datum supports
the claim. A warrant thus supports the inference from datum to claim, instead of the
claim itself. Similarly, a rebuttal attacks the link between datum and claim and not
the claim itself, while also qualifiers are attached to the link, instead of to the claim.
The concepts proposed by Toulmin have been used by many others (e.g., Reed and
Rowe, 2007) as the building blocks of a diagram layout. In Figure 3.3 an example of
such a Toulmin-style diagram is displayed.

Figure 3.3: A graphical example of Toulmin’s argument structure. Adapted from “The roots
of computer supported argument visualization” by S. J. Buckingham Shum, 2003, p. 9.

Wigmore’s charting method Wigmore (1931) developed a diagram-based model of
argument. Using his method it is possible to visually represent legal evidence in
diagrams, in order to make sense of a large body of evidence and to represent the
evidence as put forward by both parties in a trial. In his evidence charts an argument
is drawn as a tree with the root node at the top; this node is the central charge in the
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Key list:
Z: The charge that U killed J.
8: Revengeful murderous emotion toward J.
9: J’s falsely charging U with bigamy, trying to prevent the marriage.
10: Letter received by priest stating that U already had a family in the old country.
11: Anonymous witnesses to 10.
12: J was author of letter (although it was in a fictitious name).
13: Anonymous witnesses to 12.
14: Letter communicated by priest to U .
15: Anonymous witnesses to 14.
16: Letter’s statements were untrue.
17: Anonymous witnesses to 16.
18: U ’s marriage being finally performed, U would not have had a strong feeling of
revenge.
19: U and J remaining in daily contact, wound must have rankled.
19.1: Witness to daily contact.
20: Wife remaining there, jealousy between U and J probably continued.
20.1: Witness to wife remaining.
Figure 3.4: An example of Wigmore’s charting method. Adapted from “The Principles of
Judicial Proof ” by J. H. Wigmore, 1931, p. 56; key list taken from Bex et al., 2003, p. 131.
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case to be proven by the prosecution or refuted by the defense. Every chart comes
with a “key list” that numbers and lists all facts in the diagram.
The scheme that is used in Wigmore’s charting method (summarized in Reed and
Rowe, 2007) is quite complex and consists of various shapes and lines (an example is
displayed in Figure 3.4). Arrows represent inferences, while nodes represent facts or
types of evidence put forward by the different parties involved. Wigmore distinguishes
four types of evidence, being (1) testimonial evidence (introduced as testimony by
witnesses), (2) circumstantial evidence (inferred from other facts), (3) corroborative
evidence (that supports or strengthens the root node or inference), and (4) explanatory evidence (that “explains away” circumstantial evidence and discredits testimonial
evidence). Each type of evidence is represented by another shape or symbol; squares
represent testimonial evidence, circles display circumstantial evidence, while triangles
represent corroborative evidence. Finally, explanatory evidence is represented by an
angle (see Figure 3.4). Note that the mentioned shapes represent the nodes for the
prosecution; the corresponding nodes for the defense have a horizontal bar inside (see
node 18 in Figure 3.4). Three groups of nodes are positioned on different places relative to the root node of the diagram; testimonial together with circumstantial nodes
are placed below the root node, explanatory nodes are to the left, while corroborative
nodes are to the right of the root node. The lines between the nodes also come in
different shapes. For example, some lines have arrows, while some other lines have
an X on them. A line without arrows in Wigmore’s model means that there is an
average degree of support. By adding arrowheads or cross symbols stronger support
is indicated, while backwards pointing arrowheads represent less support. For example, the double arrowhead leading to node 9 indicates strong support. A lessening of
support (from nodes that argue against the claim) is indicated by backwards pointing
arrowheads. In this way also the arguments in Wigmore diagrams may be defeasible.
The IBIS model A completely different theory of argumentation is the Issue Based
Information System (IBIS) framework. This framework was developed by Kunz and
Rittel (1970) for collaborative problem identification and solving and helps multiple
users to discuss issues related to a problem and reach a consensus on a solution.
The three key IBIS entities are, issues, positions, and arguments, which can be linked
through relationships (e.g., “supports”, “objects to”, “responds to”, and “questions”).
The main idea is that problems are decomposed into issues in the form of questions.
There are four types of issues in this system (factual, deontic, explanatory, and instrumental issues). These issues are “brought up” or “disputed by” positions, and
arguments for and against such positions may be recorded.

3.2 Visualizing arguments in diagrams
In the previous section, various methods for structuring arguments have been described, many of which were illustrated using diagrams. It is therefore not surprising
that an important tool to analyze arguments and to provide insights into an argument’s structure is the argument diagram. Such a diagram is a visual representation
of the sequence of statements in an argument and the inferential connections between
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them, often in the form of a tree. Typically, such a tree is made up of two basic components: boxes and arrows (Reed et al., 2007). Boxes or circles are used to represent
the claims, propositions, or statements, and in this way the premises and conclusions,
in the diagrammed argument. Arrows or lines joining them are used to represent
connections, relationships, or inferences between them, where an arrow indicates the
direction of the inference from premise to conclusion. The thus created (directed)
graph provides a visualization of the structure of the argument and displays how the
various premises and conclusions are related in a chain of reasoning. Visualizing and
unfolding the argument’s structure in this manner reveals both the strengths and
the limits of a certain argument. Examples of various argument diagrams, based on
different theories of the structure of arguments, can be found in Figures 3.2, 3.3, and
3.4. Note that, although most of such diagrammatic representations of arguments are
in the form of a tree or graph, other representations such as tables or texts may be
used to represent the structure of an argument, as will be explained in chapter 10.

3.2.1

3

Software for argument diagramming

Since the task of creating argument diagrams by hand, using pen and paper, is laborious, various researchers have turned to the development of software tools that support
the construction and visualization of arguments using diagrams or graphs (Kirschner
et al., 2003; Okada et al., 2008; Scheuer et al., 2010). Argument diagramming software has been developed for use in two domains. Firstly, in computer-supported collaborative argumentation (CSCA, sometimes also referred to as computer-supported
collaborative learning (CSCL)) tools to support working together on argumentation
are developed (Kirschner et al., 2003). Examples of tools for CSCA include Zeno
for mediation (Gordon and Karacapilidis, 1997), Belvedere (Suthers et al., 1995),
Compendium (Buckingham Shum et al., 2006; Selvin et al., 2001) and its predecessor
QuestMap (Conklin, 2003), ClaiMaker (Buckingham Shum et al., 2007) and its online
successor Cohere (Buckingham Shum, 2008), SenseMaker (Bell, 1997), and Truthmapping1 . Secondly, another application domain is the teaching of critical thinking and
argumentation skills through argument diagramming. Examples of educational tools
are Araucaria (Reed and Rowe, 2004), Athena (Rolf and Magnusson, 2002), Convince
Me (Adams, 2003; Schank and Ranney, 1995), and Reason!Able (van Gelder, 2000,
2002a) and its successor Rationale (van Gelder, 2007). LARGO (Pinkwart et al., 2007)
is a tool specifically designed for law pedagogy. Other sensemaking systems developed
within AI and Law include Room 5 (Loui et al., 1997), ArguMed (Verheij, 2005),
Carneades (Gordon, 2007), and SEAS (Lowrance, 2007). Kirschner et al. (2003) and
Verheij (2005) provide an overview of a range of different diagramming tools; another
overview can be found at http://www.phil.cmu.edu/projects/argument_
mapping/ (accessed on January 28th, 2010). Finally, Harrell (2005a) discusses the
benefits and drawbacks of five different tools (including Araucaria, Athena, and Reason!Able) for educational purposes.
So, many of such argument diagramming tools, often referred to as sensemaking systems, are currently available. They vary by the type of information that is
represented and their expressiveness. Most of them incorporate variations on the
1 See

http://www.truthmapping.com/; accessed on January 28th, 2010.
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standard structure of arguments described above, but some of them are based on a
specific model of argument structuring. Additionally, some software packages (e.g.,
Belvedere, Compendium, and Cohere) originated partly from the more general concept mapping method for representing knowledge graphically (Novak, 1990), which
is used mainly in education. Concept maps are “ideational frameworks specific to
a domain of knowledge” (Novak, 1990, p. 29). Such diagrams visualize the relationships among concepts (events, objects) that are connected with labeled arrows.
Examples of linking phrases used to label the arrows include “represents”, “achieved
by”, “related to”, or “involved in”.
Below, a selection of sensemaking systems is reviewed in more detail. Table 3.1
provides a short comparison of the selected tools (listed in the order in which they
are described). In this table, for every tool the model of argument structuring that
is implemented (either implicitly or explicitly), its status (commercial or research),
and its main application domain is listed. In the remainder of this subsection, the
representational notation (a term introduced in this context by Suthers, 2001, 2003)
of each tool will be described. This notation defines the objects and relations that
can be used to represent the argument and specifies which combinations are allowed.
Moreover, it will be mentioned whether this notation is an implicit or explicit implementation of an argumentation model. Additionally, some of the remarkable or
noteworthy features of these tools will be summarized that may also be beneficial for
a sensemaking tools for crime analysis.
Table 3.1: Comparison of argument mapping tools

Tool

Implemented model

Status

Application

Rationale
Belvedere
Cohere
QuestMap
Araucaria

standard
standard (concept map)
explicit IBIS (concept map)
explicit IBIS (concept map)
explicit standard, Toulmin &
Wigmore
explicit DefLog (modified
Toulmin)
explicit Carneades
explicit Thagard’s Theory of
Explanatory Coherence
standard
explicit Wigmore or Toulmin

Commercial
Research
Research
Commercial
Research

Education
Education
Education
Discussion
Education

Research

Law

Research
Research

Law
Education

Commercial
Commercial

Intelligence
Intelligence

ArguMed
Carneades
Convince Me
SEAS
DECIDE

Rationale This successor of Reason!Able (van Gelder, 2000) is a generic argument
mapping software package intended to improve the user’s reasoning skills (van Gelder,
2007). With Rationale2 users can produce, modify, and view box-and-arrow argument
maps by drag-drop operations. Three types of diagrams or “thought structures” are
2 See
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supported, namely, grouping maps, reasoning maps, and analysis maps, where the
last is the closest to the argument diagrams as described above.
Representational notation and argumentation model: Such analysis maps consist
of claims, reasons, and objections. The root claim is called the position that is
supported by premises, which may be linked. Claims may also be used to support
an inference instead of a claim (as a Toulmin-style warrant). Similarly, there are two
types of objections, namely, objections to a claim or objections to an inference. This
means that Rationale supports both rebutting and undercutting attack such that the
arguments are defeasible. Its representational notation is not explicitly based on any
formal model of argument, but is close to the standard structure.
Additional functionality: Additional boxes such as “expert opinion”, “common
belief”, and “quote” can be attached to a claim to indicate the source of evidence for
that claim and the user can evaluate (accept or reject) each individual claim. In this
way he is able to rapidly see the strengths and weaknesses of his maps and determine
how strong his arguments are. Rationale also provides considerable support to handle
large maps, as it provides various ways to modify the view.

3

Belvedere This generic tool, with some similarities to Rationale, is designed to
support scientific argumentation skills in students and to stimulate discussions on
scientific topics among students (Paolucci et al., 1995; Suthers et al., 1995). Belvedere3
(see Figure 3.5) is more like a concept mapping tool (it supports the creation of
concept maps), but the “inquiry diagrams” that can be built may be used to model
argumentation.
Representational notation and argumentation model: These inquiry diagrams consist of data nodes, hypothesis nodes, and unspecified nodes, which all have their own
color. Undirected links are used to connect nodes through for, against, and unspecified relations. The thus created defeasible arguments are, similar to Rationale, only
implicitly based on the standard structure.
Additional functionality: Users can assign degrees of belief to the nodes and relations (strongly believe, moderately believe, neutrally believe, moderately disbelieve,
strongly disbelieve). Additionally, the created diagrams can be displayed in a graph
format but also in a table. Another interesting feature of Belvedere is the possibility to add multiple models to the same project. This enables the user to compare
different argument structures fairly easily, as the user is able to switch between the
alternatives in one screen.
Cohere The social networking web tool for collective sensemaking Cohere4 (see Figure 3.6) supports, among other things, argument analysis and visualization (Buckingham Shum, 2008).
Representational notation and argumentation model: Central in this tool is the
creation of “Ideas” and the connections between such Ideas in order to express how
ideas or resources are related. Ideas can have different roles, including “question”,
“answer”, “pro”, and “con” (the IBIS scheme), and can be defined by the user, for
3 See
4 See

http://belvedere.sourceforge.net/; accessed on January 28th, 2010.
http://cohere.open.ac.uk/; accessed on January 28th, 2010.
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Figure 3.5: The graphical user interface of Belvedere.

instance, to obtain Toulmin-style roles. Connections are labeled (e.g., “is an example
of”) and can be positive (e.g., “proves” or “is consistent with”), neutral, or negative
(e.g., “challenges” or “refutes”). This data model is similar to the one used in the
ClaiMaker prototype (Buckingham Shum et al., 2007) and resembles the IBIS scheme.
However, the user-defined roles allow for Toulmin-style or standard-style diagrams to
be generated.
Additional functionality: In Cohere, Walton’s (1996) argumentation schemes and
critical questions can be modeled.
QuestMap Similar to Cohere, QuestMap is an IBIS-based concept mapping tool
and is designed to mediate discussions by creating visual information maps. However,
Carr (2003) used it to support collaborative argumentation in legal education.
Representational notation and argumentation model: The tool implements the
IBIS model, but provides many additional node types, including problems, proposals,
and evidence. By using these nodes, arguments can be constructed. A problem is a
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Figure 3.6: The graphical user interface of Cohere.

controversial statement or issue in the form of a question, while a proposal is response
to that problem. Arguments support proposals that themselves can be supported
by evidence. Additionally, proposals can be attacked using counterarguments and
rebuttals. Note that it is also possible to represent Toulmin-like argument diagrams.
Araucaria This system has a more formal underpinning than Rationale and Cohere.
It is designed to support the diagramming process in both pedagogical situations and
research activity.
Representational notation and argumentation model: Araucaria5 (see Figure 3.7)
offers support for different models of argument structuring (Reed and Rowe, 2004)
and is able to translate between them (Reed and Rowe, 2007); the standard structure
described above is the default view. In Araucaria, defeasible arguments are created
through text selection. Statements, that is, premises or conclusions, are identified by
highlighting them from a text source. By drawing lines between these statements,
inferences are created. An example of an argument diagram produced with Araucaria
is displayed in Figure 3.2. Araucaria explicitly implements three models of argument
(standard, Toulmin, and Wigmore).
Additional functionality: Each premise can be associated with one or more owners and each node and support arrow can be given an evaluation. The value of the
evaluation is completely user-defined and can be used in order to represent the confidence in a premise or inference. Araucaria also supports the use of argumentation
5 See

http://araucaria.computing.dundee.ac.uk/; accessed on January 28th, 2010.
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Figure 3.7: The graphical user interface of Araucaria.

schemes; the user is able to either load an existing scheme set, which contains a number of predefined schemes, or create his own schemes. Such a scheme can be assigned
to a certain part of the diagram, which is subsequently marked by a color shading.
Through these schemes it is, for instance, possible to display the source of evidence
for an argument and to obtain an overview of the critical questions that can be asked
in order to evaluate the validity of this argument.
A RGU M ED This argument assistant system has a formal underlying model of defeasible argumentation and is more specialized than the previously mentioned tools,
as it is aimed at the legal domain. ArguMed6 (see Figure 3.8) assists the user during
the process of argument construction and argument evaluation, as it is able to determine the dialectical status of the produced arguments (Verheij, 1999, 2005). This
computation is in accordance with the formal definitions of DefLog (Verheij, 2003b).
Representational notation and argumentation model: The software supports the
use of statements (assumptions and issues) and links (that can be both supportive and
attacking, and both convergent and linked) to create tree-like structured arguments.
Statements can support or attack both other statements and connecting arrows; thus
the system allows for both rebuttals and undercutters. As said, this representational
notation is an explicit implementation of the DefLog model.
6 See
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Figure 3.8: The graphical user interface of ArguMed.

Additional functionality: Based on their connections the system automatically
calculates the dialectical status of all statements, which is displayed through different
colors and markings.
Carneades Similar to ArguMed, Carneades7 (see Figure 3.9) is an argument mapping tool that is based on a formal model of defeasible argumentation (Gordon, 2007).
Representational notation and argumentation model : The implemented model distinguishes between arguments, statements, and links between statements and arguments. Statements are “stated” by default, but the user can alter this into “questioned”, “assumed true”, “assumed false”, “accepted”, or “rejected”. An argument
links a statement or a set of statements (premises) to another statement (conclusion).
Note that different from the earlier described tools, here inferences between statements are represented by separate nodes in the diagram (“arguments”). Arguments
can be pro or con and only rebutting attack can be modeled; the inferences themselves cannot be attacked. Additionally, arguments have a certain weight, which can
be changed by the user. Finally, Carneades allows for both linked and convergent
7 See

http://carneades.berlios.de/; accessed on January 28th, 2010.
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Figure 3.9: The graphical user interface of Carneades.

support or attack. This representational notation is an explicit implementation of the
Carneades Argumentation Framework (Gordon and Walton, 2006).
Additional functionality: In Carneades, it is possible to label an argument with the
name of the argumentation scheme that is applied and the links between arguments
and statements can have different (user-defined) roles. Finally, each statement has a
proof standard. Based on this and the supporting or attacking arguments, the system
automatically computes the dialectical status of each statement, which is indicated
by green or red colors.
Convince Me Convince Me 8 (see Figure 3.10) is a tool for generating and analyzing
argumentation and is designed to teach scientific reasoning (Schank and Ranney,
1995).
Representational notation and argumentation model: It is based on Thagard’s
(1989, 2000) Theory of Explanatory Coherence and its associated connectionist model
ECHO. This model offers an account of how people decide the plausibility of beliefs
asserted in an explanation or argument. In Thagard’s connectionist networks the
nodes represent propositions, which can be evidential and hypothetical, while the links
8 See http://www.soe.berkeley.edu/ schank/convinceme/software.html; accessed on
˜
January 28th, 2010.
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Figure 3.10: The graphical user interface of Convince Me.

between these nodes represent the coherence between the represented propositions.
Each node has a numerical activation value and multiple nodes can be connected
through undirected links. In ECHO the activation of the nodes is updated in parallel:
a node that is connected to another (activated) node by an excitatory link increases in
activation, while a node connected through an inhibitory link decreases in activation.
The values that are generated in this way represent whether a node’s proposition is
accepted or rejected. The diagrams constructed through Convince Me consist of such
networks of nodes, in which the nodes can display two statement types: evidence
or hypotheses. Explanatory or contradictory relations are represented as undirected
links between these nodes. Note that only statements can be supported and attacked,
while links cannot be supported nor attacked.
Additional functionality: Convince Me provides feedback on the plausibility of the
inferences drawn by the users as it predicts the users’ evaluations of the hypotheses
based on the produced diagrams. The activation of the nodes in a created network
is updated in parallel and the generated values for the statements display how much
each statement is believed. Moreover, the tool offers three output formats: a graph
representation, a table representation, and an ECHO encoding of the network.
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SEAS The Structured Evidential Argumentation System9 is developed to aid intelligence analysis (Lowrance, 2007; Lowrance et al., 2001). It differs from the earlier
described tools with respect to the way in which arguments are constructed. In SEAS
this is done by using argument templates.
Representational notation and argumentation model: The diagrams in this web
application are template-based; the templates serve as blueprints for constructing
arguments. An “argument’s template” is a hierarchy of questions in the form of a
tree, while an argument answers the questions posed by such a template. A tree of
questions is typically a few levels deep, at the bottom of the tree there are multiplechoice questions called primitive questions. The answers to these questions are on
a scale from strong support to strong refutation. The inner nodes of the tree are
derivative questions. The links between nodes represent support relationships between
questions, in such a way that a derivative question is supported by all derivative and
primitive questions below it. After the user has answered a primitive question, an
inference method automatically calculates the answers to derivative questions. In this
way an argument is formed by answering the questions posed by a template. These
arguments are adapted versions of the standard model.
Additional functionality: The information that is used as evidence for a certain
answer is attached to the argument, the user can then add a weight to this source,
where he can choose from five different weights. During construction, the tool highlights the information that needs to be collected in order to confirm or refute the
conclusion. The thus created argument is displayed as a tree of colored nodes, in
which nodes represent questions and colors represent answers (on a five-colored scale
from green to red, green represents true, while red corresponds to false). Besides these
trees, SEAS also offers a tabular argument summary and a textual summary of the
argument produced.
DECIDE This tool is, similar to SEAS, designed to support intelligence analysts.
Using DECIDE structured arguments can be visualized (Cluxton and Eick, 2005).
Additionally, time line visualizations and other evidence marshaling tools (link analysis displays, interactive lists, and ACH displays) support the users in handling large
amounts of evidence.
Representational notation and argumentation model: The created arguments consist of hypotheses, sub-hypotheses, evidence, and inferences between them, and can
be in a Wigmore-form or a Toulmin-form. Hypotheses may have a substructure and
may be decomposed into a set of sub-hypotheses in the form of a hierarchical tree.
Evidence may be connected to these arguments by inferences. Such inferences have a
strength (or a weight) and a direction (it may support or attack a hypothesis) related
to the credibility of the evidence and the relevance to the hypothesis. The nodes
in the created inference network or graph represent hypotheses, sub-hypotheses, and
evidence, while the edges represent inferences.
Additional functionality: Using Bayesian probabilistic methods the inferential
strength of evidence and inferences is calculated, and based on the credibility and
relevance of the evidence the hypotheses are scored. Finally, DECIDE supports the
9 See
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use of Heuer’s ACH method described in the previous chapter: users can generate an
ACH matrix which displays the evidence down the side and the hypotheses across the
top. It thus supports a combination of evidence marshaling using the ACH method
with argument diagramming.

3.2.2

Summary

In sum, the described argument diagramming tools differ in functionality and target
domain, but above all they differ according to the underlying argumentation model
and the representational notation. Some explicitly implement a model of argument,
while in other tools the underlying model is implicit. Moreover, although all tools display the constructed arguments as tree-like graphs or box-and-arrow diagrams, their
expressiveness differs. They provide several building blocks from which arguments
may be constructed and the number of objects available and the types of relations
provided vary (e.g., in some tools the links are undirected, but in others they are
directed). Additionally, the combinations of objects and relations that are allowed
by the systems differ. For example, in some tools both statements and links can be
supported and attacked, whereas in other tools only statements can be supported
or attacked. Furthermore, some tools allow their users to attach the evidence, used
for constructing the argument, to the graph or to make the sources of evidence explicit (e.g., by using argumentation schemes). All tools allow for the evaluation of
the created arguments. In most tools the arguments are evaluated by hand in the
form of labels, for instance, by assigning weights or degrees of belief to the nodes and
links, while other tools are able to automatically calculate the dialectical status of
the created arguments (cf. ArguMed and Carneades). Finally, some tools provide
additional output formats such as tables or texts; these may be particularly useful in
the dissemination phase of crime analysis as will be discussed in chapter 10.
The more generic tools are particularly attractive because of the user-friendliness
and ease of use of their interface; it is easier to learn how to use them, partly because of their semiformal underlying model which is tailored to novices or students
of critical thinking. The more formal tools are examples of how models of argument
can be implemented in argument diagramming tools and how this may increase the
expressiveness of such systems. As explained in chapter 1, a tool that is based on a
logical model may be better than a tool that is not based on such a model, because it
encourages a standard of rationality by requiring the user to stay within this model.
Finally, the two tools for intelligence analysis show how the visualization of arguments
can support the analysis process by allowing analysts to visualize and examine the
validity of the arguments about a case and to connect the evidence available in the
case to these arguments. However, it should be noted that these two systems for intelligence analysis (SEAS and DECIDE) do not allow for the construction of hypotheses
in the form of scenarios. In the next section, it will be discussed why diagramming is
thought to improve problem-solving abilities. Subsequently, a long existing claim of
developers of argument diagramming tools will be assessed, that is, the literature on
experiments that tested argument diagramming software will be discussed and it will
be investigated whether such tools indeed make their users better reasoners.

3
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3.3 Why does diagramming work?
The benefits of constructing diagrams (often referred to as graphical external representations) for problem solving have been ascribed to several different causes (see also
Ware’s list of causes discussed above). Firstly, Larkin and Simon (1987) identified
a number of reasons why diagrams are more useful than sentential representations
to solve problems. They claim that the benefits of diagrams are mainly computational; diagrams facilitate perceptual judgments, for instance, by directing attention
to unsolved parts of a problem. Diagrams, more than texts, make it easier to search
and find relevant information and to recognize instances of a certain element, because
the information is organized by location through an iconic representation. Diagrams
are easier to interpret than verbal representations (van Bruggen and Kirschner, 2003)
and thus reduce search and working memory load (Cox, 1999). Similarly, Ainsworth
(2006) claims that external representations can reduce the cognitive effort required
to solve a complex problem and refers to this as computational offloading. Stenning
and Oberlander (1995) argue that graphical representations such as diagrams limit abstraction and are less expressive than sentential representations: as a result they force
certain types of information to be represented, while in sentential representations it is
possible to leave this information unspecified. This weak expressiveness of graphs aids
processibility, that is, such representations are relatively easy to process and make
inference more tractable (they refer to this property of graphical representations as
“specificity”).
Suthers (2001, 2003) combines the conclusions of Stenning and Oberlander and
Larkin and Simon in his theory of how external representations guide learning. His
notion of representational guidance consists of two aspects that influence the guidance provided by a certain representational notation. The first factor is named “constraint”, being the way in which a certain representational notation limits what can
be represented. Such a limit on expressiveness restricts the problem solver’s search
space, thus enhancing the problem-solving process (cf. Stenning and Oberlander’s
specificity). The second notion is called “salience”, that is, how the representation
facilitates information processing (cf. Larkin and Simon’s theory). Learners are more
likely to attend to knowledge units that are perceptually salient in the representation.
The representational notation of an argument diagram thus influences the learner’s
behavior and learning process as it constrains which knowledge can be expressed and
makes some knowledge more salient. Suthers concludes by saying that appropriate
representational guidance possibly results in increased consideration of evidential relations during investigations.
Alternatively, in the theory of mental models it is claimed that the main problem
in reasoning is to keep track of alternatives. For instance, Bauer and Johnson-Laird
(1993) claim that those types of diagrams that force reasoners to make alternative
possibilities explicit help reasoning, as they assist them in keeping track of such alternative models. Another possible cause for the benefits of diagrams can be found in
cognitive load theory (Paas et al., 2003; Sweller, 1988). According to this theory the
cognitive load in complex tasks, which require learners to maintain much information in working memory, may become so high that it prevents knowledge formation.
External representations may facilitate the offloading of basic cognitive demands and
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in this way enhance cognitive activity (van Bruggen et al., 2003; van Bruggen and
Kirschner, 2003).
Cox (1999) lists different ways in which the construction of external representations, more than the interpretation of presented diagrams, may assist problem solving,
including (1) reordering information in useful ways, (2) directing attention to unsolved
parts of the problem, (3) keeping track of progress through the problem, (4) providing
perceptual assistance, and (5) shifting the subject’s mode of reasoning. By constructing external representations learners reach higher levels of abstraction and a deeper
understanding of a domain (Ainsworth, 2006). Moreover, construction of a graphical
representation may confront the learner with his poor problem comprehension; due
to the limited amount of abstraction that can be expressed, he cannot conceal his
poor understanding in somewhat vague terms, which is possible in language (Cox,
1999; Stenning and Oberlander, 1995). Finally, modeling verbal discourse can yield
different benefits (Buckingham Shum, 2007). For instance, on a cognitive level, an
external representation, provided that it is well designed, directs attention to relevant
information.
The visualization of arguments forces students to make their claims and arguments
explicit and to consider all evidence, and the thus produced trace of arguments and
counterarguments allows them to determine whether their argument is balanced and
supported by evidence (Munneke et al., 2007). To solve a problem they have to
develop a range of possible models, make missing information explicit, and represent
implicit information explicitly (Cox, 1999).
So, there are various theories that explain the positive effects that graphical visualizations can have on the analytical problem-solving process, but a diagram is not
always better than a sentential representation (a quite elaborate overview of arguments against using argument diagrams in education is provided by Schafer, 2007).
For instance, Cox (1999), argues that the effectiveness of an external representation
depends on three factors: (1) the properties of the representation, (2) the demands of
the task, and (3) within-subject factors such as prior knowledge and cognitive style
(pp. 343–344). Firstly, he claims that it is important that the external graphical
representation is well-constructed and capable of representing the information in a
problem in order to gain a positive effect. This concurs with the work of Ainsworth
and Suthers, who assert that an appropriate external representation may enhance
performance. Secondly, Cox claims that the selected external representation should
be matched to the demands of the task, because one representation may, for instance,
be suited to the task of reading-off precise values (e.g., a spreadsheet), while another
may be suited to the task of comparing values (a bar chart). Thirdly, individual
differences such as prior knowledge, preferences for certain representations, and the
degree to which reasoning is externalized, may affect the efficacy of representations.
Therefore, Cox argues that students should be offered instructions on how to use such
representations. Ainsworth also stresses the importance of training, as the users of
external representations are faced with a complex learning task when confronted with
a novel representation. They should understand how it encodes and presents information, how it relates to the domain it represents, and how to construct an appropriate
representation. None of these tasks are easy. Likewise, Cox (1999) claims that to
effectively exploit the benefits of constructing graphs, they must be constructed cor-
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rectly. For the present project this means that while developing software for crime
analysis that incorporates argument diagramming, special attention should be paid
to fitting it, and in particular its representational notation, to the problem domain,
while also keeping in mind the background of potential users.

3.4 Does argument diagramming software work?
Given these potential benefits of diagramming information, it is not surprising that
argument diagramming is often claimed to improve argumentation skills. For instance,
Harrell (2005b) and Easterday et al. (2007) found that when students are taught how
to construct (correct) argument diagrams, their critical thinking or comprehension
skills improve significantly more than when they use conventional methods. Easterday
et al. also found that presenting students with preconstructed diagrams increased the
understanding of arguments.
Likewise, argument diagramming software is often claimed to enhance the users’
reasoning skills. For instance, in his work on Rationale van Gelder (2007) states
that it helps people to reason more effectively. As argument diagramming tools are
frequently used to teach critical thinking skills, several classroom studies have been
performed to test the effectiveness of such tools in teaching these skills. Several of
these studies suggested that the use of the Reason!Able software to construct argument diagrams improved the students’ critical thinking skills more than conventional
teaching methods (van Gelder, 2000, 2002a,b; van Gelder and Rizzo, 2001; Twardy,
2004). Similar results were reported by Hitchcock (2004) for students who used the
LEMUR software package10 . Likewise, Schank and Ranney (1995) claimed that the
Convince Me tool made students who used it better reasoners than students who used
paper and pencil, as their produced diagrams were more coherent both while using
the tools and afterwards. Suthers et al. (1995) claimed that the use of Belvedere stimulated critical discussion among students. Janssen et al. (2010) compared a graphical
tool with a textual tool and found that students who used a graphical tool outperformed students who used a textual tool in that they produce significantly higher
quality representations. Moreover, they found positive effects of the graphical tool
on the students’ learning as these students also outperformed the text users on a
posttest. Additionally, Munneke et al. (2007) found that students who used a graphical tool produced significantly more elaborate (both broader and deeper) arguments
than students who used a textual tool. The experimental work of Ashley et al. (2007)
showed a positive influence of the LARGO system on the legal argumentation skills
of students. Finally, diagramming and concept mapping techniques have also been
shown to improve knowledge acquisition from texts as they increased the students’
understanding of the domain (Gobert and Clement, 1999; Hilbert and Renkl, 2008).
However, other experiments failed to show significantly better results of computersupported diagramming compared to conventional methods or text-based computer
tools (e.g., Carr, 2003; Pinkwart et al., 2008). Additional studies showed no significant
differences in learning outcomes between users of graph or matrix representations and
text representations (Suthers and Hundhausen, 2001, 2002, 2003). Similarly, Zum10 See
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bach (2009) found no differences in the quality of arguments produced with a graphical
mind mapping tool compared to the arguments produced with a text-based argumentation tool. The issue of comparing the effectiveness of such different representations
will be further addressed in chapter 10.
In summary, the current state of research on the one hand suggests that argument diagramming may be a useful educational tool, while on the other hand other
studies failed to show significant effects. An additional problem is that valid and
controlled empirical studies are still relatively sparse. This will be discussed in the
next subsections.

3.4.1

A critical review of the validity of empirical studies on argument diagramming software

3

In earlier work (van den Braak et al., 2006) various experiments that were conducted
to test the effectiveness of a variety of argument mapping tools, namely, Belvedere,
Convince Me, QuestMap, and Reason!Able were critically examined. This review will
be summarized here.
The four education-oriented tools that were examined were all tested in an educational setting, for instance, on students during a course. The methods that were used
to measure the effect of the tool on the users’ reasoning skills were investigated and
it was found that there were major methodological differences between the conducted
studies concerning both the nature of the tasks that had to be performed and the
measures that were used to assess the effects of the tools. Additionally, the methodological validity of the conducted experiments was evaluated. Since experimenters try
to prove the effectiveness of their tool by assuming causal relations between the use
of the tool and the users’ reasoning skills, their research should preferably be done
through controlled laboratory experiments. Therefore, the test procedures used were
evaluated with respect to internal validity, external validity, and reliability.
Validity is mainly concerned with the question of whether the experiment really
measures what it is supposed to measure. Two important types are internal validity
and external validity (Cook and Campbell, 1979; Wohlin et al., 2000). Internal validity is the extent to which the differences in values of the dependent variable (the
outcome variable) were actually caused by the independent variable (the variable that
is manipulated by the experimenter) and not by some other source of variation. The
external validity of an experiment is concerned with the following question: how well
do the results of the experiment generalize beyond the sample of subjects in the experiment and the particular experimental manipulations to the rest of the possible
situations of the real world? Besides evaluating the validity of an experiment, it is
also important to consider the reliability of the measures used and the experiment
conducted. If an experiment or measure is reliable, it means that it yields consistent
results. In order for a measure to be reliable (or accurate) the results should be reproducible and as little as possible be influenced by chance. It should be noted that
validity implies reliability but not the other way around. Validity refers to obtaining
results that accurately reflect the concept being measured, while reliability refers to
the accuracy of the scores of a measure. Based on these observations, criteria were
proposed in order to evaluate these different types of validity (see Table 3.2). These
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criteria were used to critically examine the studies conducted on the four software
packages. Below, the methods and results of these experiments will be summarized
and their validity will be examined critically. Finally, the conclusions drawn from
them will be assessed.
Table 3.2: Criteria for experimental validity

Type of validity

Criteria

Reliability

Use consistent measures

Internal validity

Use at least one control group
Assign participants to conditions randomly
Match or homogenize (between-subjects designs)
Counterbalance (within-subjects designs)

External validity

Draw a random sample from a population
Use real world settings and stimuli
Replicate the experiment

Belvedere Belvedere was tested in laboratory sessions and an in-school study that
investigated how well it facilitated the emergence of critical discussion (Suthers et al.,
1995). In the first set of sessions, the participants worked in pairs while using only one
computer. The pairs were asked to resolve a conflict that was presented in a textual
and graphical form. The participants were also allowed to use a database with a small
amount of relevant information. The second set of sessions was almost identical to the
first set except for the fact that the participants worked on individual monitors and a
shared drawing space. It should be noted that only two pairs of students participated
in these sessions. The effect of Belvedere on the participants’ critical discussion skills
was measured by the amount of discussion that arose. This measure was qualitative,
as the researchers mainly described the students’ interactions. This means that this
measure was not valid, since it was not objective, and as a result the study was not
valid. A second reason why this study was not valid is the absence of a control group.
Further, to compare the effect of different representations on the learning outcomes, three representations were tested by Suthers and Hundhausen (2001) (see also
Suthers and Hundhausen, 2002, 2003). This experiment was internally valid as it
was based on a between-subjects design with three groups in which the participants
were assigned to groups randomly. Moreover, there were no significant preexisting
differences between the groups’ gender balance and mean grade point average due to
homogenization. However, external validity was not guaranteed, because of the artificial nature of the task. It was quite limited and was completed in a laboratory setting,
while the effect was only measured during the initial use and not over a longer period
of time. The groups, consisting of 20 students each, were defined by the software they
used, that is, a matrix, graph, or text version of the tool. All groups had to perform
the same task of structuring an unsolved science challenge task into data, hypotheses,
and evidential relations. Identical background information was presented to all three
groups, one page at a time. The students had to work in pairs and were asked to

50

3.4

DOES ARGUMENT DIAGRAMMING SOFTWARE WORK?

use the given information in their representation of the problem, before continuing to
the next page (the information shown would not remain available for later reference).
After finishing their representation of the problem, the students had to complete a
posttest containing multiple-choice questions and had to write a collaborative essay.
These essays were scored by an expert according to their (1) evidential strength,
(2) inferential difficulty, and (3) inferential spread. In this way, the students’ ability
to list the most important data and relations of the problem was measured.
In sum, the effect of Belvedere on critical discussion skills was tested in an internally invalid study, while its effect on collaborative learning skills was investigated
in an internally valid experiment. The task that had to be conducted in this experiment involved argument construction based on unstructured information in which
the students had to identify data for and against their hypotheses.
For the first set of sessions, the researchers only provided qualitative descriptions
of the results. In these sessions, the experimenters found an encouraging amount of
discussion. In the second set they found that in one pair the students cooperated to a
high degree, but that there was no interaction at all in the other pair. For the in-school
study it was found that sensible diagrams were produced, but that the use of shapes
and link types was inconsistent. Moreover, it was found that students incorporated
several points of the debate into diagrams. On the basis of these observations, the
authors concluded that Belvedere indeed stimulated critical discussions. However,
although a tendency was shown, this study did not conclusively prove an effect as
it was not internally valid. Conclusions drawn based on these studies are therefore
premature. In this respect, the second experiment is more promising, because internal
validity was achieved. Moreover, the documentation on the second experiment was
considerably more detailed.
However, none of the tests in the second experiment yielded a significant difference
between the groups. From these results the researchers concluded that there were no
significant differences in performance between the users who used matrix or graph
representations and the users who used text. According to the researchers, the lack
of significance of the learning outcomes was disappointing, although they noted that
this was not surprising given the fact that the total amount of time spent working
with Belvedere was too short for learning outcomes to develop. It must be said that
although the results were not significant, the trends were in the predicted direction.
The students who were allowed to use the Belvedere software that contained matrix
representations performed better than the students who used graph representations,
who in turn performed better than the students who used text. Therefore, a tendency
is shown that visually structured representations can provide guidance for collaborative learning that is not provided by plain text only, while a significant difference
could not be proven. This conclusion is legitimate since the experiment was internally
valid.

3

Convince Me The experiment described by Schank and Ranney (1995) compared
the performance of the participants who used Convince Me to the performance of
paper and pencil users. In this experiment, 20 undergraduate students of Berkeley
had to complete a pretest (in which both groups had no access to the software), three
curriculum units on scientific reasoning, integrative exercises (one group was allowed
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to use Convince Me, the other group was not allowed to do so), a posttest (nobody
had access to Convince Me), and a questionnaire (to establish relevant differences
between groups). The group that was allowed to use Convince Me consisted of 10
participants, the other 10 participants were part of the group that used paper and
pencil only. Both groups received the same instructions and exercises. There were
no significant difference betweens the groups in age, year in school, SAT scores, and
total session hours.
This experiment used a between-subjects design. The potential effect of intergroup
differences was not an issue here as the experimenters confirmed that the groups
were homogeneous with respect to relevant variables. However, they did not mention
whether the participants were randomly assigned to conditions. Therefore, it will
be assumed that this experiment was at least quasi-experimental, but a definitive
analysis of the experiments’ validity cannot be made.
To measure the utility of the software, the experimenters measured (1) how well
the participants’ beliefs were in accord with their argument structures and (2) the
kinds of changes made when arguments were revised. Only the first measure will be
used in the description of the results presented below, because it is most suitable for
measuring the effectiveness of a tool. It is a measure of the arguments’ coherence, that
is, it measures whether people are able to construct arguments that reflect their beliefs
properly. The second measure assessed the stability of the arguments constructed,
not the effect on the users’ reasoning skills.
So in short, this experiment measured the effect of Convince Me on the coherence
of its users’ arguments. Note that this differs from the learning effect that was assessed
by the developers of Belvedere. A genuine assessment of the validity of this experiment cannot be made, because the required methodological information is missing.
Moreover, important details about the nature of the task were not reported.
Schank and Ranney found that during the exercises, the participants’ beliefs were
more in accord with the structures of their arguments if they were using Convince Me,
than if they were using paper (p < .05). Also during the posttest the belief-argument
correlations of Convince Me users were significantly higher (p < .05) than those of
the control group, and were also better than their own scores during the pretest.
Based on these results the experimenters claimed that the tool improved the users’
argumentation skills and made them better reasoners. They also showed that these
skills remained when the participants did not have access to the tool and were not
supported by it, and that those were still better than the skills of the participants
who did not use the tool at all. However, some reservation is appropriate here as the
validity of the experiment is unknown.
QuestMap Carr (2003) tested the effect of using QuestMap on legal argumentation
skills. The most important research question to be answered was: “How does using
CSAV11 , while groups of three or four second-year law students generate arguments
throughout the semester, affect the quality and type of arguments generated on a practice final exam” (p. 81). Also, a hypothesis was formulated: “groups using CSAV
to construct arguments throughout the study will create higher quality arguments on
11 Computer-Supported
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a practice final exam than those who construct written arguments throughout the
study” (p. 81). The quality of the produced arguments was measured by: (1) the
number of arguments, counterarguments, rebuttals, and evidence present in the practice final exam, (2) the scores on the final exams as assessed by the professor, and
(3) the richness of arguments saved in QuestMap throughout the semester measured
by the number of nodes created (to describe the progress in the treatment group
only).
The design was a quasi-experimental between-subjects design. The treatment
group consisted of 33 law students who completed the assignments using QuestMap
in groups of three or four. The control group of 40 students completed the exercises
individually using conventional methods. Participants were not randomly assigned to
groups, because the participants were allowed to choose the group they wanted to participate in. However, the pretest revealed that the groups were in fact homogeneous.
This means that at least some internal validity was assured. The students’ argumentation skills were tested and trained throughout the semester. They had to complete
five assignments that addressed current legal issues in relation to the admissibility of
the evidence. Both groups of students were allowed access to the same materials, but
only the treatment group was allowed to use QuestMap. Two of the assignments of
the treatment group were analyzed to measure the progress throughout the semester.
At the end of the semester, all participants completed a final exam without using
QuestMap. During this exam the students had to construct all relevant arguments
to a given problem individually, and without the use of legal resources. These exams
were graded by the professor.
In sum, this experimented tested the effect of QuestMap on the quality of the users’
arguments. In the assignments the students had to produce answers to the problem
that consisted of arguments, counterarguments, and rebuttals. In this experiment
internal validity was only partially assured.
Carr’s results show that there were no preexisting differences between the groups
(p > .05), that the arguments did not become more elaborate throughout the semester,
and that the treatment group did not have a significantly higher score than the control
group (p > .05). Based on these results, he claimed that the hypothesis did not hold
and that law students who were allowed to use a computer supported argumentation
tool did not perform better on the exam than students who only used paper and pencil
during the course. It must be said that while the differences between the treatment
and control group were not significant, a trend was discovered in the predicted direction (cf. M = 5.15 for the treatment group and m = 4.50 for the control group, where
0.05 < p < 0.10), but the value of this observation is limited, as complete internal
validity was not assured.

3

Reason!Able Reason!Able (a noncommercial predecessor of Rationale) was tested
in multiple studies. Firstly, the question, does it work? was addressed by van Gelder
(2002a,b). He asked students who were part of a one-semester undergraduate Critical
Thinking course at the University of Melbourne and used Reason!Able during this
course, to complete a pretest and a posttest that was based on the California Critical
Thinking Skills Test (CCTST). This test consisted of 34 multiple-choice questions.
Obviously, this study was not internally valid, because no control group was used so
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that a valid comparison of the results is impossible, although the measure seems to
be reliable. Secondly, Twardy (2004) performed the same study using the CCTST in
another university, which had the same shortcomings as van Gelder’s study. Thirdly,
a similar study was reported by van Gelder and Rizzo (2001) in which students were
also pretested and posttested using two tests, namely, the CCTST and a written test
in which students had to identify the main conclusions, reformulate the reasoning,
and evaluate the reasoning of a short argumentative text. The latter was assessed by
two experts. Methodological details were missing so no real assessment of the internal
validity can be made. But since no direct control group was available, internal validity
was limited. Fourthly, a more elaborate, study was reported by van Gelder (2000).
Students were taught argumentation skills during a period of 16 weeks; one group of 32
students participated in a traditional course, another group of 53 in a Reason!-based
course, in which the Reason! learning environment was used. The latter group was
thus allowed to use Reason! (a predecessor of the Reason!Able program) to construct
argument trees. Both groups were pretested and posttested using the Watson-Glaser
Critical Thinking Appraisal. The students in the Reason! group were also asked to
complete a specially devised written pretest and posttest. Although two groups were
tested, they were not compared to each other. This means that no real betweensubjects design was used. Moreover, it was not mentioned whether randomization
was used to divide the participants into groups. Therefore, this study cannot be
considered as being internally valid.
So, four studies were performed to evaluate whether Reason!Able makes its users
better reasoners. However, these studies were not internally valid. During the
courses, the students had to produce their own arguments but the written pretests
and posttests asked them to reproduce an argument from an argumentative text.
Similarly, in the multiple-choice tests they had to identify proper arguments and did
not construct their own arguments. This means that the task that measured the students’ skills differed considerably from the assignments during the course, although
both involved the identification of arguments and counterarguments.
In the first study it was found that the students’ scores improved with almost
4 points over the last three years (SD = 0.8), while in the second study Twardy
found an improvement of 0.72 standard deviations. Generally, it is assumed that
the students’ performance in any subject would normally improve by only 0.5 standard deviation over three years. From this the authors concluded that the Reason!
approach improved the students’ critical thinking skills and was more effective than
traditional approaches. However, no valid experimental design was used to compare
these results statistically. In the third study van Gelder and Rizzo (2001) found
that the approach improved the students’ skills more over one semester than traditional approaches that needed the entire undergraduate period to achieve the same
result. Reason! was claimed to be three to four times more effective than traditional
approaches that do not use the Reason!Able software. However, these claims are premature, as the studies were not valid. In the fourth study, two groups of students
were tested but not compared to each other. Significant progress was reported for the
Reason! users (p < .05) on both the multiple-choice and the written test, while the
traditional group did not display a significant gain in reasoning skills. However, since
internal validity was not assured, also here no safe conclusion can be drawn.
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DOES ARGUMENT DIAGRAMMING SOFTWARE WORK?

Conclusion based on the results

In general, most results indicate that the tools have a positive effect on argumentation skills and make the users better reasoners, although most studies did not yield
significant effects. This general conclusion needs to be specified, because the studies
described above differ significantly. The most important methodological differences
are concerned with the nature of the task that had to be performed and the measures that were used. Firstly, with respect to the task, the main difference has to
do with the intended effect of use. More specifically, one study tested the effect of
argument diagramming software on the critical discussion skills of the users, while
the other studies tested the effect on the quality or coherence of the produced arguments. Also the nature of the tasks differed, as in some studies the participants had
to produce the arguments themselves, while in other studies they had to reproduce
arguments based on an argumentative text or had to complete multiple-choice test.
Moreover, sometimes collaboration was mandatory, while in other cases users had to
work individually. Secondly, the measures that were used differed. Most of them
involved expert assessment or multiple-choice tests, but some measured argument
quality, while others measured argument coherence.
These differences in measured effects mean that the final conclusions will have
to be divided into three separate subconclusions. Firstly, significant effects were
found for argument coherence. Secondly, for argument quality the effects were not
significant, but trends were shown in the positive direction. Thirdly, no quantitative
results were reported on discussion skills. Based on the assessment of the internal
validity, these conclusions have to be restated further, because with respect to the
studies on Belvedere (the first study), Convince Me, QuestMap, and Reason!Able, no
conclusions can be drawn. Valid conclusions can be drawn from the second experiment
on Belvedere that failed to prove a significant effect on argument quality, although a
trend was proven in the positive direction.

3.4.3

3

A research plan to conduct valid experiments

The validity of most studies discussed here can be questioned: most studies did not use
sufficient methods to ensure validity, while sometimes it was impossible to establish
whether the studies were (completely) valid as important experimental details were
not reported. As a consequence, it is suggested that conclusions based on the reported
studies should be drawn with caution. After all, based on invalid experiments no
conclusions can be drawn, because due to a lack of internal validity, the differences
found may not be completely caused by the use of the visualization tool but may have
additional causes and due to a lack of external validity, the results cannot easily be
generalized to other populations. Therefore, it is premature to claim that argument
diagramming tools make their users better reasoners. Given that the only truly valid
experiment discussed here failed to yield significant results, it is concluded that there
are no significant results of positive effects of the tested software tools.
It is recommended that future tests are as valid as possible both internally and
externally. For this purpose a stepwise research plan is proposed to conduct such research in the future (see Table 3.3). This plan ensures that the conducted experiment
is valid, so that the results that are found and the conclusions that are drawn are valid

55

VISUALIZING THE STRUCTURE OF ARGUMENTS

3.5

Table 3.3: A stepwise research plan to conduct valid experiments

1. Formulate hypotheses.
2. Select variables; choose a dependent variable that is based on a valid measurement.
3. Select participants; choose a representative sample for the population the
results have to be generalized to, other important issues include the sample
size.
4. Select a design; choose between a within- or between-subjects design, other
important issues involve randomization, homogenization (between-subjects
design), and balancing (within-subjects design).
5. Select appropriate statistical tests in order to draw valid conclusions.

and can be generalized to larger populations. More specifically, this plan prescribes
that at least a between-subjects design should be used with one control group, while
the chosen measure should be reliable. Therefore, a quantitative, objective measure
for the effectiveness of a tool should be developed, but this is not straightforward. The
most reliable measure found so far seems to be expert assessment, that is, specialists
are asked to assess the quality of an argument by criteria such as its completeness or
validity. Future tests should follow this plan as closely as possible, such that valid
conclusions can be drawn on the real benefits of argument diagramming software.

3.5 Issues in designing argument diagramming software
This chapter discussed how argument diagramming offers ways to reveal and visualize
the structure of arguments and counterarguments. This technique may be used to
fulfill criterion 3 on page 26. More specifically, it is proposed that such diagrams
can be used to visualize how certain evidence supports or attacks the hypotheses.
Currently, a large variety of argument diagramming tools already exists, all with
their own representational notation and functionality. Previous research suggests that
designing the representational notation of such a tool is one of the most important
tasks, as a poorly designed representational notation may reduce the effectiveness of
a tool.
Van Bruggen et al. (2003) stress that the implementation of a representational notation comes with various design choices, for instance, the choice of the symbols used
to represent the objects and relations, the combinations that are allowed, and the way
in which errors are handled. In designing external representations to support solving
wicked problems in a CSCL-environment, van Bruggen and Kirschner (2003) identified some characteristics that are especially important to consider, namely, (1) the
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ontology, that is, the content, the objects and relations used to represent a domain,
(2) specificity (Suthers, 2001, 2003, refers to this as constraint), and (3) modality, that
is, the form used for displaying the information (e.g., graphs or text). Van Bruggen
et al. (2003) add two other characteristics to this, namely, (1) the perspective, that is,
the different conceptualizations of the problem that can be made and (2) the precision with which the representation reflects the underlying model. They conclude with
saying that rich ontologies and high levels of specificity may have counterproductive
effects and may increase the (extraneous) cognitive load. More specifically, the richer
the ontology, the more difficult it is to use for beginners, while also the specificity of
a representation should not necessarily be maximized. Likewise, a guideline provided
by Cox (1999) reads: “select a representation with sufficient expressive power to capture the indeterminacy, but no more than needed” (p. 350). Finally, Buckingham
Shum et al. (2007) mention that there is a fine balance between expressiveness and
usability. A representation should on the one hand not be too difficult to learn, but
on the other hand not be too weak. Alternatively, according to Selvin (2003) representations need a minimum level of sufficiency to be useful, meaning that they should
meet the criteria and needs of the intended users. In the next chapter an underlying
reasoning model for software for crime analysis will be described which follows these
guidelines and recommendations.
Buckingham Shum (2007) distinguishes additional key characteristics of representational tools; not only its ontology and notation are important, but also an intuitive
user interface. Other design choices of representational tools concern functionalities
of the tool such as zooming features, online availability, and computational services
such as sharing and retrieval of the knowledge repository and interoperability. This
corresponds with the three challenges for argumentation support software posed by
Verheij (2007): (1) naturalness, that is, providing a natural way to represent and construct arguments, (2) usefulness of the provided functionality, and (3) content such
as argumentation schemes. These design issues will be addressed in chapter 6.

3

3.6 Requirements for argument diagramming software
for crime analysis
Based on these observations and the possible benefits of argument diagramming described in this chapter, the requirements for support software for crime analysis are
specified further, in particular with respect to the sensemaking abilities that are added
to such a tool in order to satisfy criterion 3a (see page 25):
1. Use argument diagramming to display how certain evidence supports (parts of)
the scenarios. This follows from criterion 3a.
2. Base the software on a natural and rationally well-founded model of the reasoning process in crime analysis. In the introductory chapter (especially in
section 1.7) it was already argued why this is important.
3. Use a representational notation that is not too limited but also not too expressive
(cf. section 3.5).
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4. Support the users in making the sources of evidence explicit (e.g., through the
use of argumentation schemes as is possible in multiple existing tools).
5. Allow the users to maintain a permanent link between the original source documents and the corresponding node in the argument tree (as is possible in
Araucaria).
6. Allow users to construct arguments both bottom-up (starting with the evidence)
and top-down (starting with the hypotheses). In section 2.2 it was shown that
crime analysis involves a mixture of both processes.
7. Design software that is easy to use and has an intuitive interface (cf. section 3.5).
8. Add features to handle large cases (cf. Rationale). This is important since crime
analysis typically involves massive amounts of information.

3.7 Conclusion
This chapter has provided an overview of the field of argument diagramming; different models of argument structuring that can be used to visualize arguments were
described and several available software tools that implement such models were discussed. It was proposed that argument diagramming may be used in support software for crime analysis in order to allow users to represent how the available evidence
supports hypotheses about the case. This analysis subsequently led to a list of requirements for argument diagramming software particularly aimed at crime analysis.
Argument diagramming is often claimed to improve the reasoning process. Therefore, an overview of the studies that were already conducted to answer the question,
do argument diagramming tools make their users better reasoners? was provided. It
was found that although most reported results are in the positive direction the available research does not yet yield a definitive answer to this question, partially due to
the lack of valid, controlled experiments. Based on a critical evaluation of the studies
conducted on four software packages and the found shortcomings, a stepwise research
plan was proposed which was used in the development of the experiments described in
later chapters. It is expected that when (more) valid experiments are performed, positive significant results will be obtained, because diagramming has many advantageous
as outlined in section 3.3.
Finally, it was found that the current tools all support the construction and visualization of arguments, but that their expressiveness and representational notation
differs. Moreover, designing such a representational notation was identified as being one of the most important issues. After all, research suggests that in particular
the expressiveness and specificity of a representational notation implemented in a
diagramming tool may affect the users’ performance.
In the next chapter an underlying reasoning model for software for crime analysis
will be described that takes this into account (cf. requirements 2 and 3). There
it will also be described how reasoning with evidential arguments can be combined
with the generation of hypotheses in the form of scenarios (cf. the first requirement).
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Subsequently, based on that reasoning model, in chapter 5 an ontology will be defined
that proposes a representational notation for the software tool. The other design
issues touched upon in the previous section (requirements 4 to 8) will be addressed
in chapter 6.

3
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4

Modeling reasoning with
evidence in crime analysis

In the previous chapter it was argued that the underlying reasoning model of software
for crime analysis should be rationally well-founded, natural, and sufficiently expressive but not too limited. In this chapter it will be described how a combined model
of reasoning with scenarios and argumentation provides a natural account of the reasoning with evidence that takes place in crime analysis. Moreover, it will be argued
why less expressive approaches have important limitations and are not as suitable for
crime analysis as a combined approach.
This chapter is organized as follows. Firstly, the combined model and the concepts
of scenarios and evidential arguments will be explained. Subsequently, it will be illustrated how this combined model allows for the critical examination and comparison
of scenarios. Then, the model will be formalized in a theory of explanatory evidential
reasoning. This formal theory will make the reasoning model more precise and will
serve as the foundation of the software design specified in the next chapters.

4.1 Combining scenarios and arguments
In chapter 2 it was described how the crime analysis process involves the construction
and comparison of scenarios that explain the evidence. Moreover, it was argued that
it is important that support software for crime analysts encourages and supports them
in expressing the reasons why certain pieces of evidence support or attack a certain
scenario (cf. criteria 2 and 3 on page 26). In the previous chapter it was shown how
argument diagramming may be used to make these reasons explicit (cf. requirement 1
on page 57). In developing a model of reasoning with evidence in crime analysis, there
are thus good reasons to combine a story-based approach (Pennington and Hastie,
1993; Wagenaar et al., 1993) with an argument-based approach (Anderson et al., 2005;
Bex et al., 2003; Schum and Tillers, 1991)).
A schematic representation of this combination is displayed in Figure 4.1. In the
argument-based approach, arguments are constructed starting with a piece of evidence
(cf. the evidential arguments in Figure 4.1). Reasoning steps are performed to reach
a conclusion based on this evidence. In the story-based approach, stories about what
might have happened in a case are constructed in order to explain the evidence (the
scenario in Figure 4.1). Below these concepts of stories and evidential arguments will
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be clarified. Note that such stories will be called scenarios because this is in line with
terminology used by crime analysts. Subsequently, it will be shown how both can be
combined in an argumentative-narrative reasoning model which is based on earlier
work of Bex et al. (2007a, 2006, 2007b) and Bex (2009b).

Figure 4.1: Schematic representation of the combined argumentative-narrative model.

4.1.1

Scenarios

As already described in subsection 2.2.1, crime analysts construct hypotheses in the
form of scenarios based on the available evidence to explain this evidence and make
sense of what has happened in the case. Such scenarios provide a chronologically ordered sequence of states and events, but as noted by Kerstholt and Eikelboom (2007)
and de Poot et al. (2004) crime analysts may also use knowledge about the causal interdependencies between events to relate them (cf. subsection 2.2.1). This generalized
knowledge about the world may, for instance, be based on everyday experience and
represents how events usually take place. Examples of such commonsense generalizations underlying relations between events include “arguments may lead to fights”,
“fire (usually) causes smoke”, and “jealousness (possibly) motivates violence against
one’s ex-partner”. In the remainder of this work these relations will be referred to as
explanatory relations (note that Bex et al. refer to them as causal relations or causal
generalizations of the form “c is a cause for e”).
In a story-based approach, a scenario can thus be modeled as a network of events
connected by explanatory relations, which serves as a hypothetical explanation of the
evidence in a case. To illustrate this an example is given below. This example concerns
a version of the Rijkbloem case as simplified by Bex et al. (2007b) (cf. Crombag et al.,
1994, pp. 78–81):
Danny Rijkbloem is a 23-year old man from Surinam. He has a considerable list of sentences (theft, robbery) starting when he was 15 years old.
Nicole Lammers is a 20-year old baker’s daughter who had a relationship with Rijkbloem and lived together with him. At some point Nicole
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decided, under pressure of her parents that it is best to break up with
Rijkbloem and she leaves him. A few days after the break-up, Nicole and
her parents went to Rijkbloem’s house to pick up some of Nicole’s stuff,
and a fight developed between Rijkbloem and Nicole’s father. From this
point onwards, the two women (Nicole and her mother) and Rijkbloem tell
a different story. According to the two women, Rijkbloem pulled out a
gun with which he shot father Lammers through the head from a distance
of about 2 meters. Rijkbloem, however, gives a different account of the
events. He said that during the fight, Mrs. Lammers pulled a gun out of
her purse and threatened to shoot Rijkbloem with it. Rijkbloem pushed
the hand holding the gun away and in the struggle the gun went off and
the bullet hit father Lammers in his head. (Bex et al., 2007b, p. 2)
The two alternative scenarios in this case can roughly be visualized as displayed in
Figure 4.2, where the top figure represents the explanation of Nicole and her mother,
while the figure at the bottom displays Rijkbloem’s alternative. In this figure white
boxes represent events, while arrows with a closed head indicate explanatory relations
between these events. Note that some of the explanatory relations in these scenarios
display more than merely temporal precedence. Some relations display motivational
attitudes and actions, for example, the fight between Rijkbloem and father motivates
Rijkbloem to shoot at father, while others represent physical causation: father is hit
in the head which causes him to die.

4

Figure 4.2: Different scenarios in the Rijkbloem case.

Figure 4.3, which combines the two scenarios, shows how the events in both scenarios are related to the evidential data in the case. In fact, explanatory relations
may not only be used to connect events within the scenarios, but also to indicate
how the observations are explained by the scenario; these newly added explanatory
relations are rendered by dotted arrows. For example, Rijkbloem’s observation of
mother aiming a gun at him made him testify that he observed this and therefore this
event provides an explanation for Rijkbloem’s testimony. In the same way, all other
observed evidence is covered by the scenarios.

4.1.2

Evidential arguments

In an argument-based approach, evidential arguments take evidential data as the input from which propositions may be inferred. For example, from a witness testimony

63

MODELING REASONING WITH EVIDENCE IN CRIME ANALYSIS

4.1

Figure 4.3: The scenarios in the Rijkbloem case related to the evidence.

“I saw that Rijkbloem shot father” it can be inferred that the witness actually saw
Rijkbloem shooting at father (see Figure 4.4). Such inferential relations are displayed
by arrows with open heads. Note that this inference is of an evidential nature and
that this reasoning step has an underlying evidential generalization of the form “e is
evidence for p” that justifies the inferential link between the premise and the conclusion. So to specify the example a bit more, from the testimony of Nicole together with
the evidential generalization that generally if a witness testifies that P occurred, then
P is true, it can be inferred that she saw how Rijkbloem shot father (see Figure 4.4).
Sometimes such a generalization is left implicit as is displayed in Figure 4.5. Multiple inferences can be chained to form more complex arguments with intermediate
conclusions. For example, from the proposition “Witness N saw Rijkbloem shooting
at father” it can be inferred that Rijkbloem actually shot father (see Figure 4.6). In
the remainder of this work, such evidential inferential relations will be referred to as
indicative relations (Bex et al. speak of evidential relations or evidential generalizations). An example of an indicative relation is “the fact that Nicole testified that she
observed a certain event indicates that she observed it”.
As already explained in section 3.1 arguments are subject to attack. This is
important since generalizations are almost never universally true and usually have
exceptions. For instance, witnesses may lie or misremember what they saw. Figure 4.7
displays the several possibilities of attack in which attacking relations are represented
as arrows with a square head. It shows how the conclusion of an inference may be
rebutted and how the inference between the evidence and conclusion may be undercut.
For example, the fact that Nicole may have reasons to lie about what she saw is a
reason against the application of the rule between testimony and conclusion (cf. attack
2 in Figure 4.7). An example of a rebuttal of the conclusion is: “Witness N did not
see Rijkbloem shooting at father” (cf. attack 1).
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Figure 4.4: A simple evidential argument with a generalization.

4

Figure 4.5: A simple evidential argument with an implicit generalization.

Figure 4.6: A chained evidential argument with generalizations.
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Figure 4.7: Possibilities to attack evidential arguments.

Finally, it should be noted that the notions of generalizations and argumentation
schemes are closely related. Argumentation schemes represent often used generalizations in evidential reasoning by capturing stereotypical patterns of reasoning. This
means that both the commonsense generalizations explained above and the argumentation schemes explained in subsection 3.1.1 express generalized statements about the
world. In the approach taken here, both are modeled as defeasible inference rules,
as will be explained below. Such inference rules may range from abstract (e.g., defeasible modus ponens) to more specific (e.g., “if fire, then smoke” or “if a witness
testifies that ‘P ’, then P ”). In the current approach only domain-specific rules are
used. Due to their similarity, the evidential generalization “if a witness testifies that
‘P ’, then P ” in Figure 4.4 may be formulated as an argumentation scheme for witness
testimonies, which essentially covers the same inference:
Witness testimonies:
Witness W says ‘ϕ’.
Therefore, presumably ϕ.
The defeasibility of the inferences in argumentation schemes is captured by a list of
critical questions, which can help in making sources of doubt explicit. As already
explained in subsection 3.1.1 negative answers to such critical questions lead to counterarguments, for instance, undercutters to the inference. Possible critical questions to
a scheme for witness testimonies may involve the objectivity of the witness, the credibility of his memory and perception, and the plausibility of his statements (Schum,
1994). Using predefined argumentation schemes may help in uncovering the type of
evidential data and the assumptions on which the inference is based. In this way it
is easier to identify all possible vulnerabilities of applying such rules.

4.1.3

Reasoning about scenarios

Crime analysis typically involves two kinds of information about a case, namely,
information about the events that constitute scenarios about what happened (referred
to as narrative information) and information from testimonies or other evidential
documents used to support the elements of these scenarios (referred to as testimonial
information). While devising an underlying reasoning model for software for crime
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analysis, a choice has to be made regarding how the different types of information
should be represented, since both can be represented in two directions: an explanatory
direction as in a story-based approach (‘c causes e’) and an indicative direction as
in an argument-based approach (‘e is evidence for c’). Choosing between these two
directions is a well-known issue in AI research on knowledge representation (Pearl,
1988; Poole, 2001). Often a choice is made for a unique way to represent both kinds
of information. For example, in Poole’s (2001) application of his Theorist system to
a criminal case both the narrative and the testimonial information is represented in
the explanatory direction, while in Anderson et al.’s (2005) use of Wigmore charts
both types are represented in the indicative direction.
However, according to Bex et al. (2007b) there are a number of reasons not to
choose one of the separate approaches as the unique reasoning model. Firstly, the main
disadvantage of the argument-based approach is that it does not provide a complete
overview of the case, since the conclusions of evidential arguments are single events. A
more natural way to represent hypotheses about what might have happened in a case
is through scenarios. Secondly, for a detailed investigation of how individual pieces
of evidential data support elements of a scenario, which is necessary to improve the
analysis process and avoid errors, an argument-based approach is needed. In the storybased approach it is only roughly outlined how the events in the scenario are related
to the evidence in a case (cf. Figure 4.3). Therefore, in this approach the relevance
of the evidential data for the quality of the scenarios cannot be checked as easily
as in the argumentative approach. Thirdly, the way in which the relations between
evidence and events are modeled in the story-based approach is less natural than
in the argumentation-based approach, in particular with respect to reasoning with
testimonies, as this approach fails to capture that, for instance, witness statements
are usually true. More specifically, in the story-based approach pieces of evidence
are modeled as the effects of events (e.g., the fact that the event described in the
testimony happened causes the testimony), but there may be other explanations
for this testimony (e.g., the memory of the witness is faulty) which all need to be
considered. However, in reality human reasoners usually take what Thagard (2005)
calls the “default pathway” of reasoning with testimonial evidence: they accept that
witnesses usually speak the truth as long as there is no evidence to the contrary. This
corresponds with the argument-based approach to reasoning with evidential data. A
model that combines argumentative and story-based reasoning thus takes the good
parts of each separate approach and solves their individual problems.
Moreover, in informal contacts with Dutch crime analysts it was observed that
when analyzing a case they prefer to represent the two kinds of information in different ways. As already touched upon in subsection 2.2.1 analysts usually represent
narrative information in the form of time lines of events and then hypothesize explanatory links between these events. In this way they try to construct scenarios
about what might have happened in a case. Subsequently, they try to link the available evidence to the various events to express how the evidence supports or discredits
these events. Thus, they use the evidence in testing the plausibility of a scenario.
The story-based element of the combined model corresponds with the practice of constructing hypotheses about what happened in a case in the form of scenarios, while the
argument-based component allows one to support these scenarios and reason about

4
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their plausibility. Based on these observations, it is argued that a combined model
of scenarios and evidential arguments allows crime analysts to reason in a way that
is both natural and intuitive to them. It was already explained how the story-based
approach allows for an easy overview of hypotheses and below it will be explained how
it provides measures for comparing them, while the argument-based approach allows
for a thorough analysis of the individual evidential data. In this sense, the combined
reasoning model resembles Heuer’s ACH procedure as touched upon in section 2.4, in
which an analyst will first examine one piece of evidence at a time after which he will
examine the separate, alternative hypotheses as a whole.

Figure 4.8: The scenarios in the case Rijkbloem supported by evidential arguments.

Considering these reasons, Bex et al. proposed to combine scenarios and evidential
arguments in an argumentative-narrative model of reasoning with evidence. In this
combined model (see Figure 4.1), evidential arguments are used to infer events from
the available evidence, so the single events constituting a scenario are the conclusions
of evidential arguments. In this way it is possible to represent how the events that
make up a scenario are supported by the available evidence. As an example, in
Figure 4.8 it is displayed how in the example case both the scenario of mother and
daughter Lammers and the scenario of Rijkbloem can be supported by evidence using
evidential arguments (denoted with arrows with open heads). Note the difference
with Figure 4.3, where the links between evidence and events are in the explanatory
direction and rendered by dotted arrows with closed heads. So, in the combined
model explanatory relations are used to connect events into scenarios (these relations
are represented as arrows with closed heads), while the relations between evidence and
events are of an indicative nature (represented with arrows with open heads). This
combined model thus uses the explanatory direction to represent narrative information
and the indicative direction to represent testimonial information.
The combination of the argument-based approach with the story-based approach
not only allows for the critical examination of the relations between evidence and
events (in Figure 4.7 it is displayed how indicative relations may be attacked), but
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also of the explanatory relations between events in a scenario. This is important, since
clearly, both the general knowledge involved in connecting the elements in a scenario
and the knowledge used to relate the scenario to the evidence can have exceptions.
In this combined model it is possible to support and attack the explanatory relations
between events in the same way as indicative relations can be supported or attacked.
Consider, for example, the explanatory relation between “father was hit in the head”
and “father dies” which is based on the generalization: “if someone is hit in the head
by a bullet, then that person will die”. This relation can be attacked by providing a
reason the why generalization cannot be applied in this particular case. For example,
this relation may be attacked by saying: “father was wearing a protective helmet”.
Figure 4.9 summarizes how scenarios are subject to attack.
Generalization

4
Event

Attack

Event

Attack

Attack

Generalization

Evidence

Figure 4.9: Possibilities to attack elements of scenarios.

In sum, this combined approach developed by Bex et al. allows one to critically
examine and refine both types of underlying generalizations if necessary. The reasoning from the evidence to the scenario is argumentation with evidential argumentation
schemes, which increases awareness of possible sources of doubt by providing critical
questions, while reasoning with scenarios is abductive inference to the best explanation (IBE). The latter allows for different alternative scenarios to be tested and
compared, which will be explained in the next subsection.

4.1.4

Comparing scenarios

Based on standard models of abduction in AI (Poole, 1989; Lucas, 1997; Brewka
et al., 1997, Chapter 5) Bex et al. propose the use of the IBE method to test and
compare different scenarios and thus choose the best explanation. The central idea in
this theory is that a hypothesis H together with a scenario S should ideally explain
the full set of explananda F (the facts that need to be explained by the scenario)
and the full set of observations O. A certain hypothesis is said to explain an event if
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at least one element of that hypothesis is connected to the event through a chain of
explanatory relations in the scenario. Note that in this combined approach, observations are inferred from the evidential data through evidential arguments, so the set of
observations O contains all conclusions of justified evidential arguments (for a more
detailed description of the elements of these sets see section 4.2).
In the Rijkbloem case a possible explanandum is “father dies” and there are two
scenarios that both explain this. To illustrate how the scenarios can be compared,
the example of the Rijkbloem case is expanded with some new information:
The women state that Rijkbloem shot with a “black pistol, similar to the
one the police carries”. Rijkbloem testifies that the mother’s gun was “a
small, revolver-like pistol”. The police report states that there were no
bullet casings found on the crime scene and that there was no powder on
Rijkbloem’s hands. (Bex et al., 2007b, p. 8)
Assume an expert on guns testified that the semiautomatic pistol with which Rijkbloem shot ejects empty casings when fired, while the revolver with which mother shot
does not eject casings. Now, both scenarios should be updated: the event “bullet casings found at crime scene” should be added to the explanation of Nicole and her
mother, while Rijkbloem’s account should be updated by adding “no bullet casings
found at crime scene”. Figure 4.10 displays the updated scenarios in which the explanandum “father dies” is displayed in a darker gray color. Note that the following
explanatory relations are used to connect the new events to the “old” scenarios: “x
shoots y” together with “x shoots with a gun of type A” explains “bullet casings at
the crime scene”, while “z’s gun accidentally goes off” and “z’s gun is of type B”
explains “no bullet casings at the crime scene”. Given the police report which states
that no bullet casings were found at the crime scene the event “bullet casings found at
the crime scene” in the scenario of mother and Nicole is contradicted by the evidence
(contradicted events are displayed in a lighter gray shading), while “no bullet casings
found at the crime scene” in Rijkbloem’s scenario is supported by evidence.
Both scenarios can now be compared by checking how many observations and
how many defeated propositions are explained by them. A general rule of thumb is
that the more observations are explained by a certain scenario and the fewer defeated
propositions (this notion of defeat will be explained in definitions 4.5 and 4.13) are
explained, the better the scenario is. In the Rijkbloem case, the scenario sketched by
Rijkbloem seems to be better in the light of the evidence than the scenario of mother
and daughter Lammers, as it does not explain defeated propositions and explains why
the police did not find bullet casings at the scene of the crime.
So the story-based component of the combined theory allows one to compare scenarios based on the IBE method. Moreover, the scenarios may be compared according
to their evidential support, that is, the extent to which events in a scenario are supported by evidential arguments. Additionally, by examining a scenario’s evidential
support, evidential gaps may be identified and crime analysts may become aware of
events that are not yet supported by evidence. In this way the proposed reasoning
model allows for the generation and comparison of multiple scenarios, while it also
allows crime analysts to record how they are connected to the evidence and to identify
missing information. This model thus satisfies criteria 2 and 3 on page 26.
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Figure 4.10: The updated scenarios of the Rijkbloem case.

4.2 Formalizing the argumentative-narrative reasoning
model
In this section the combined model explained above will be formally specified. In
this way, the model is concretized and made more precise, which is needed for the
implementation of the model in a support tool for crime analysis. The resulting formal
theory can then act as one of the foundations for this software.
The combined model will be formalized in a theory of explanatory evidential reasoning that combines an explanation framework and an evidential theory. The presented formal theory is an adapted version of the theory defined by Bex et al. (2007b),
Bex et al. (2007a), and Bex (2009b). As explained above, the reasoning in crime
analysis is defeasible. Therefore, both the explanatory relations between events in a
scenario and the indicative relations between the evidential data and the events are
formalized as defeasible inference rules, which capture the underlying generalizations
of these relations. This means that instead of modeling generalizations of the form
“if p, then q” as object-level conditionals (the approach taken by Bex et al., 2007a
and Bex, 2009b), here they are modeled as metalinguistic inference rules (they are
thus not part of the logical object language). Bex (2009b) does provide some defeasible inference rules, but only for oft-used generalizations of which the validity is not
questionable, while in the approach taken here all generalizations and argumentation
schemes are modeled as defeasible inference rules. In this approach, these defeasible
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inference rules are domain-specific and may be based on either commonsense generalizations or argumentation schemes, where argumentation schemes typically capture
often used generalizations. Defeasible inference rules are defined as follows:
Definition 4.1 (Defeasible inference rule) Given a first-order language L, a defeasible inference rule is an expression of the form:
ri (t1 , . . . , tn ) : ψ1 , . . . , ψn ≫t φ
where ri (t1 , . . . , tn ) ∈ L is the rule’s name and t1 , . . . , tn ∈ L are the terms in
ψ1 , . . . , ψn , while ψ1 , . . . , ψn and φ are literals from L that denote the antecedent(s)
and conclusion, respectively. The subscript t denotes the type of the rule, as will be
explained below.
This rule informally reads “ψ1 , . . . , ψn is a reason to presume φ”. This rule can be
referred to with its name ri (t1 , . . . , tn ) or with ri in case the specific terms are not important. Similar to Pollock’s approach, for all defeasible inference rules undercutters
are defined:
Definition 4.2 (Undercutter) Given a first order language L, an undercutter of a
defeasible inference rule ri (t1 , . . . , tn ) is a rule:
rj (t1 , . . . , tn ) : χ1 , . . . , χn ≫ ¬ri (t′1 , . . . , t′m )
This rule informally reads “χ1 , . . . , χn undercuts r”. It gives a reason (χ1 , . . . , χn )
why the defeasible inference rule (r) cannot be applied. In much the same way,
defeasible inference rules may be defined that provide reasons for other defeasible
inference rules:
rk (t1 , . . . , tn ) : γ1 , . . . , γn ≫ ri (t′1 , . . . , t′m )
Since the combined model distinguishes two types of relations, namely, explanatory
and indicative relations, in the current formal theory there are two types of defeasible
inference rules: evidential and causal defeasible inference rules. To distinguish them,
the subscript t is used to denote the type of the rule, where e is used for evidential
defeasible inference rules and c for causal rules. Additionally, ρi (instead of ri ) is used
to denote the name of a causal rule. An example of a causal defeasible inference rule
is:
ρi (t1 , . . . , tn ) : ψ1 , . . . , ψn ≫c φ
This rule informally reads “ψ1 , . . . , ψn causes φ” or in case the rules expresses more
than physical causation “ψ1 , . . . , ψn explains φ”. This distinction is made because,
as explained above, all causal rules express causal interdependencies between events,
but can differ in the type of causation that is expressed. Some of these rules express
physical causation (fire causes smoke) but others express psychological or motivational
causation (poverty explains the desire to rob a bank).
Evidential defeasible inference rules are needed for the construction of evidential
arguments. For this set of rules, the argumentation schemes that concern reasoning
with evidential sources are particularly interesting. For example, the argument from
expert opinion scheme outlined on page 31 can be formalized as a rule for reasoning
with expert testimonies:
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rexpert (e, p, d) : says(e, p), within(p, d), expert(e, d) ≫e p
Note that here it is assumed that every literal in L is named by a term in L, since
p occurs as a term in the antecedent but as a wff in the consequent of the rule. As
explained earlier, the critical questions of this scheme may point to possible undercutters of this rule. For instance, based on the trustworthiness question (question 4),
a possible undercutter is “Expert e’s veracity is questionable”:
rdef expert (e, p, d) : questionable(e) ≫e ¬rexpert (e, p, d)
Bex et al. (2003) and Bex (2009b) provide various rules for reasoning with other
types of evidence, including testimonial evidence (from witnesses) and documentary
evidence.
Given the language L and a set of evidential defeasible inference rules, an evidential
theory can be defined, with which arguments can be constructed. This theory will be
described below. Subsequently, an explanation framework will be defined based on a
set of causal defeasible inference rules.

4.2.1

4

Evidential theory

As explained in subsection 4.1.2, evidential arguments are based on evidential input
information from which propositions are inferred. Therefore, an evidential theory
should define a set of evidential data and a set of defeasible inference rules:
Definition 4.3 (Evidential theory) An evidential theory is a pair ET = (RE , IE ),
where:
RE is a set of evidential defeasible inference rules.
IE is a consistent set of literals from L, representing the evidential data.
Given a particular evidential theory ET evidential arguments are built by taking
the evidence in IE as the premises and applying the defeasible inference rules in RE .
An evidential argument can thus be defined as follows:
Definition 4.4 (Evidential argument) An argument based on an evidential theory ET
is a finite sequence [φ1 , . . . , φn ], where n > 0, such that for all φi :
– φi ∈ ET ; or
– There exists a rule in RE such that ψ1 , . . . , ψn is a reason for φi and ψ1 , . . . , ψn ∈
{φ1 , . . . , φi−1 }.
The elements of this sequence are called the lines of argument. As an example of an
evidential argument, assume that RE contains the following two rules:
rwitness (w, p) : says(w, p) ≫e p
rperception (w, p) : saw(w, p) ≫e p
and assume that IE contains:
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e1 : Nicole testifies: “I saw Rijkbloem shoot father”
Then on the basis of ET the following argument (A1 ) can be constructed:
1. e1 : Nicole testifies: “I saw Rijkbloem shoot father”
2. Nicole saw Rijkbloem shoot father (1, rwitness )
3. Rijkbloem shot father (2, rperception )
There are two ways in which such a defeasible argument can be attacked by another
argument:
Definition 4.5 (Defeat between arguments) Given two arguments A and B:
– φ ∈ B rebuts ψ ∈ A iff φ = ¬ψ.
– ¬ri (t1 , . . . , tm ) ∈ B undercuts ψ ∈ A iff ψ is obtained by the application of
ri (t1 , . . . , tm ).
An argument B defeats an argument A if a line of argument in B either rebuts or
undercuts a line of argument in A.
Note that in this definition the notions of defeat and attack are equated. Normally,
an argument B only defeats another argument A if B successfully attacks A. Since
here no notion of preference of arguments is defined, no distinction has to be made
between the notions of defeat and attack.
Given this definition, A can be rebutted with an argument for the opposite conclusion or it can be undercut with an argument why the defeasible inference rule does
not apply in the given circumstances. As an example assume that the following is
added to IE :
e2 : Rijkbloem testifies: “I did not shoot father”
Then the following argument A2 can be constructed to rebut A1 :
1. e2 : Rijkbloem testifies: “I did not shoot father”
2. Rijkbloem did not shoot father (1, rwitness )
As an example of an undercutting argument, assume that rwitness has the following
possible undercutter that is an element of RE :
rdef witness (w, p) : not trustworthy(w) ≫e ¬rwitness (w, p)
and that the evidence IE is expanded with:
e3 : Rijkbloem testifies: “Nicole is not trustworthy”
Then an argument A3 can be built that undercuts A1 :
1. e3 : Rijkbloem testifies: “Nicole is not trustworthy”
2. ¬rwitness (1, rdef witness )
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In this example both arguments A2 and A3 defeat argument A1 , since argument
A2 rebuts argument A1 , while argument A3 undercuts A1 . Based on these binary
defeat relations, the dialectical status of an argument is defined. In this formal model
the dialectical status of an argument is either in, out or undecided:
Definition 4.6 (Dialectical status assignment) Arguments are either in, out, or undecided where:
– An argument is in iff all arguments defeating it (if any) are out.
– An argument is out iff it is defeated by an argument that is in.
– An argument is undecided in all other cases.
Based on this definition any semantics S proposed by Dung (1995) can be used to
determine whether the arguments are justified or overruled and defensible (Caminada,
2006). An argument is justified if it is ‘in’ in all S status assignments, it is overruled
if it is ‘out’ in all S status assignments and it is defensible if it is ‘in’ in some but not
all S status assignments.

4.2.2

4

Explanation framework

As explained in subsection 4.1.4, the explananda should follow from a combination
of the explanatory relations between events in a scenario and the events in a certain
hypothesis. A framework for explanatory reasoning should thus contain explananda
(a subset of the set of observations), explanatory relations, and explanantia that are
used to explain the explananda.
Definition 4.7 (Explanation framework) An explanation framework is a tuple EF =
(RC , O, F, X ), where:
RC is a set of causal defeasible inference rules.
O, the observations, is a set of ground first-order literals.
F ⊆ O, the explananda, is a consistent set of ground first-order literals.
They are the observations which have to be explained.
X , the explanantia, is the set of all ground literals occurring in the antecedent of some causal inference rule in RC and instantiated with some
term in RC ∪ O. This is the set of propositions that is used to explain the
explananda.
Similar to evidential reasoning with evidential inference rules, the causal defeasible
inference rules in RC can be used for causal reasoning. In an explanation framework,
propositions from X are taken as the premises (or hypothesized events) on which the
defeasible inference rules in RC are applied. As an example, assume that X contains:
Rijkbloem shoots father
and assume that RC contains the following rule:
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ρ1 (x, y) : shoots(x, y) ≫c is hit(y)
Then the following causal inference can be constructed to infer a new event (“father
is hit”):
1. Rijkbloem shoots father
2. Father is hit (1, ρ1 )
Thus, the set X together with the set of rules RC is said to explain that father is hit.
As described in section 4.1.4, this mechanism is used to explain explananda given a
certain hypothesis H together with a certain scenario S. In the current formal theory,
a hypothesis is defined as a set of hypothesized propositions.
Definition 4.8 (Hypothesis) Given an explanation framework EF a hypothesis is a
set Hi ⊆ X .
In subsection 4.1.1 scenarios were defined as a set of events connected through explanatory relations. In the current formal theory, a scenario is formalized as a set of
causal defeasible inference rules (explanatory relations). Hence, a scenario in terms
of EF is defined as follows:
Definition 4.9 (Scenario) Given an explanation framework EF a scenario is a set
Si ⊆ RC .
The antecedents and consequents of the rules in Si are called the events in the scenario
Si :
Definition 4.10 (Event) Given a scenario Si in an explanation framework EF α is
an event in Si iff α occurs in the antecedent or consequent of some ρi ∈ Si .
Now that scenarios and hypotheses have been defined, it can be formalized how scenarios and hypothesis explain a set of explananda.
Definition 4.11 (Explanation) Given an explanation framework EF, a set Si ∪ Hi
explains a literal e iff:
– e ∈ Hi ; or
– There is a rule in Si such that φi , . . . , φn is a reason for e and φi , . . . , φn ∈ Hi .
A set Si ∪ Hi is an explanation for a set of explananda F iff:
– For each f ∈ F it holds that Si ∪ Hi explains f .
– For all literals φ ∈ EF it holds that Si ∪ Hi does not explain φ and ¬φ.
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An explanatory evidential theory

As explained above, in the approach taken here a story-based approach is combined
with an argument-based approach. The argumentation part has been specified in an
evidential theory ET and the story part in an explanatory framework EF. Now a
theory of explanatory evidential reasoning can be defined that combines ET and EF.
In this combination it is possible to support or attack the elements in the explanatory
framework with arguments from the evidential theory.
Definition 4.12 (Explanatory evidential theory) A combined theory of explanatory
evidential reasoning EET is a pair (ET , EF ) such that:
– The conclusions on the basis of the justified arguments in ET constitute the set
of observations O in EF.
Given such an explanatory evidential theory EET an event (see definition 4.10)
can be justified, defeated, or unsupported:

4

Definition 4.13 (Supported, defeated, and unsupported events) Events are either
justified, defeated, or unsupported, where:
– An event α is justified if it is the conclusion of a justified argument in ET .
– An event α is defeated if there is a justified argument in ET for ¬α.
– An event α is unsupported if it is not a conclusion of an argument in ET .
To determine the quality of a certain explanation, the IBE method touched upon
in subsection 4.1.4 is used. The main idea is that a hypothesis Hi together with a
(sub)scenario Si should at least explain all explananda that are supported by justified
arguments. Moreover, there should be no defeasible inference rules in the scenario to
which a justified reason has been provided why the rule cannot be applied, so:
Definition 4.14 (Explanations combined with evidential arguments) Given an explanatory evidential theory EET , a set Si ∪ Hi is an explanation for a set of literals
L iff:
– For each l ∈ L it holds that Hi ∪ Si is an explanation for l.
– There is no justified argument for the conclusion ¬ρi , where ρi ∈ Si .
Different explanations are compared by assessing how well they explain F: an
explanation X is better than another explanation X ′ if it explains more explananda
than X ′ , if it explains fewer propositions that are defeated by justified arguments than
X ′ , and if it explains more observations than X ′ . More formally, for any explanation
X the set Xci contains the propositions explained by X, where:
Xc1 contains the explananda supported by justified arguments
Xc2 contains the events in S defeated by justified arguments
Xc3 contains the observations that are not in F
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The resulting ordering on scenarios is as follows.
′
′
If Xc1
⊂ Xc1 and Xc2
⊇ Xc2
′
′
⊃ Xc2
⊆ Xc1 and Xc2
If Xc1
′
′
If Xc1
⊆ Xc1 and Xc2
⊇ Xc2
′
′
If Xc1
= Xc1 and Xc2
= Xc2
In all other cases, X ′ and X

and Xc3 ⊆ Xc3 , then
′
⊆ Xc3 , then
and Xc3
′
and Xc3
⊂ Xc3 , then
′
and Xc3
= Xc3 , then
are incomparable.

X′
X′
X′
X′

< X.
< X.
< X.
≈ X.

This ordering is only one of the many possible orderings that can be used to compare
explanations. An alternative ordering of explanations can be found in the work of
Bex (2009b).

4.2.4

An example

The Rijkbloem case described above (cf. Figure 4.8) can be captured in this formal
theory as follows.
RC = {
ρ1 (x, y) : fight between(x, y), has gun(x) ≫c shoots(x, y)
ρ2 (x, y) : shoots(x, y) ≫c is hit(y),
ρ3 (y) : is hit(y) ≫c dies(y),
ρ4 (x, y, z) : fight between(x, y), has gun(z) ≫c aims gun at(z, x),
ρ5 (x, y) : aims gun at(x, y) ≫c tries to push gun away(y),
ρ6 (x) : tries to push gun away(x) ≫c gun accidentally goes
off,
ρ7 (x) : gun accidentally goes off ≫c is hit(x) }
F = {father dies}
RE = {
rwitness (w, p) : says(w, p) ≫e p,
rmultiple witness (x, y, p) : say(x, y, p) ≫e p,
rpolice (p) : police report says(p) ≫e p}
IE = {
eR : Rijkbloem testifies that:
• fight starts between him and father
• mother aims gun at him
• he tries to push gun away
• gun accidentally goes off
• father is hit in the head
eW : Nicole and her mother testify that:
• fight starts between Rijkbloem and father
• Rijkbloem shoots father
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• father is hit in the head
eP : police report that “Mr. Lammers died”}
O = {fight starts between Rijkbloem and father,
mother aims gun at Rijkbloem, Rijkbloem tries to push gun
away, gun accidentally goes off, Rijkbloem shoots father,
father is hit in the head, father dies}
In this example there are two scenarios. Firstly, there is the women’s scenario S1 =
{ρ1 , ρ2 , ρ3 }. Their hypothesis is H1 : {fight starts between Rijkbloem and
father, Rijkbloem has gun}. The second explanation is Rijkbloem’s scenario
S2 = {ρ4 , ρ5 , ρ6 , ρ7 }. Rijkbloem’s hypothesis is H2 : {fight starts between
Rijkbloem and father, mother has gun}.
S1 together with H1 explains the following observations:
{fight starts between Rijkbloem and father, Rijkbloem
shoots father, father is hit in the head, father dies}

4

S2 together with H2 explains:
{fight starts between Rijkbloem and father,
mother aims gun at Rijkbloem, Rijkbloem tries to push gun
away, gun accidentally goes off, father is hit in the head,
father dies}

4.3 Conclusion
In this chapter a rationally well-founded model of reasoning with evidence in crime
analysis was described. This model combines the concepts of scenarios and arguments,
in which the reasoning with scenarios is IBE and the reasoning with arguments is argumentation with argumentation schemes. In this way, a quite elaborate representational notation was defined which complies with the specific needs of crime analysts as
it satisfies the criteria mentioned in chapter 2 (in particular criteria 2 and 3a). It was
argued that this combination of constructing hypotheses in the form of scenarios and
supporting these hypotheses through evidential arguments corresponds to the practice of crime analysts in the Netherlands and that it is more natural than either the
story-based or argumentation-based approaches alone. The combined argumentativenarrative model was formalized in an explanatory evidential theory to provide the
precision that is needed to be able to implement this model in a software tool for
crime analysis. This formal theory specified how evidential arguments and scenarios
can be combined and defined precise criteria based on which different alternative scenarios can be compared. Subsequently, it was shown that it is possible to capture a
sample case in this formal theory.
In the next chapter an ontology will be defined intended for the representation
of scenarios and evidential arguments, which will be based on this reasoning model.
In chapter 6 it will then be described how this reasoning model and the ontology
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can be implemented in a prototype support system for crime analysis. Subsequently,
in chapter 7, a study will be presented that evaluates whether the proposed model
indeed agrees with the intuitions of potential users and is natural to them.
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An ontology to represent
scenarios and arguments

In the previous chapter a reasoning model for crime analysis was proposed. Based on
this reasoning model and the proposed concepts of scenarios and evidential arguments
an ontology will be defined that allows for the representation of criminal cases. The
ontology defines the representational notation of the system and thus provides a set
of primitive elements (objects, relations, and the rules for their use) out of which
external representations can be constructed. This ontology called AVERs (Argument
Visualization for Evidential Reasoning based on stories) is to a large extent based on
the AIF core ontology.
This chapter is organized as follows. Firstly, the AIF core ontology will be outlined, after which it will be explained how argumentation schemes can be captured in
this ontology. Subsequently, the AVERs ontology will be defined, which is in essence
an adapted version of the AIF ontology. Finally, it will be illustrated how the scenarios and evidential arguments as defined in chapter 4 can be represented using this
ontology.

5.1 The Argument Interchange Format core ontology
As explained in chapter 3, different notations and mark-up languages have been proposed for argument diagramming tools. As a result, the semantics of the specified
arguments depend on the implemented language and the specific underlying theory,
and thus vary from tool to tool. The Argument Interchange Format (AIF) core ontology was proposed by Chesñevar et al. (2006) in order to provide an agreed-upon
general data representation format for arguments and in this way to facilitate data
interchange among different argument diagramming tools. The result of this AIF
project is an ontology of arguments and related concepts. The proposed core ontology can be extended to capture various argumentation formalisms and schemes.
In the AIF core ontology arguments are represented as directed graphs, informally
called argument networks. An example of such an argument network is displayed in
Figure 5.1. This figure shows that such networks contain different types of nodes that
are connected by edges.
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Figure 5.1: An example of an argument network based on the AIF core ontology.

Nodes According to the AIF ontology, there are two types of nodes, namely, information nodes (or I-nodes in short) and scheme application nodes (S-nodes) (cf.
Figure 5.2). I-nodes hold pieces of information or data. Such nodes may be used to
represent information in an argument such as claims, premises, and conclusions. The
information contained in these nodes depends on the domain of discourse. S-nodes
capture applications of schemes and thus represent the inferential passages associated with argumentative statements. These schemes are by the authors considered
as domain-independent patterns of reasoning. The core ontology distinguishes three
(sub)types of schemes: inference schemes, conflict schemes, and preference schemes,
but potentially other scheme types could exist. Given the three types of schemes,
in the core ontology the S-nodes are classified into three subtypes (see Figure 5.2):
inference application nodes (RA-nodes, in which the S-node is an application of an
inference scheme), conflict application nodes (CA-nodes), and preference application
nodes (PA-nodes). RA-nodes can be seen as applications of rules of inference, CAnodes as applications of criteria defining conflict, and PA-nodes as applications of
criteria of preference among evaluated nodes. The example argument network in Figure 5.1 contains six I-nodes (represented by boxes), and four S-nodes, of which two
are CA-nodes (hexagons), while two are RA-nodes (ellipses). The sets of I-nodes and
S-nodes are disjoint, while also the sets of RA-nodes, CA-nodes, and PA-nodes are
disjoint. Finally, nodes may possess various attributes; these attributes are not part
of the core ontology.
Edges In the ontology, edges may emanate from S-nodes (to support conclusions
that follow from these S-nodes) or from I-nodes (to supply data). The AIF ontology
imposes an important restriction on the latter type of edges, namely that two Inodes cannot be connected directly, in other words, I-to-I edges are forbidden. This
ensures that I-nodes cannot be connected without giving an explanation for why
the connection is made and that the type of the relationship between two pieces of
information is specified explicitly using an S-node. Additionally, only I-nodes can
have zero incoming edges. Hence, three possible edges remain. Edges from an I-node
to an S-node (I-to-S edges) represent that information is provided as an input to an
inference rule. Edges from an S-node to an I-node (S-to-I edges) represent that the
inference rule defined in the S-node is used to infer the information in the I-node,
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while S-to-S edges represent Toulmin-style backings.
Figure 5.1 displays examples of all three types of edges. The example argument
network also shows how RA-nodes may receive input from multiple I-nodes (in this
case both “I-node 2” and “I-node 3” are connected to “RA-node 1”), while I-nodes
may serve as input for multiple S-nodes (“I-node 2” supplies data to both to “RAnode 1” and “RA-node 2”). Moreover, in this example it is displayed how the AIF
ontology allows for rebuttals, undercutters, and warrants. Firstly, “CA-node 1” links
both “I-node 1” and “I-node 4”, in this way reflecting the symmetrical nature of
the conflict (cf. two arguments that rebut each other). Secondly, as an example of
undercutting attack “RA-node 1” is attacked by “I-node 6” through “CA-node 2”.
Finally, “I-node 2” supports “RA-nodes 2” via “RA-node 1” and in this way provides
a warrant for this inference.

5

Figure 5.2: A fragment of the AIF ontology of arguments. Adapted from “Towards an
argument interchange format” by C.I. Cheñevar et al., 2006, p 298.

5.2 Extending the AIF core ontology to represent argumentation schemes
Rahwan et al. (2007b) extended the AIF core ontology to express Walton-style argumentation schemes (see also Rahwan et al., 2007a) by adding a new node type to
the core ontology, being forms (or F-nodes). Two subtypes of forms are presented:
premise descriptors and conclusion descriptors. Using these forms, the structure of
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the scheme is captured explicitly in the argument network. In this way an explicit
relation between an actual premise and the generic premise descriptor it instantiates
is established.
As an example consider the following example argument that instantiates Walton’s
scheme for argument from expert opinion (see page 31):
Premise: Allen is an expert in sport.
Premise: Allen says that Brazil has the best football team.
Conclusion: Presumably, Brazil has the best football team.
Figure 5.3 shows how this argument and the scheme it instantiates can be represented in the extended ontology. It displays how each node in the argument (white
ellipses) is linked explicitly to the form node it instantiates (gray boxes with rounded
edges), for example, the premise “Allen is an expert in sport” instantiates the generic
form “Source E is an expert in the subject domain S”.

Figure 5.3: The argument from expert opinion scheme represented in the extended AIF
ontology. Adapted from “Laying the foundations for a world wide argument web” by I.
Rahwan et al., 2007, p. 906.

5.3 The AVERs ontology
The conceptual framework underlying the support tool for crime analysis developed
in this project is to a large extent based on the AIF core ontology. Similar to the AIF
ontology, in this AVERs ontology (see Figure 5.4) information about a case is stored in
two types of nodes, which will be called data nodes (AIF-style I-nodes) and inference
nodes (S-nodes). Argumentation schemes are represented using an additional node
type called scheme nodes (similar to Rahwan et al.’s F-nodes, the differences will be
explained below), where schemes are predefined patterns of reasoning such as rules of
inference in deductive logics but then broadened to non-deductive logics, or domaindependent patterns such as witness testimonies in evidential reasoning.
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Figure 5.4: The AVERs ontology to represent scenarios and evidential arguments in crime
analysis.

5

Below the AVERs ontology will be described in detail on two levels. On the ontological level the objects and relations that are available to represent cases are defined.
The instantiation level describes the symbols by which these objects and relations are
denoted and thus defines how the actual scenarios and arguments are represented.
The black-and-white figures (Figures 5.4, 5.5, 5.6, 5.7, and 5.8) represent the ontological level in which white boxes are used to represent concepts in the ontology, edges
are used to represent relations between concepts, and ellipses are used to represent
attributes of concepts. These figures display small parts of Figure 5.4 to make it easier
to explain the different concepts. The colored figures (Figures 5.9, 5.10, 5.11, 5.12,
and 5.13) display how the ontology can be used to represent “real” arguments and
scenarios (the instantiation level). Note that in this chapter the chosen modality of
the representations is a graph, but that based on the same ontology other modalities
may be used to represent the same concepts differently, for instance, in matrices. This
will be explained in chapter 10.

5.3.1

Nodes

The basic building block of a case is a node. A node is an elementary piece of
information. Nodes can be facts in a case or claims about a case. Every node possesses
various mandatory attributes: an identifying number (id), a case it is contained in,
a type, a polarity, a grade, and one or more editors. Additionally, nodes possess
optional attributes such as a title field and a text field. All attributes are displayed in
Figure 5.5 (as ellipses), in which the mandatory attributes are marked with a darker

85

AN ONTOLOGY TO REPRESENT SCENARIOS AND ARGUMENTS

5.3

border. Although not mandatory, most nodes will have a descriptive title, in order to
make it easier to distinguish them from each other.

Figure 5.5: All attributes of nodes in the AVERs ontology.

Figure 5.6: Nodes in the AVERs ontology.

As explained above three node types are distinguished: data nodes, inference
nodes, and scheme nodes (see Figure 5.6). These nodes can have three polarities:
positive, negative, or neutral. All possible combinations of types and polarities are
displayed in Table 5.1. This table also denotes the shapes and colors that are used to
distinguish different types and polarities in a visual representation of this data model
(see, for example, Figures 5.9 and 5.10). Boxes represent data nodes that can be
positive or negative (claims), or neutral (quotes). Data nodes are thus classified into
two subtypes: quotation nodes and interpretation nodes. Ellipses represent inference
nodes that instantiate general inference schemes (scheme nodes).
Quotation nodes A quotation node represents information from outside the system
such as quotes from testimonies, police reports, and other original source documents.
In this way, quotation nodes represent the evidential data in the set IE as part of the
evidential theory defined in the previous chapter. The text field of a quotation node is
a literal transcription of the selected fragment and cannot be edited. Once imported,
the content of a quotation node is fixed, and its status is incontestable within the
system. The text field of the quotation node contains the full quote, the title of the
node may be altered into a short description of the quoted text.
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Table 5.1: Node types and polarities in the AVERs ontology

Type
Polarity

Data node
(box)

Inference node
(ellipse)

Scheme node
(ellipse)

Positive (green)

Interpretation node
claim about case
Interpretation node
claim about case
Quotation node
quote from source

Inference from
positive node
Inference from
negative node
-

-

Negative (red)
Neutral (blue)

Scheme
instantiation

Interpretation nodes Interpretation nodes represent observations or claims for the
purpose of making sense of quoted data. Such nodes can be used to represent arguments in an evidential theory, but can also be used to represent observations, explananda, and explanantia in an explanatory framework as defined in section 4.2. In
argument networks, nodes that support the main claim are colored green; nodes that
contest the main claim are colored red. Interpretation nodes can be questioned (cf.
the attribute question) and can be supported or attacked by other nodes as will be
explained below.

5

Inference nodes Inference nodes represent justifications for the relations between
data nodes and are instantiations of defeasible inference rules (see definition 4.1 on
page 72). Every inference node uses one ore more data nodes (premises) to infer
another data node (a conclusion). An inference node may spring from a scheme
node in order to represent argumentation schemes. This means that, as specified in
section 4.2, there are defeasible inference rules that stem from argumentation schemes,
while there may also be inference rules that represent commonsense generalizations.
Scheme nodes Scheme nodes represent schemes (see below). In the previous chapter it was already explained how argumentation schemes can be captured in defeasible
inference rules. A scheme may thus be instantiated to one or more scheme instances
(inference nodes). In this ontology, scheme nodes are used to represent which scheme
is instantiated by a certain inference node. Graphically, a scheme node is depicted as
a large blue ellipse. Figure 5.9 displays how a scheme node represents the scheme that
is instantiated to create an inference between two nodes and in this way provides a justification for this inference. Scheme nodes differ from Rahwan et al.’s F-nodes. Their
F-nodes are used to represent how the elements of an actual argument instantiate the
generic descriptors of a certain scheme (cf. Figure 5.3 contains 4 gray F-nodes), in
this way the structure of the scheme is captured explicitly in the argument network.
In the approach taken here, only one node (a scheme node) is used to represent that
a scheme is instantiated. In this way, the resulting diagram becomes more compact,
because not all elements of the instantiated scheme are represented in the diagram as
separate nodes.
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Schemes

As explained in subsection 3.1.1, schemes are predefined patterns of reasoning that
contain premises, a conclusion, and critical questions. In the AVERs ontology a
scheme is defined as shown in Figure 5.7.

Figure 5.7: Schemes in the AVERs ontology.

5.3.3

Links

Nodes can be connected to each other by using links (called edges in the AIF ontology).
Similar to the restriction imposed on edges in the AIF ontology, direct links from data
nodes to other data nodes are not allowed. There should always be an intermediate
inference node that justifies the relation or inference between the connected data
nodes. The following link types are allowed: links from data nodes to inference nodes,
from inference nodes to data nodes, from inference nodes to other inference nodes,
and from scheme nodes to inference nodes (see Figure 5.8). A second restriction
of the proposed ontology is that neutral data nodes (quotation nodes) can only have
outgoing links, so they always serve as the input (or premises) of inferences. Moreover,
a chain of links and nodes from a certain data node to that same node is not allowed
so that circular inferences are not allowed.
Link types are inferred from the nodes that are connected. This means that the
type of the link depends on the polarities of the nodes that it connects, such that two
nodes of the same polarity support each other, while two nodes of opposing polarities
attack each other as summarized in Table 5.2. An example of the how this mechanism
works is displayed in Figure 5.10. Additionally, Table 5.2 shows that depending on
the types of the nodes that are connected by a link, different support and attack
relations are created: a link from an inference node to a data node of the opposite
polarity creates a rebuttal, a link from an inference node to another inference node
of the opposite polarity creates an undercutter, while a link between two inference
nodes of the same polarity creates a backing.
The AVERs ontology, which provides both positive and negative nodes, and both
data and inference nodes, thus allows for nodes to be supported or attacked, while
also the relations between nodes can be supported or attacked by supporting or attacking inference nodes as displayed in Figure 5.10. Note how in this figure positive
nodes support other positive nodes and attack negative nodes and how negative nodes
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Figure 5.8: Links in the AVERs ontology.

Claim (conclusion)

Inference

Quote (premise)

Quote (premise)

Claim (premise)

Claim (premise)

Scheme

Figure 5.9: A visual representation of the data model: node types.

5

Claim

Support

Attack

Support

Attack

Attack

Support

Figure 5.10: A visual representation of the data model: link types and polarities.

Conclusion

Convergent premise

Convergent premise

Conclusion

Linked premise

Linked premise

Figure 5.11: A visual representation of the data model: linked and convergent premises.
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Table 5.2: Semantics of node-to-node relations in the AVERs ontology

From\To

Data
(same)

Data
(opposite)

Inference
(same)

Inference
(opposite)

Interpretation

-

-

Data is used
in support
relation

Data is used
in attack
relation

Inference

Supports data

Attacks data
(rebut)

Supports
inference
(backing)

Attacks
inference
(undercut)

Data
(green)

Data
(red)

Inference
(green)

Inference
(red)

-

-

Data is used
in support
relation

Data is used
in attack
relation

Quotation

support other negative nodes and attack positive nodes (see also Table 5.2). Support
relations are denoted by normal arrows, while attack relations are denoted by arrows
with triangle-shaped heads. Finally, the data model also allows for both convergent
and linked premises (see Figure 5.11).
To create a case, nodes can be linked through two types of connections, that is,
indicative relations (arrows and arrows with reversed arrowheads) and explanatory
relations (yellow arrows with diamond arrowheads).
Indicative relations As explained in the previous chapter, indicative relations are
captured in evidential defeasible inference rules, which can be either argumentation
schemes or commonsense generalizations. In the AVERs ontology, indicative relations
are typically instantiations of evidential argumentation schemes. Examples of argumentation schemes for evidential reasoning include Walton’s schemes for argument
from expert opinion and argument from witness testimony. Figure 5.12 shows how
the expert opinion scheme can be represented in the proposed ontology. The inference
node (marked “indicative inference node”) instantiates (in AIF-terminology “fulfills”)
the argument from expert opinion scheme, which is denoted by the blue scheme node
attached to it. The conclusion instantiates the conclusion description of the scheme
“A may (plausibly) be taken to be true”, which is displayed in the white text field
of the node (where “Conclusion” is the title of the node). The premises instantiate
the premise descriptions contained in the scheme. Figure 5.7 shows that premises can
be of two types. In this case, the premise “E asserts that A is known to be true”
is said to be the major premise, while the other two premises are minor premises.
Finally, the six critical questions of this scheme are represented as latent attackers of
the inference node. Note that there is a slight difference with the way in which Rahwan et al. represent argumentation schemes in their extended AIF ontology, in which
the premise descriptors, conclusion descriptors, and presumption descriptors are ex-
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plicitly represented in the argumentation network. In the AVERs ontology, only the
scheme nodes are visually represented in the network as separate nodes, while the
instantiated descriptors are added to the instantiating nodes in the text field.
Explanatory relations In chapter 4, explanatory relations were defined as instantiations of causal defeasible inference rules of the form “ψ1 , . . . , ψn causes φ” or
“ψ1 , . . . , ψn explains φ”. Such rules can be represented in the proposed ontology
in much the same way as evidential defeasible inference rules (see Figure 5.13). The
main difference is that instantiations of causal rules are displayed in a different color
(yellow) and that the links between the inference nodes that instantiate the rule and
their conclusions are marked with a different type of arrow (with a diamond head).
Moreover, a blue scheme node is used to represent the fact that a causal defeasible
inference rule is instantiated.

5.3.4

Representing scenarios and evidential arguments

Figure 5.4 summarizes the proposed AVERs ontology. This ontology represents cases
as networks of nodes and links that consist of three distinct node types. This ontology
also defines which types of links between nodes are allowed and how argumentation
schemes are instantiated. This AIF-based ontology can be used to model cases by
representing scenarios and evidential arguments, which will be explained below.

5

Scenarios In chapter 4, scenarios were defined as sets that contain causal defeasible
inference rules and events (see definitions 4.9 and 4.10). Therefore, using the AVERs
ontology scenarios can be represented as networks of positive (green) interpretation
nodes (representing the events) that are linked through explanatory relations (representing the causal defeasible inference rules). A case may consist of multiple distinct
or partly overlapping scenarios as will be illustrated in the next chapter.
Evidential arguments According to definition 4.4, evidential arguments are built
by using the evidential data as the input and applying evidential defeasible inference
rules. In this ontology, evidential arguments can thus be created by using quotation
nodes to infer conclusions (interpretation nodes) through indicative relations. Based
on their inferential connections, nodes in an evidential argument can be evaluated as
being ‘in’ or ‘out’ (captured in the attribute grade), where quotation nodes are always
‘in’ (cf. definition 4.6).
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Premise
E asserts that A is
known to be true

Argument from
Expert Opinion

Premise
A is within D

Premise
E is an expert in
domain D

cq1
indicative
inference node
cq2

Conclusion
A may (plausibly) be
taken to be true

cq3

cq4

cq5

cq6

Figure 5.12: The argument from expert opinion scheme in the AVERs ontology.

Premise
A
explanatory
inference node

Conclusion
B

Causal defeasible
inference rule

Figure 5.13: An explanatory relation in the AVERs ontology.
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5.4 Conclusion
In this chapter an ontology to represent criminal cases was described. This ontology
is in essence an adaptation of the AIF core ontology for arguments that was adapted
in order to represent both arguments and scenarios. To this aim three distinct types
of nodes were proposed that can be connected through links. Data nodes represent
the information about a case, where quotation nodes represent the evidential data as
specified in the formal theory (see section 4.2), while interpretations nodes represent
all other data available in a case, including events. Inference nodes represent the
defeasible inference rules as specified in definition 4.1, while scheme nodes denote
the schemes that are instantiated by certain inference nodes. Using these nodes, two
types of relations can be represented, namely, indicative and explanatory relations.
It was proposed that the indicative relations used to construct evidential arguments
are denoted by inference nodes that represent evidential defeasible inference rules.
Typically, such rules are instantiations of evidential argumentation schemes (although
they may also be instantiations of commonsense generalizations). The explanatory
relations in scenarios are instantiations of causal defeasible inference rules. This
corresponds with the formal theory described in the previous chapter, where evidential
argumentation schemes were formalized as evidential defeasible inference rules, while
causal generalizations were formalized as causal defeasible inference rules. In this
chapter it was explained that evidential arguments can be constructed by connecting
quotation nodes to events (green interpretation nodes) using indicative relations and
that scenarios can be constructed by connecting events through explanatory relations.
In the next chapter it will be described how the AVERs ontology and the formal
theory described in the previous chapter can be implemented in a software tool that
supports crime analysts.

5
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AVERs: Support software
for crime analysis

This chapter combines the criteria and requirements presented in chapters 2 and 3
and the reasoning model and ontology defined in chapters 4 and 5 into a software
design for a prototype system for crime analysis named AVERs. This design consists
of a functional model and an internal representation.
This chapter is organized as follows. In the next section the requirements defined
in the previous chapters are formulated in terms of subtasks that should be supported
by the system. In section 6.2 a functional model is defined that specifies these subtasks. Based on this functional model, a data representation is defined, which will
be described in section 6.3. In section 6.4 an implementation of this design will be
described in detail, both explaining its graphical user interface and the functions it
offers to its users. Section 6.5 presents the results of various studies that tested the
design and implementation of AVERs, in particular its usability.

6.1 Requirements for software to support crime analysis
As already explained in chapter 2, software that supports analysts in performing their
tasks should allow them to represent scenarios and to keep track of them (cf. criterion 2 on page 26), but also to record how the events that make up such scenarios are
supported or discredited by evidence (cf. criterion 3a). In chapter 4, it was described
how a reasoning model that combines a story-based approach with an argument-based
approach allows analysts to do this. Using this model, scenarios can be constructed
by connecting events through explanatory relations. Evidence is connected to these
events through evidential arguments that are in essence indicative relations. Additionally, the software should allow crime analysts to keep track of elements that need
further investigation (cf. criterion 3b). Finally, the software should also support the
foraging loop by allowing analysts to manage the evidential data available in the case
and to be able to access to the original evidential documents (cf. criterion 1). In this
chapter, a software design will be described that provides these features. This will be
done by breaking down the analysis process into three main tasks (these are derived
from the phases mentioned in section 2.2), namely, the creation, comparison, and
communication of scenarios. These can in turn by divided into subtasks that should
be supported by the software:
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1. Create scenarios (reconstruction phase)
(a) Record evidence.
(b) Record events.
(c) Create scenarios by linking events.
(d) Use evidence to support or attack events.
(e) Refine scenarios.
2. Compare alternative scenarios (verification phase)
(a) Retrieve how well a certain scenario is supported by evidence (see the
notion of evidential support in subsection 4.1.4)
i. Identify unsupported events.
ii. Identify defeated events.
iii. Identify diagnostic evidence (cf. section 2.3).
(b) Use the IBE method to verify how many explananda, observations, and
defeated events are explained by a certain hypothesis and scenario (cf.
subsection 4.1.4).
i.
ii.
iii.
iv.
v.

Select scenarios (the set S as defined in section 4.2).
Select hypotheses (H).
Select explananda (F).
Identify observations (O).
Identify defeated events.

3. Communicate the results of the analysis process
(a) Provide one or more clear output formats that are unambiguous and easily
understood by laymen. The output should allow the readers to:
i. Identify the different scenarios.
ii. Retrieve how well a certain scenario is supported by evidence or how
severely it is attacked by evidence (and thus compare the different
scenarios).

6.2 Functional model
In this section, a functional model is described that offers the features required for the
reconstruction and the verification phase. Since the tasks that need to be performed in
the communication phase are similar to the ones in the comparison phase (in essence
only the person who performs the tasks is different), a model for this phase will not
be described, but the topic of designing output formats to communicate the results of
the analysis process will be discussed in chapter 10. This section will describe some
features that are not explicitly mentioned above but that are required to support users
in being aware of missing information and keeping track of things that need further
investigation (cf. criterion 3b). Finally, the functional model will also incorporate
functionality to enhance usability.
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Create scenarios

6
Figure 6.1: The process of creating scenarios subdivided into steps.

Figure 6.1 shows the order of steps in the process of creating scenarios. The notation used in this diagram is based on the usual notation for generating flowcharts.
Rectangles represent processing steps, while the gray boxes represent data that is
saved in the system. The parallelogram denotes the output of the entire process,
while a box with a curved bottom represents documents. Note that given the iterative nature of crime analysis this process has two starting points, namely, the
original source documents from which evidence is recorded in the system (arrow 1
in Figure 6.1) and “record events” which allows events to be recorded in the system
(arrow 2 in Figure 6.1). As this process unfolds there is evidence that needs to be
connected to events and events that need to be supported by evidence. Note how this
corresponds to the observations made in section 2.2 where it was explained that the
analysis process can take place both bottom-up, starting with the evidence, and topdown, starting with the scenarios or events. After the events have been recorded in
the system, they can be connected into scenarios. So, a user can start with recording
events and connecting them into scenarios after which he will record the evidence to
support or attack a certain event with. Or he can start with recording all the evidence
and then map out how these support or attack events that can then be linked into
scenarios.
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Record evidence The system should allow a user to manage the evidence that he
gathers. This is supported by allowing him to open and view source documents and
let him select quotes from these documents. These quotes are stored in the system
and maintained in connection with their original sources. In this way the user will be
able to refer back to the original context of the quotes if necessary.
Support or attack events with evidence According to the reasoning model defined
in chapter 4, evidential arguments are built by applying evidential defeasible inference
rules on the evidence. In this way the elements of the scenarios can be supported or
attacked through evidential arguments, while also these arguments themselves can be
supported or attacked. The evidence is thus connected to the events using indicative
relations, which are typically instantiations of evidential argumentation schemes. By
applying such schemes, a user of the system is forced to make the sources of the
evidence explicit. Additionally, the schemes automatically provide justifications for
the created relations. At the same time, the user is able to critically examine the
evidence by answering the critical questions accompanying the schemes. If a user
forgets to answer the critical questions, the system should mark the scheme and in
this way remind the user that he still has to answer them (see subsection 6.2.3).
Record events The system should allow a user to record events. These can be based
on evidence but can also be unsupported. To complete a scenario and fill blanks, a
user will think of assumed yet unsupported facts. So new events may be added to
a scenario without having evidence for them. Subsequently, the user will search for
evidence that supports them. The system should mark such unsupported events,
such that a user can gain a quick overview of which events need to be supported by
evidence and thus need further investigation (see subsection 6.2.3).
Connect events Following the reasoning model explained in chapter 4, scenarios are
constructed by connecting events through explanatory relations. Such relations are
instantiations of causal defeasible inference rules. Multiple scenarios can be created
by connecting events into different branches, or scenario lines, as is done in Figure 6.2.
Refine scenario A special step in this process is “refine scenario”. After linking
certain events into a scenario, the user may start over and record some more events
and connect them to the crude initial scenario. In this way it is possible to expand
a scenario as the analysis process unfolds. However, sometimes it may be necessary
to refine a scenario by breaking down earlier established connections between events.
Therefore, the system should offer functionality to add new events in between two
already connected events. A user is thus able to refine his preliminary scenarios when
new information becomes available.

6.2.2

Compare scenarios

An observation from chapter 2 that is especially important for the design of the system
is that often many plausible scenarios can be constructed. Therefore, the system
should offer the ability to construct multiple scenarios and select them. Moreover,
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switching between scenarios should be easy and fast. Additionally, a user should be
able to compare scenarios based on their evidential support (what is supported and
what is contradicted?) or by using the IBE method (as described in subsection 4.1.4).
Unsupported

Supported

Defeated

Event 3

Event 1

Unsupported

Event 4
Supported

Event 2

Event 5
Evidence 1

Event 6

Attack

Unsupported

Evidence 2

Diagnostic

Figure 6.2: Comparing scenarios based on their evidential support.

6

Evidential support Different scenarios may be compared visually by identifying
how well a certain scenario is supported or how severely it is attacked by evidence.
With respect to this task three notions are important, namely, unsupported events,
defeated events, and diagnostic evidence. Unsupported events are events that are not
(yet) supported by evidence, while defeated events are attacked (cf. definition 4.13).
Both types of events should be marked by the system to make it easier for the user to
identify them. Finally, diagnostic evidence is evidence that supports events in only a
few scenarios and not in all (cf. section 2.3). The labels put at the events in Figure 6.2
show which of the events should be marked by the system. In this figure, events 3
and 4, and 5 are unsupported, while event 2 is defeated. Evidence 2 is diagnostic
as it only supports one of the scenarios. Assume that in the example there are two
scenarios, one that contains events 1 to 4 and another one that contains events 1,
2, 5, and 6, then the evidential support of the latter is the highest. So, by marking
events that are unsupported or even defeated, the system provides visual feedback on
the evidential support of each scenario.
The IBE method In order to support the IBE method, the system should allow
the user to select scenarios (cf. the set S, see definition 4.9), hypotheses (H, see
definition 4.8), and explananda (F, see definition 4.7).
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Event

Evidence 1

Event

Event

Event

Event

Event

Attack

Evidence 2

Event

Evidence 1

Event

Event

Event

Event

Event

Attack

Evidence 2

Figure 6.3: Selecting different scenarios.

The user may select scenarios by selecting events (nodes) and links between events
from a case (which contains all scenarios) and assigning them to a certain scenario.
Thus, this selection differs from the set S as defined in definition 4.9 in that the
selection may contain not only links but also events (see definition 4.10). So, while
according to the formal theory events are only implicitly part of a scenario, here the
user can select them explicitly. This should be allowed, because it is assumed that it
is more intuitive for users to select scenarios that consist of both events and relations
between events. Afterwards, it should be possible to modify this scenario by removing
events or links from the selection or adding events or links to the selection. When a
certain scenario is chosen, the system should display only the relevant parts of the
case and it should be easy to switch to another scenario. Figure 6.3 shows two possible
selections, but note that other selections are possible. Additionally, the user should
be able to select a certain set of events as his hypothesis and a set of supported events
as the explanandum (that at least needs to be explained). When a certain event is
chosen as being part of one of these two sets, the system should mark this event (see
Figure 6.4). To simplify this process the system should automatically mark all events
that are supported by the evidence as observations, since only observations can serve
as explananda (in chapter 4 the set F was defined as the subset of O).
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Defeated

Hypothesis &
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Event

Event

Event
Explanandum &
Observation

Event

Event
Evidence 1

Event

Attack

Evidence 2

Figure 6.4: Comparing scenarios based on the IBE method.

After a user has defined these three sets, the system should determine and mark
which events (and in particular which observations and which defeated events) are
explained by them. The system should therefore mark all explained events. In this
way, the user is able to visually compare scenarios. As explained in the previous chapter, a scenario is better than another scenario if it explains more explananda, fewer
defeated events, and more observations. Therefore, the system should calculate the
following quality measurements (see also definition 4.13 for the definition of defeated
events):
1. Covered : The number of explananda that are explained.

6

2. Missed : The number of explananda that are not explained.
3. Additional : The number of other supported events (observations) that are explained.
4. Defeated : The number of defeated events that are explained.
An overview of all these measures should be provided to the user in a table form that
should rank the scenarios in order of quality. If two scenarios explain the same number
of explananda, a scenario is better if it misses fewer explananda, when it explains more
additional events (Additional is higher) and fewer defeated events (Defeated is lower).
In the example in Figure 6.4, the scenario at the bottom is the only scenario that
explains the explanandum and is thus the best alternative.

6.2.3

Missing information

In order to allow a user to gain a quick overview of outstanding issues, the system
should mark events that are not yet supported by evidence or that are defeated
by the evidence. Furthermore, it should allow a user to add notes to an event or
ask questions about it. These events should not only be marked, but should also
be automatically added to a list which provides a summary of the research that still
needs to be conducted (as some sort of to-do list). This will guide the user in deciding
which step should be taken next and remembers him of items that have not yet been
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investigated and of unexplored investigation tracks which may also be considered.
The following items should be marked and added to this list:
1. Scheme instantiations that have unanswered critical questions
2. Unsupported events (see definition 4.13)
3. Defeated events (see definition 4.13)
4. Events that have a note or a question attached to it

6.2.4

Case management functionality

As already touched upon in section 3.6, the question of which additional functions
should be provided by the system is amongst the design issues. It is proposed that,
besides features to create and compare scenarios and to make analysts aware of missing information, the system should offer functionality that makes it easier and more
pleasant to use (cf. requirement 7 on page 58). An important issue in designing software for crime analysis is the fact that scenarios in complicated cases tend to become
very large and complex. Therefore, the system should display such large cases in a
readable way and should contain features that allow analysts to handle them in an
appropriate way (cf. requirement 8). Additionally, to further tailor the system to the
needs of crime analysts, a user should be able to modify and add schemes.
Handle large cases Cases should automatically be scaled to fit the computer screen.
Moreover, by allowing the user to flip cases (i.e., arranging them from bottom to top
instead of from left to right) they can be arranged and fit in the best possible way.
However, due to this, the cases can become illegible. Therefore, the user should
be able to zoom in on specific parts of a case, because this results in temporarily
smaller (i.e., a smaller amount of information is displayed) and better readable (i.e.,
the information that is displayed is displayed in a bigger font) cases. Additionally,
collapsibility features should allow the user to display only the information that he
needs and wants to see, while the hidden information is still accessible if necessary. In
this way, the amount of information shown on the screen is smaller and this feature
thus enhances readability and makes it easier to handle large cases. So, based on
their status or type, certain nodes may be hidden or made smaller; in particular
“redundant” nodes such as minor premises are good candidates for this. Finally, a
search function should be offered that makes it easier for the user to work with large
cases and to find the evidence or event he is looking for.
In summary, the system should offer the following functions:
1. Scale the diagram such that it fits the screen
2. Hide nodes of a certain type
3. Make nodes of a certain type smaller
4. Change the orientation of the diagram (e.g., from left to right or from bottom
to top)
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5. Zoom in and out on the diagram
6. Pan the image if it does not fit the screen
7. Search events or evidence in the diagram
Manage schemes The system should at least offer all state-of-the-art schemes from
argumentation theory (see Walton et al., 2008, for an overview). However, in informal
contacts with crime analysts it was observed that they wish to be able add their own
schemes, since the evidence that they encounter may not always fit the schemes that
are available in these sets. Furthermore, they stated that the existing schemes do not
offer all critical questions that they want to answer while analyzing a case. Designing
specific argumentation schemes for crime analysis is beyond the scope of this project,
therefore, the system should allow the user to maintain his own set of schemes and
to add schemes to the system. Moreover, he should be able to edit existing schemes
and add his own critical questions. In this way, the system can be expanded by the
experts themselves and a database of schemes for crime analysis will be developed on
the fly.

6.3 Internal representation
Based on the functional model, a data model is constructed that defines what information is stored into the system. On a global level, the system represents the
following entities: cases, editors that create and work on cases, visits to cases, permissions, and scheme sets. Figure 6.5 outlines these entities and how they are related
to each other, and shows their most important attributes (note that the entity scheme
sets is not displayed in this figure but in Figure 6.6). The notation used in this figure is the IDEF1x notation for Entity-Relationship diagrams, where boxes represent
entities that can have primary and non-primary attributes. For instance, the entity
“Case” has a primary attribute Id and another non-primary attribute Title. The
lines represent relations between entities; the names of the relations are written on
the connection lines. The symbols at the ends of the lines denote the connectivity of
the relationships, which can either be “one” or “many”. Some entities may depend on
the existence of another entity. Therefore, relations can be optional (with a minimum
connectivity of zero) or mandatory (with a minimum connectivity of one). A dot
means that the “many” side is optional (0 . . . N ), while a diamond means that the
“one” side is optional (“zero to one”), no symbol at the end of the line means that
the “one” side is mandatory (“exactly one”). So in Figure 6.5, 0 . . . N users work
on 0 . . . N cases, but a case is created by only one user. Note that a user can create
many cases, but does not have to create cases, therefore the connectivity is 0 . . . N .
Similarly, a user makes zero to many visits. Finally, every case has zero or more visits,
but only zero or one permissions, while also a user has zero or one permissions.
On a case level, AVERs represents different entities that are displayed in Figure 6.6. This figure shows that a case consists of nodes, links, schemes, notes (on
both node and case level), quotes (fragments from source texts), and sources (documents). Of each entity the most important attributes are displayed. For example,

6
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the entity quotes consists of a text, and contains a reference to the source it comes
from, the creator of the quote, and the node that is created based on it. Additional
attributes are color and time, which are not displayed in the figure for readability purposes. For a complete overview of the attributes of the entity nodes see Figure 5.5.
On this case level, the system thus represents the different node and link types as
defined in the AVERs ontology. In this way, it is possible to represent scenarios and
evidential arguments, as outlined in subsection 5.3.4. In short, quotation nodes are
used to record the evidence, while green interpretation nodes are used to record the
events. Inference nodes that instantiate causal defeasible inference rules are used to
connect events and inference nodes that instantiate evidential argumentation schemes
are used to connect evidence and events.

Figure 6.5: The global data model.

6.4 The AVERs prototype
Based on the design described in the previous sections and the ontology presented in
chapter 5 a prototype application was implemented called AVERs (Argument visualization for Evidential Reasoning based on stories, see van den Braak et al., 2007). It
is implemented as a web front-end to a PostgreSQL database and uses the Graphviz
layout program (dot) to generate the diagrams. The architecture of this application
will be explained in two stages. Firstly, it will be described how AVERs represents
cases to the users through its user interface. Secondly, the usage of the application
is described by providing a detailed description of the different phases a user passes
through when using it.

6.4.1

Graphical user interface

As described above, on a global level AVERs represents cases, scheme sets, editors,
and visits. These are presented to the user in different tabs. The editors tab provides
a list of all editors and their attributes (name, login, email address, home page,
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6

Figure 6.6: The data model on a case level.

role, last login, and last action), while the visits tab displays a list of all visits and
their attributes (time, visitor, case visited, creator of visited case, file visited, system
version, action taken, node visited, and second node visited). The visits tab thus
provides a log of all actions that are performed by the users, which is useful for
experimentation purposes.
After a user has logged in (see Figure 6.7), he will be presented with an overview
of all available cases (see Figure 6.8), displaying the title, description (the reason to
create the case), creator, time created, and status of each case. He may then create
a new case or select an existing case. He may also choose to select another tab and
view its contents, for example, the scheme sets tab.
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Figure 6.7: The login page of AVERs.

Figure 6.8: Cases in AVERs.

Figure 6.9: Scheme sets in AVERs.

The scheme sets tab (see Figure 6.9) provides a list of all scheme sets stored into
AVERs, displaying their title, a description, the time, and by whom the set was
created. AVERs currently represents all scheme sets available in Araucaria and one
user generated set (called “Schemes”). A user can add new scheme sets or may view
the contents of an existing set by clicking on the name of the set. Figure 6.10 shows a
list of some of the schemes that are part of the set proposed by Walton (1996). This
list displays the name of each scheme, its premises, conclusion, and critical questions.
Note that a user can add new schemes to this set or can edit the existing schemes.
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Figure 6.10: Walton’s argumentation schemes in AVERs.

6

Figure 6.11: The main graphical user interface of AVERs.
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AVERs presents a case to its end users as a collection of tabs titled “elements”,
“sources”, “schemes”, “scenarios”, “evaluation”, and “evidence” (see the menu in
Figure 6.11). The elements tab displays a table of all elements (nodes) of a case
and some of their attributes. The sources tab can be used to manage documents
and add quotes, while the schemes tab may be used to work with argumentation
schemes. Scenarios may be compared and evaluated using the scenarios and evaluation
tabs. Finally, the evidence tab can be used to create scenarios and is displayed in
Figure 6.11. A detailed description of how these tabs can be used to create cases is
given in the next subsection.
In the evidence and scenarios tabs, each case is presented in a split screen where
the upper half displays a global overview of the case, while the lower half displays
the attributes of a node that is selected by the user in the upper half of the screen
(cf. Figure 6.11, where the selected node is marked by a thicker border). Note that
in this figure a case is visually presented to the users in a graph format which will
be used throughout this chapter to illustrate the use of AVERs. In chapter 10 other
possible representation formats will be discussed.

6.4.2

A walkthrough

This subsection describes how AVERs can be used to analyze cases and outlines the
stages a user passes through while working on a case and creating and comparing
scenarios. As explained above, scenarios may be created starting with the events
(top-down) or with the evidence (bottom-up). Therefore, a walkthrough of both
tracks is given. Subsequently, it is explained how the thus created scenarios can be
evaluated and compared. Throughout this subsection the Rijkbloem case (cf. pages
62 and 70) will be used as an example.
Creating scenarios top-down
After a certain user has logged into the application and created a new case, he will
typically start his analysis with opening the evidence tab (cf. Figure 6.11). If he
performs his analysis top-down, he will start by adding events to the case.
Add events Events can be added using the menu on the left. New nodes can be
added to a case by clicking the desired node type (see Figure 6.12). Clicking the
green Pos button adds a positive interpretation node. In the same way, negative
interpretation nodes, positive and negative inference nodes, and quotation nodes may
be added. If a node is clicked in the upper half of the screen, its attributes can be
edited in the lower half of the screen. If the user makes a mistake, this can easily be
undone by clicking the left arrow in the menu part that is labeled delete, redo/undo.
By clicking the right arrow the user can redo his actions. If the user wants to delete
a node, he has to click the trash can.
Events are represented as positive interpretation nodes, so if the user wants to
record mother and daughter Lammers’ scenario in the application he will need to add
four green nodes to the case, namely, “Fight between father and Rijkbloem”, “Rijkbloem shoots father”, “Father is hit in the head”, and “Father dies” (see Figure 6.16).
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Figure 6.12: Adding new nodes in AVERs.

6

Figure 6.13: Selecting a scheme to connect nodes in AVERs.

Connect events Now assume that the user wants to link the added events into a
scenario. To do this he has to connect them using explanatory relations. In the application, two nodes are connected by drawing lines from node to node. By default,
the thus created relations are normal inferences, but a user may also select an argumentation scheme that connects two nodes, as displayed in Figure 6.13. In this menu
certain schemes are preloaded, but the user may also add other schemes to this menu
using the schemes tab displayed in Figure 6.14. After the user has selected the scheme
he wants to use, he can draw the mouse from one node to the other and AVERs will
automatically add the chosen scheme between these two nodes.
In AVERs explanatory relations are created by instantiating a causal defeasible
inference rule of the form “ψ1 , . . . , ψn causes φ” (see subsection 5.3.3). In the examples
in this subsection this general rule will be used, but other rules may also be used
to create explanatory relations. The user may, therefore, add his own causal or
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explanatory rules to AVERs using the scheme sets tab described above. Figure 6.15
displays how an explanatory relation is created by instantiating the causal defeasible
inference rule. In this example the event “Fight between father and Rijkbloem” causes
(or explains) the event “Rijkbloem shoots father”.

Figure 6.14: Adding schemes to the link menu in AVERs.

Fight between father and Rijkbloem
Rijkbloem shoots father
Causal

Figure 6.15: An instantiated causal defeasible inference rule in AVERs.

If the user selects causal from the menu shown in Figure 6.13, he can connect the
events into a scenario by just dragging the mouse; the explanatory relations are added
automatically as instantiations of the causal rule. This results in a preliminary scenario from “Fight between father and Rijkbloem” to “Father dies” (see Figure 6.16).
This scenario consists of the four events (green boxes) that are connected through
explanatory relations (yellow arrows with diamond heads). Note that according to
the data model, positive inferences nodes should be green, but explanatory inference
nodes are marked in a yellow color to distinguish them from indicative inference nodes
that are green. The events in this scenario are not yet supported by evidence and are
therefore marked by a dotted border.
Fight between father and Rijkbloem

Causal

Rijkbloem shoots father

Causal

Father is hit in the head

Causal

Father dies

Figure 6.16: A preliminary scenario in AVERs.

Record evidence The user may now continue his analysis by adding the evidence to
the case and supporting the preliminary scenario. In this case there are two sources of
evidence, namely, a police report and a witness testimony. Assume that the user wants
to record the evidence available in the source document that contains the testimony of
mother and Nicole. In order to do this he has to use the sources tab that is displayed
in Figure 6.17. In this tab, source files can be added to a case. After the user has
loaded one of the uploaded files, he can select parts of the text and in this way add
quotes. Figure 6.18 shows how such selections are made. The thus created quotes are
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associated with quotation nodes that are depicted as blue boxes and are automatically
added to the case. The user can view the result of this process by switching back
to the evidence tab (see Figure 6.19). This tab shows the three newly added quotes,
which can subsequently be used to support some of the events in the scenario. The
bottom half of this tab displays that the text field of the node “Fight between father
and Rijkbloem” contains the complete quote from the source (“toen mijn man . . .”).
For readability purposes, the title field of the node displays a short description of the
content of this quote. This text field is not displayed in the diagram, but can be
displayed on demand (see, for example, Figure 5.12 in which text fields are shown).

Figure 6.17: Loading source files in AVERs.

6

Figure 6.18: Adding quotes in AVERs.

Support or attack events using evidence Three events in the preliminary scenario
are supported by Nicole and mother’s testimony. A scheme for witness testimonies
(see Figure 6.20) can therefore be used to connect this testimony to these events.
This scheme has only one premise and one critical question (“is witness W truthful?”).
Figure 6.20 shows how AVERs handles negatively answered questions as undercutters
to the instantiations of schemes. The undercutter “Witness W is not truthful” thus
attacks the relation between the evidence and the event.
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Figure 6.19: Quotes from source documents in AVERs.

Witness testimony Nicole and mother
Witness
Testimony

Witness W is not
truthful

Fight between father and Rijkbloem

cq

Figure 6.20: An instantiated witness testimony scheme in AVERs.

Police report

A is within D

E is an expert in
domain D

Argument from Expert
Opinion

Father dies

Is E a genuine
expert in D?

Figure 6.21: An instantiated expert opinion scheme in AVERs.
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Fight between father and Rijkbloem

Causal

Police report

Argument from Expert
Opinion

Father is hit in the head

Causal

Rijkbloem shoots father
Causal

Father dies

Witness
Testimony

Witness testimony Nicole and mother

Witness
Testimony
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Figure 6.22: A scenario supported by evidence in AVERs.

Witness
Testimony
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The police report provides proof for the event “Father dies”. Therefore, a scheme
for argument from expert opinion (see Figure 6.21 and section 3.1) is used to connect
this piece of evidence to the event it supports. This scheme contains two minor
premises and one critical question (“Is E a genuine expert in D?”). In Figure 6.21
this critical question is unanswered and therefore added as a latent undercutter with
a dotted border.
Finally, Figure 6.22 shows how the scenario is supported by the two pieces of
evidence. The blue boxes display the evidence, while the green arrows with green
ellipses denote indicative relations in the form of instantiated argumentation schemes.
For readability purposes, only one quotation node is used for the witness testimony
of Nicole and mother, instead of the earlier displayed (three) separate quotes.
Show and hide nodes Note that to make it easier to handle large cases and to
display them in a readable way, it is possible in AVERs to hide nodes of a certain
type or to display them in a smaller shape. This is done by using the small/hide menu
displayed in Figure 6.23. If the user selects the box small next to a certain node type,
all nodes of that type are displayed in a smaller size, while if the user selects the box
hide, all nodes of that type are hidden from the diagram. Nodes that represent minor
premises are good candidates to be hidden in this way. Figure 6.24 displays a case in
which all node types are hidden except for the positive data nodes (events) and the
inference nodes, where the latter are made smaller. In Figure 6.25 also the inference
nodes are hidden. A detailed description and evaluation of these and other features
to handle large cases is provided in chapter 9.

Figure 6.23: Hiding or scaling down nodes of certain types in AVERs.

Fight between father and Rijkbloem

Rijkbloem shoots father

Father is hit in the head

Father dies

Figure 6.24: A scenario with smaller nodes in AVERs.

Fight between father and Rijkbloem

Rijkbloem shoots father

Father is hit in the head

Figure 6.25: A scenario with hidden nodes in AVERs.
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Refine scenarios The application offers functionality to refine scenarios. After the
user has linked some events into a scenario, he may add more events and connect
them to the crude initial scenario if more evidence becomes available (e.g., compare
Figure 6.28 with Figure 6.22). In this way it is possible to expand a scenario as the
analysis process unfolds. Furthermore, it is possible to refine a scenario by adding a
new event in between two earlier connected events. In order to do so, the user has
to select an event and then click the link insert node to the left or insert node to the
right (see Figure 6.12) to add a new event to the left or right of the selected event.
A more detailed description of this function is given in chapter 9.
Creating scenarios bottom-up
If a user performs his analysis bottom-up he will start with the source documents and
will first record the evidence in the application. Above, it was already explained how
quotation nodes are added to a case and how they can be used to support events. This
is done by selecting an argumentation scheme that matches the source of the evidence
and then dragging the mouse from the quotation node to the event. However, there
is another way to use quotation nodes to support events.
Using evidence to add and support events The user can use the schemes tab to
“expand” quotation nodes and add new nodes to the case. This stepwise process is
displayed in Figure 6.26. The user will have to search for and select an argumentation
scheme that corresponds to the source of the evidence and has to select the premise
of the scheme. Then, AVERs will automatically add the conclusion of the scheme (a
green interpretation node) and the scheme itself to the case. During this process the
user has to answer the critical questions accompanying the scheme. He may check
whether this process was successful by going back to the evidence tab. In this tab he
can change the title and text of the newly added events. Figure 6.27 displays three
quotes that are attached to a scheme in this way. The events may now be connected
into scenarios in the same way as described above.

6

Figure 6.26: Attaching schemes to nodes in AVERs.
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"Father is hit in the head"

Witness
Testimony

Father is hit in the head

"Rijkbloem shoots father"

Witness
Testimony

Rijkbloem shoots father

"Fight between father and Rijkbloem"

Witness
Testimony

Fight between father and Rijkbloem

Figure 6.27: Schemes attached to quotation nodes in AVERs.

Comparing scenarios
In the Rijkbloem case there are two alternative scenarios, being the story that is told
by mother and daughter Lammers and the story told by Rijkbloem. Both scenarios can be visualized in AVERs as displayed in Figure 6.28. This figure also shows
how both scenarios are supported and attacked by the available evidence. Nicole
and mother’s scenario consists of the following events: “Fight between father and
Rijkbloem”, “Rijkbloem shoots father”, “Bullet casings found at crime scene”, “Gunpowder on Rijkbloem’s hands”, “Father is hit in the head”, and “Father dies”. Rijkbloem’s scenario is as follows: “Fight between father and Rijkbloem”, “Mother aims
gun at Rijkbloem”, “Rijkbloem tries to push gun away”, “Gun accidentally goes off”,
“No bullet casings found at crime scene”, and “Father dies”.
Evidential support After the user has completed his analysis and added both scenarios to the case, he can compare them based on their evidential support. In AVERs
all unsupported and defeated events are marked by a dotted border. In this way it is
easy to see that the evidential support of mother and daughter Lammers’ scenario is
lower, since two events are discredited by the evidence and therefore defeated. On the
contrary, all event in Rijkbloem’s scenario are supported by the evidence. Rijkbloem’s
scenario is thus better in the light of the evidence than the Lammers’ scenario.
The IBE method A more thorough analysis can be made using the IBE method.
In order to do this, the user has to switch to the scenarios tab. In this tab (see
Figure 6.29) the user can define a set of hypotheses, a set of explananda, and one
ore more scenarios. First the user has to select which set he is going to mark using
the buttons on the top left side of the screen. For instance, if he wants to define a
scenario, he will have to click the button marked scenario. The user can now select
the nodes he wants to add to a scenario by clicking the mouse while pressing Shift.
When he is done, he has to click the New from highlighted button and is asked to
insert a name for the selected scenario. It is also possible to select already created
scenarios using the dropdown menu. If the user now selects some more nodes, these
can be added to the current scenario by clicking the button called Save highlighted to
current. Finally, the current scenario can be highlighted by clicking Highlight current
scenario. For example, in Figure 6.29 the text in the nodes that are part of mother
and daughter Lammers’ scenario is highlighted in a blue color. In the same way,
hypotheses and explananda can be selected and highlighted.
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Bullet casings found at crime scene
Police report

Witness testimony Nicole and mother

Rijkbloem shoots father

Fight between father and Rijkbloem

Police report

Gunpowder on Rijkbloem’s hands

Mother aims gun at Rijkbloem

Rijkbloem tries to push gun away

Father is hit in the head

Gun accidentally goes off
Witness testimony Rijkbloem

Father dies

No bullet casings found at crime scene

Police report
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Figure 6.28: Both scenarios in the Rijkbloem case in AVERs.

Police report
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Figure 6.29: Selecting hypotheses, explananda, and scenarios in AVERs.
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Figure 6.30: Comparing scenarios using the IBE method in the evaluation tab of AVERs.
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AVERs automatically marks the events that are observations (part of the set O)
with a solid border. This helps the user in selecting explananda, as only observations
can be part of this set F. Additionally, the currently selected set of hypotheses (H) is
marked with a thick black border and the currently selected explananda are displayed
as hexagons. So, in Figure 6.29 the node “Fight between father and Rijkbloem” is
the hypothesis, while the node “Father dies” has to be explained by this hypothesis.
After a hypothesis has been selected, AVERs automatically marks all events that are
explained by it with a black border. In this way, the user is able to evaluate and
compare the scenarios based on visual feedback.
Moreover, after the user has defined these three sets, he can switch to the evaluation tab to obtain an overview of four quality measurements provided by the application. This tab (Figure 6.30) shows a list of all previously defined explananda
and displays how well a certain hypothesis explains them given a certain scenario.
For every scenario and hypothesis AVERs automatically calculates how many of the
explananda are covered and missed , how many and which additional observations
are explained, and how many and which defeated events are explained. Figure 6.30
displays that the scenario that “mother did it” explains the explanandum and six
other observations and explains no defeated events. The scenario “Rijkbloem did it”
also explains the explanandum, while three other observations are explained, but it
also explains two defeated events, namely, “Gunpowder on Rijkbloem’s hands” and
“Bullet casings found at crime scene”. Therefore, Rijkbloem’s scenario that mother
Lammers accidentally shot father is better than the scenario of Nicole and mother.

Figure 6.31: Missing information in AVERs.

Figure 6.32: List of outstanding issues generated by AVERs.

Missing information AVERs provides several visual clues to its users to make them
aware of missing information. Firstly, events that are not (yet) supported by evidence
or that are defeated by the evidence are marked by a dotted border. Secondly, the
user is able to add notes or questions to the nodes; these are marked by pictures of
a white page and blue question marks, respectively. Finally, scheme instantiations
that have unanswered critical questions are marked with yellow exclamation point as
displayed in Figure 6.31. The application automatically generates a list of all these
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items in the elements tab (see Figure 6.32), this can thus be used as a to-do list of
outstanding issues as it shows which elements of the case need further investigation.

6.5 Evaluating AVERs
An important part of this project is the evaluation of the implemented prototype.
The evaluation of a system generally has three main goals (Dix et al., 1993, p. 406):
(1) to assess the system’s functionality, (2) to assess the effect of the interface on the
users, and (3) to identify any specific problems with the system. Firstly, with respect
to the functionality of the system, it is important that it is in accord with the users’
task requirements and that it matches the users’ expectations of the task. Another
important aspect is the assessment of the effectiveness of the system in supporting
this task. Secondly, to measure the impact of the design on the users and to assess
the users’ experience, various usability aspects should be considered and areas which
overload the users should be identified. Thirdly, the final goal of evaluation is to
identify aspects that cause unexpected results or confusion amongst users.
With respect to these goals, the evaluation of the functionality of AVERs and how
well it corresponds with the expectations of crime analysts will be addressed in chapter 8, while in chapters 9 and 10 the effectiveness of the prototype will be tested. All
three tests concern the first goal of system evaluation. This section describes different
studies in which several usability aspects of the design and implementation of AVERs
were evaluated both through user participation and expert analysis (the second and
third goal mentioned above). Firstly, a learning-through-exploration study was performed on an early prototype to test how easy it was to learn for novice users. In this
study it was also measured how pleasant the application was to use. Moreover, the
understandability of the underlying concepts of the prototype was assessed. Secondly,
a cognitive walkthrough was performed on AVERs to pinpoint possible problems with
the interface. Finally, usability questionnaires were administered to the participants
of subsequent studies on AVERs (cf. chapters 8 and 9) to elicit the users’ view of the
application, in particular their satisfaction with it and their opinion on how easy it is
to use.

6.5.1

6

Learning through exploration

In the early stages of this project, a first prototype called AVER (van den Braak and
Vreeswijk, 2006) was implemented in which it was possible to construct argument
structures consisting of data nodes and inferences between them, and in which it was
possible to use argumentation schemes. However, it did not yet support the construction of scenarios. This preliminary prototype was tested in a learning-throughexploration study (Polson et al., 1992) in which the participants had to learn to use the
application by reproducing an example without any specific instructions or training.
They had to guess the actions that they needed to perform to reproduce a certain
element. Five staff members and six students of the Faculty of Law in Groningen
participated in this study.
The participants had to reproduce an argument diagram that looked like the one
in Figure 6.33. They had to start with adding a data node that formed the conclusion
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Bert stole Dirk’s bike

Dirk: "The bike
that was stolen
belonged to me"

Witness
Testimony

The stolen bike
belonged to Dirk

Bert stole a bike

The bike
belonged to Bert

Arie: "I saw that
Bert stole a bike"

Arie is a party
concerned

Bert: Dirk sold
his bike to me

Figure 6.33: Example used in the learning through exploration study.

of the argument (“Bert stole Dirk’s bike”) and then had to gradually complete the
argument by adding the other nodes and links. They had to create links both by
dragging between nodes and by expanding a certain node by attaching a scheme to it
(for the latter see Figure 6.26). After the participants had completed the diagram they
had to use the show/hide functionality to hide the inference nodes. Subsequently, they
were asked to complete a questionnaire on the usability of the prototype consisting of
different statements that had to be judged on a 5-point Likert scale. These statements
measured three usability aspects. Another usability aspect was measured based on
the performance of the participants on the task. So in total four usability components
(Nielsen, 1993) were assessed:
1. Learnability: Whether the participants were able to successfully reproduce a
certain part of the example (1) without instruction, (2) after instruction, or
(3) not at all (not even after instruction).
2. Ease of use: How easy the application was to use; rated on a 5-point Likert
scale. Four aspects were assessed, namely, how easy it was to add new nodes,
to add links between nodes, to add quotation nodes, and to hide nodes.
3. Understandability: Whether the participants understood the concepts underlying the application; rated on a 5-point Likert scale. The understandability
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of three concepts was judged; whether the participants understood the use of
inference nodes, counterarguments (attack), and argumentation schemes.
4. Satisfaction: How pleasant the application was to use; rated on a 5-point Likert
scale. Seven statements were rated by the participants.
Learnability Table 6.1 displays that all participants were able to add the conclusion without explicit instructions, while most participants did not need instructions
to add a quotation node (“Arie: ‘I saw that Bert stole a bike”’) by selecting text
from a document, or to add a link between these two nodes by dragging the mouse.
Therefore, most of them were also able to create the subargument “Bert: ‘Dirk sold
his bike to me’, therefore the bike belonged to Bert” without instructions. However,
most participants were not able to create a subargument (“Dirk: ‘The bike that was
stolen belonged to me’, therefore the stolen bike belonged to Dirk”) by expanding a
quotation node using schemes without instructions, although five of them succeeded
after instructions were given (see the row add scheme in Table 6.1).
Table 6.1: Learnability results in the learning through exploration study

Task

Without
instruction

After
instruction

Not at all

Add data node
Add quotation node
Add link
Add subargument
Add scheme
Combine subargumentsa
Add undercuttera

11
8
7
8
3
4
6

0
3
2
2
5
2
0

0
0
2
1
3
3
3

6

Note. Entries represent the number of students who were able to complete a certain task.
Maximum frequency = 11. N = 11.
a N = 9.

Ease of use Four statements measured the ease of use of specific features of the
prototype on a scale from 1 (very difficult) to 5 (very easy). The results on this
measure show the same pattern as the results on learnability; the participants found
the way in which nodes and links are added to the diagram rather intuitive and
easy (with mean scores of 4.27 and 3.73 out of 5, respectively). They also found it
relatively easy to add quotation nodes (M = 3.36) and to hide nodes of a certain type
(M = 3.86). In total, this early prototype scored well on ease of use (M = 4.04 out
of 5); this score was obtained by summing all ratings of a participant and dividing
the result by four.
Understandability The understandability of the underlying concepts was measured
using three statements that had to be judged on a scale from 1 (very unclear ) to 5 (very
clear ). The results showed that the prototype scored fairly well on understandability
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(M = 3.13), but that the differences between the concepts are large, as could be
expected based on the results on learnability. The participants found the use of
inference nodes fairly clear (M = 3.36), while they also understood the meaning of
counterarguments (M = 3.80). In contrast, they rated the use of argumentation
schemes as unclear (M = 2.18).
Satisfaction The participants’ satisfaction with the prototype was assessed using
seven statements (e.g., “the software was pleasant to work with”) that were rated on
a 5-point scale ranging from totally disagree to totally agree. Overall, working with
the prototype was rated as being fairly satisfactory (M = 3.13, so at least 3 on a scale
from 1 to 5).
Conclusion Based on the results obtained through this study, adaptations to the
prototype were made. In particular, the way in which schemes are handled was
modified. For instance, in the final version of AVERs the schemes tab was modified;
the user is now guided through a step-by-step interface as displayed in Figure 6.14.
Moreover, functionality was added to make it possible to add schemes by dragging
the mouse from one node to the other, since the participants found it easy to add
links in this way. Thus, the results of this first explorative study were actually used
to improve the software.

6.5.2

Cognitive walkthrough

A cognitive walkthrough (Polson et al., 1992) was performed by Noordzij (2008) to
test the user interface of AVERs focusing on how easy it was to learn. The main goal
of this walkthrough was to identify usability problems and to evaluate the ease with
which users could perform their task with little instruction beforehand.
The input to the cognitive walkthrough session was the AVERs prototype, a task
scenario, information about the user population and the context of use, and a sequence
of actions with which a user can successfully complete the task using AVERs. A
group of three experts (information science students) evaluated the software based on
their knowledge of usability problems and interface design. These evaluators stepped
through the action sequence and checked for potential problems determining whether
typical users would fail or succeed, while pointing out possible causes for such failures.
The experts evaluated simple tasks required for using the application such as login,
create a new case, open a case, exit a case, delete a case, and logout. Additionally, the
main process steps of AVERs were evaluated, namely, record evidence, record events,
connect evidence to events, connect events into scenarios, and refine scenarios. For
every task the experts received a short description, a step by step action sequence,
and the anticipated goal of the typical user. During their evaluation the three experts
answered the following questions: (1) will the user know what to do?, (2) will the
user see how to do it?, and (3) will the user understand from the system’s feedback
whether the action was correct or not?
This cognitive walkthrough identified a number of specific problems with the interface of AVERs. Most of them were minor problems with the positioning and labeling
of some links or buttons, which could easily be corrected. Some more important
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problems were identified with the way in which schemes had to be added to the link
menu on the left (Figure 6.13) using the schemes tab (Figure 6.14). The interface
of this tab was judged as confusing. In particular, the descriptions provided next to
the radio buttons and input fields were unclear. Additionally, the large number of
different options and schemes available was considered to be overwhelming. Therefore, it was decided to preload some of the most commonly used schemes into this
menu. Moreover, revisions were proposed for the show/hide functionality and more
textual feedback was added to the menu on the left. A complete overview of all found
problems and proposed adaptations can be found in Noordzij (2008).

6.5.3

Usability questionnaires

Two studies were conducted to test the usefulness and effectiveness of AVERs; their
results will be reported in chapters 8 and 9. After the participants had completed
the actual tasks in these studies, they were asked to complete usability questionnaires
consisting of statements that had to be judged on a 5-point Likert scale.
Thinking-aloud study In this study (see chapter 8), the participants rated six statements that measured the ease of use of specific features of the application (add quotes,
add events, connect events into scenarios, support events with quotes, select scenarios, and compare scenarios). For every participant all scores on the statements were
summed and divided by 6 to obtain a measure of the general ease of use of AVERs
on a 5-point scale. It was found that M = 3.88 with SD = 0.37. This means that
overall the participants found the features of AVERs fairly easy to learn, as the score
was higher than 3 on a 5-point scale. The participants found it particularly easy to
add quotes and events to the diagram (M = 4.50 and M = 4.75, respectively).

6

Analyzing large cases experiment In this experiment reported in chapter 9, the
participants rated statements on two usability measures: satisfaction and ease of use.
Of these statements, nine statements measured the users’ satisfaction. For every
participant all scores on these statements were summed and divided by 9 to obtain
a measure of satisfaction on a 5-point scale. It was found that M = 2.80 with
SD = 0.60. This means that this aspect needed improvement as a satisfactory score
should be at least higher than 3 on a scale from 1 to 5. The other five statements
of the usability questionnaire measured the ease of use of some specific features in
AVERs, including the way nodes, links, quotes from source documents, and schemes
are added to the diagram. The questionnaire revealed a mean rating of 3.31 (with
SD = 0.60) on a 5-point scale. These results are satisfactory, as the score was higher
than 3 on a scale from 1 to 5.

6.5.4

Conclusion based on the results

All in all, the results obtained in these studies show that the basic features of AVERs
are fairly easy to use. In particular, the way in which nodes and links are added to a
case is found intuitive. The more advanced features are more difficult to understand
for novice users. However, removing them from the application increases the ease of
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use, but seriously decreases the usefulness for the domain, because in that case it would
be impossible to use argumentation schemes and to compare scenarios. Additionally,
for an application that is designed for such a specific task, it is not uncommon that
potential users receive extensive instructions and training. It is to be expected that
crime analysts will need a thorough introduction, not only into the functions of the
application but also into its underlying concepts. In this way, they are able to utilize
AVERs to its full potential.

6.6 Realization of the requirements
In this section it will be discussed how the described prototype named AVERs satisfies the requirements stated in section 3.6. Firstly, this prototype obviously satisfies
requirement 1 on page 57, as it allows crime analysts to record how the evidence
supports the scenarios. It also satisfies requirement 2, because the underlying reasoning model is based on a rationally well-founded and natural model of reasoning
with evidence (cf. the work of Bex et al., 2007a). The third requirement stated that
the representational notation that is used should not be too limited. This requirement stemmed from section 3.5 in which some design choices in designing argument
diagramming software were touched upon. One of the more important guidelines
mentioned in this section was that rich ontologies and high levels of specificity may
increase the cognitive load. Therefore, a representational notation with sufficient expressive power should be chosen, but no more than needed. This notation should
on the one hand not be too difficult to learn, but on the other hand should not be
too weak and should meet the criteria and needs of the intended users. In the previous chapter it was shown that a simpler representational notation (based on a single
approach instead of a combined approach) is too limited for the domain of crime
analysis. In the next chapter it will be investigated whether the underlying reasoning
model is natural and whether it complies with the expectations of potential users.
Additionally, in section 3.6 some requirements were defined that involved additional functionalities (cf. requirements 4 to 8). Firstly, the users should be supported
in making the sources of evidence explicit. This is indeed supported by AVERs
through its implementation of argumentation schemes. Secondly, a permanent link
between the source documents and the corresponding quotation node in the case is
maintained in AVERs. Thirdly, in this chapter it was explained how the prototype
can be used to create scenarios both bottom-up and top-down; AVERs thus satisfies
requirement 6. Fourthly, in the preceding section, results were presented from studies
that tested the usability of the interface of AVERs. It was shown that, after some
improvements, the application scores fairly well on user satisfaction and ease of use.
Fifthly, features to handle large cases were also implemented in the prototype; these
will be described and evaluated in chapter 9. So, AVERs does not only provide the
minimum required functions but also features that make it easier to use. Moreover,
the fact that it is web-based, ensures that all cases are available online and that the
users can easily share their analyses. The thus created database of cases can serve
as a knowledge repository for future reference. In this way, it may become easier to
analyze similar cases or discover patterns.
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Finally, with respect to the challenges posed by Verheij (2007), which were mentioned in section 3.5, the naturalness of the way in which the constructed scenarios and
evidential arguments are represented is evaluated in the next chapter. Subsequently,
the usefulness of the software and its content is tested in chapter 8.

6.7 Conclusion
In this chapter a functional model and an internal representation were described that
were implemented in a prototype application for crime analysis called AVERs. It was
explained that using this application it is possible to manage the evidence in a case
and to construct multiple scenarios about what might have happened in this case.
Moreover, it was illustrated how it allows its users to evaluate these scenarios by
recording how they are supported by the stored evidence. While doing so, the users
are also made aware of missing information. The software thus matches all three
criteria laid down in subsection 2.5.2. With respect to the criteria defined in the
introductory chapter the following preliminary conclusion can be drawn: the software
was based on a rationally well-founded reasoning model, while based on the empirical
results of this chapter, it may be concluded that it is usable.
In the remainder of this thesis the other three criteria will be discussed. Firstly,
in the next chapter the underlying reasoning model of AVERs will be evaluated, especially its naturalness. Chapter 8 will report the results of a thinking-aloud study
that was performed to test whether the application is useful to crime analysts and
fits their needs. Thirdly, in chapter 9 features to handle large cases are tested, while
in chapter 10 it is tested which representation format is the most suitable for communicating the results of the analysis to others. These last two chapters thus evaluate
the effectiveness of AVERs.

6
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7

Testing the combined
reasoning model

In subsection 4.1.3 it was described why there are good reasons for an approach
that combines scenarios and evidential arguments. However, it also has to be tested
whether this approach indeed agrees with the intuitions of crime analysts. It is well
known that to be usable in practice the software’s underlying assumptions should be
as natural as possible (Norman, 1988). Therefore, in earlier work (van den Braak
et al., 2008a,b) a study was conducted in which the reasoning model underlying
AVERs was tested, in particular its naturalness. In this study it was investigated
whether law students are able to recognize and interpret both narrative information
(information about the events that constitute scenarios about what happened) and
testimonial information (information from testimonies or other evidential documents
used to support the elements of these scenarios). Moreover, it was examined whether
they have a preference for the explanatory or indicative direction to represent a certain
type of information, and whether their behavior concurs with the underlying reasoning
model.
This chapter is organized as follows. The next section details the general method
of the conducted study. In section 7.2 it is investigated whether students are able
to interpret both types of information. In section 7.3 it is then investigated whether
they prefer a certain direction to represent a certain type of information.

7.1 Method
The study consisted of two parts. In the first part, the participants had to interpret
different relations and had to express their intuitions about the meaning of these
relations. They had to do that for graphical representations of both narrative and
testimonial information. It is predicted that if people are able to distinguish the two
types of information, they will be able to correctly interpret both types of information, but when they do not really differentiate the two types, they will confuse their
interpretations. Furthermore, it is expected that diagrams that are inverted, that is,
in which the direction of the relation is opposite to the order proposed in the reasoning model, will be harder to interpret. Still, it is expected that if people are able to
distinguish the two types, they will not confuse them. In the second part, the participants had to express their preference for a certain direction to represent narrative
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and testimonial information. It is expected that for testimonial information they will
prefer the indicative direction, while for narrative information they will prefer the
explanatory direction.

7.1.1

Participants

This study was conducted in two sessions. In the first 1-hour session, 14 law students
participated. In the second part, 13 PhD students with a Master’s degree in law
completed the questionnaire during individual sessions in their office (N = 27).

7.1.2

Materials and procedure

The questionnaire was handed to the participants on paper and they were asked to
complete all questions individually. Three versions of the questionnaire were constructed in which the order of the questions varied. The participants were instructed
to complete the questions in the order in which they were presented to them and
were not allowed to glance forward or to correct previous answers. The procedure
consisted of four parts. Firstly, the participants received a brief general introduction
and the aim of the study was described. Secondly, the participants had to interpret
12 diagrams (see for more details section 7.2). Note that they had to do that without
any prior instructions about the direction of relations, such that the answers reflected
their true intuitions about the meaning of the displayed relations. Thirdly, the participants were given a short explanation of the two directions in which information
may be presented. Fourthly, for 27 diagrams they were asked to select the direction
they preferred for the displayed information (see section 7.3).

7.2 Interpreting narrative and testimonial diagrams
In the first part of the study, six narrative and six testimonial diagrams were presented
to the participants. For each type, four diagrams were in the normal direction, that is,
in the explanatory direction for narrative and in the indicative direction for testimonial
diagrams, while two of them were in the opposite direction. The participants were
asked to write down a label that, according to them, described the nature of the
displayed relation. In this way, the participants were asked to verbalize their intuitions
and interpretations of the situation. Examples of the four diagram types are displayed
in Figure 7.1. Note that this example is in black and white, but that the participants
received color images. Quotation nodes are displayed in a gray color, data nodes are
white.

7.2.1

Data analysis

To obtain a quantitative measure of the interpretations of the participants, the labels
written down by the participants were rated along a number of classes. Firstly,
the two related pieces of information can be connected by using connectives. Such
causal connectives can be in the forward direction, where cause precedes consequence
like “that’s why” and “as a result” or in the backward direction such as “because”
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P shoots at J

......

J is hit by a bullet

(a) narrative diagram

J is hit by a bullet

......

P shoots at J

(b) inverted narrative diagram

Witness testimony W: "I saw that P went
into a store and came out with a weapon"

......

P bought a weapon

(c) testimonial diagram

P bought a weapon

......

Witness testimony W: "I saw that P went
into a store and came out with a weapon"

(d) inverted testimonial diagram

Figure 7.1: Examples of the diagram types that needed to be interpreted.

and “for”. Secondly, the two pieces can be connected by using a verb phrase, for
example, “causes” or “is evidence for”. Thirdly, words may be used to describe one
of the pieces of information in the relation (for instance, “evidence” to describe the
indication or “cause” to describe the explanation). Fourthly, words may be used to
describe the relation itself. The answers may thus be categorized according to the
following scheme:

7

1. Causal connectives
(a) Forward causal connectives (as a result, that’s why)
(b) Backward causal connectives (because, for)
2. Verb phrases
(a) Forward verb phrases (causes, explains)
(b) Backward verb phrases (supports, is evidence for, is caused by)
3. Characterizations of one of the related parts
(a) Characterizations of the explanation (cause, conclusion)
(b) Characterizations of the indication (effect, evidence)
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4. Characterizations of the relation
(a) Characterizations of the relation as being an explanatory relation (causal,
cause/effect)
(b) Characterizations of the relation as being an indicative relation (evidential,
effect/cause)
The participants’ interpretation were classified into three categories, namely, explanatory, indicative, and rest:
Explanatory If the label fitted into the categories 1a, 2a or 4a, or if 3a was used to
describe the left or 3b for the right part of the relation
Indicative If the label fitted into the categories 1b, 2b or 4b, or if 3b was used to
describe the left or 3a for the right part of the relation
Rest If the label did not fit in any of the categories or if no answer was given
For the normal narrative diagrams the frequencies of the labels fitting into the
explanatory category were counted, while for normal testimonial diagrams the frequencies of the labels fitting into the indicative categories were counted. For both
diagram types the maximum frequency was thus 4 per participant, since there were
four diagrams per type. The inverted (narrative and testimonial) diagrams were
scored in a similar way, where for both types the maximum frequency was 2.
Hypotheses It is predicted that normal diagrams will be interpreted in the “correct” direction, while inverted diagrams will be harder to interpret and are more often
interpreted in the “wrong” direction. More specifically, it is predicted that the interpretations of normal narrative diagrams will be in the explanatory category and
those of normal testimonial diagrams in the indicative category. Additionally, it is
predicted that the labels for the inverted narrative diagrams will fit in the indicative
category, while those for the inverted testimonial diagrams will fit in the explanatory
category. However, it is expected that more mistakes will be made with such inverted
diagrams than with normal diagrams.
To test these hypotheses, half of the maximum frequency was taken as the test
value. If a frequency equal to this value is obtained, this means that half of the labels
is in the predicted group, while the other half is in the other categories. To show that
at least more than half of the diagrams were interpreted in the predicted categories,
the null hypothesis that the mean population frequency is equal to this test value had
to be tested, so:
H0 : There is no significant difference between the test value and the population mean (µnormal narrative 1 = 2, µnormal testimonial = 2, µinverted narrative =
1, and µinverted testimonial = 1)
The alternative hypothesis, which should be supported is:
1µ
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HA : The population mean frequency is significantly higher than the test
value, implying that the participants produce an explanatory label for
normal narrative diagrams and inverted testimonial diagrams and an indicative label for normal testimonial diagrams and inverted narrative diagrams (µnormal narrative > 2, µnormal testimonial > 2, µinverted narrative > 1,
and µinverted testimonial > 1).

7.2.2

Results

Table 7.1 displays the results of the classification of the labels, produced by the participants, into the three categories per question (a more detailed analysis is presented
in Table 7.2). Note that these results are ordered according to diagram type and
subsequently on frequency from high to low (the diagram with the highest number
of “correct” interpretations first). While analyzing the interpretations, it was found
that the forward causal connective dus (so) was often used for testimonial diagrams.
This was not surprising, since reasoning with testimonial relations is modus ponensstyle, and the word dus in Dutch is not only used for causal connections but also
for conclusions of inferences. Therefore, in case of testimonial diagrams, this label
was fitted in the indicative category. This corresponds with other answers that were
scored as being indicative such as the backward verb phrase “leads to the conclusion”
or the characterization of the explanation as being the “conclusion”.
The results show that on the one hand, for normal narrative and inverted narrative
diagrams all interpretations were in only one category (the explanatory category for
normal narrative and the indicative category for inverted narrative diagrams) and
that for normal testimonial diagrams all but one interpretation was indicative. On
the other hand, for the inverted testimonial diagrams there was more diversity: most
interpretations were explanatory, but some were indicative.
The observations are confirmed by the test results in Table 7.3, which shows that
the mean frequency of inverted testimonial diagrams was lower than of the other diagrams. The 95% confidence interval designates the interval which covers the true
value of each measure with a confidence level of 95%. So, for instance, with a confidence level of 95% the true value of µnormal narrative lies between 2.98 and 3.84 (with
a mean of 3.41). This table also displays the results of the one-sample t tests that
were performed to test whether the mean population frequency was equal to the test
value. For the normal diagrams and the inverted narrative diagrams, the frequencies
were significantly higher than the test value (note that an alpha level of .05 was used
for all statistical tests). The frequency on the inverted testimonial diagrams was also
higher than the test value, but this difference was not significant (p = .48).
On a more detailed level, the participants performed better on some questions
than on others (see Table 7.1). These results also show that the inverted testimonial
diagrams were the hardest to interpret (15 participants per question produced an
explanatory label), while some of the normal testimonial diagrams were among the
easiest questions. Remarkably, the participants performed quite well on the diagram
“Witness testimony W : ‘I saw that P went into a store and came out with a weapon’
→ P bought a weapon” (b7), while on its inversion (b8) they performed worst. Some
of the participants read the inverted diagram from right to left, saying that the right
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Table 7.1: Frequencies of the classification of the labels into the categories

Category
Q

Type

Description

E

I

R

b9

Narrative

24

−

3

b5

Narrative

23

−

4

b11
b6

Narrative
Narrative

P shoots at J → J is hit by a
bullet
T drops a glass → The glass is
broken
J is hit by a bullet → J is dead
K throws the ball at M → M
catches the ball

23
22

−
−

4
5

b4

Inverted narrative (b5)

−

23

4

b10

Inverted narrative (b9)

The glass is broken → T
dropped the glass
J is hit by a bullet → P shoots
at J

−

19

8

b7

Testimonial

−

23

4

b3

Testimonial

−

21

6

b12

Testimonial

1

18

8

b1

Testimonial

Witness testimony W “I saw
that P went into a store and
came out with a weapon” → P
bought a weapon
Witness: “I saw a flying
penguin” → At least one
penguin can fly
Report coroner: “This man died
because of a shot wound to his
head” → J died because of a
head wound
Expert: “Penguins usually
cannot fly” → Penguins cannot
fly

−

15

12

b2

Inverted testimonial (b1)

15

3

9

b8

Inverted testimonial (b7)

Penguins cannot fly → Expert:
Penguins usually cannot fly
P bought a weapon → Witness
testimony W “I saw that P went
into a store and came out with a
weapon”

15

6

6

Note. Q = question, E = explanatory, I = indicative, R = rest. Maximum frequency = 27.
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box is evidence for the left box; this shows that they would prefer the diagram to be
in the normal, indicative direction. The same holds for the other inverted testimonial
diagram (b2), but to a lesser degree. For narrative diagrams the difference between
normal and inverted diagrams was not that clear, as the participants performed as
well on the inverted diagram “The glass is broken → T dropped the glass” (b4) as on
its original (b5).
In sum, these results indicate that people are able to understand narrative diagrams in both directions, while for testimonial information the direction is important
and inverting the direction may impede the understanding of the reader. At first sight
this might suggest that only the indicative direction is needed to represent both types
of information. However, for narrative information the inversion of the direction (into
the indicative direction) is not justified in cases where the cause is not the normal
cause (e.g., a smoke machine causes smoke). Therefore, both directions are needed to
represent both types of information correctly.
Table 7.2: Overview of the classification of all labels into the categories explanatory and
indicative

Diagram

Interpretation

Narrative

Explanatory interpretations
1a waardoor (as a result of which), dus (so), en (toen) (and then),
vervolgens (subsequently)
2a heeft tot gevolg (results in), is oorzaak van (is the cause of),
verklaart (explains), wordt gevolgd door (is followed by), leidt
tot (leads to)
3b right part: gevolg (effect), reactie (reaction), opeenvolgende
gebeurtenis (successive event)

7

4a causaal (causal), temporeel (temporal), actie/reactie (action/reaction), oorzaak/gevolg (cause/effect)
Inverted
narrative

Indicative interpretations
1b omdat (because), want (for), doordat (as a result of)
2b wordt veroorzaakt door (is caused by), is het gevolg van (results
from), kan betekenen (may entail), wordt verklaard door (is
explained by)
3a right part: oorzaak (cause), verklaring (explanation)
4b gevolg/oorzaak (effect/cause)
Continued on next page
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Table 7.2: Overview of the classification of all labels into the categories explanatory and
indicative (continued)

Diagram

Interpretation

Testimonial Explanatory interpretations
3a left part: testimony is cause of event
Indicative interpretations
1b doordat (as a result of), oftewel (that is)
2b leidt tot de conclusie (leads to the conclusion), geeft argument
voor (gives an argument for), ondersteunt (supports), wijst
op (indicates), is aanwijzing voor (is evidence for), toont aan
(shows/proves), wordt verklaard door (is explained by), kan
betekenen (may entail), bewijst dat (proves that)
3a right part: conclusie (conclusion), feit (fact)
3b left part: bewijs (evidence)
4b inductie (induction)
5 dus (so)
Inverted
testimonial

Explanatory interpretations
2a veroorzaakt (causes), verklaart dat (explains that), volgt uit
(follows from), wordt ondersteund door (is supported by),
wordt bevestigd door (is confirmed by), wordt afgeleid uit (is
derived from)
3a left part: oorzaak (cause), conclusie (conclusion)
3b right part: bewijs (evidence)
Indicative interpretations
1b omdat (because), want (for)
2b bevestigt (confirms), is aanwijzing voor (is evidence for)
3a right part: testimony is cause of event
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Table 7.3: Mean population frequencies and results of the t tests

Normal direction
Diagram type

Mean

Test value

95% CI

t(26)

p

Narrative
Testimonial

3.41 (1.08)
2.85 (1.17)

2
2

[2.98, 3.84]
[2.39, 3.31]

6.75
3.79

< .001
.001

Sum

6.26 (1.99)

4

[5.47, 7.05]

5.89

< .001

Inverted direction
Diagram type

Mean

Test value

95% CI

t(26)

p

Narrative
Testimonial

1.56 (.64)
1.11 (0.80)

1
1

[1.30, 1.81]
[0.79, 1.43]

4.51
0.72

< .001
.48

Sum

2.67 (1.04)

2

[2.26, 3.08]

3.34

.003

Note. CI = confidence interval. Values in parentheses represent standard deviations.
Maximum score = 4 for normal diagrams and maximum score = 2 for inverted
diagrams.

7.3 Choosing a direction to represent information
In the second part of the study, three example criminal cases were presented to the
participants. Each case consisted of a short introduction, followed by four testimonial
diagrams, four narrative diagrams, and one scenario diagram (which was a chaining
of all four narrative diagrams). This means that there were nine (4 + 4 + 1) diagrams
per case, so in total there were 27 (9 × 3) diagrams in this part of the study. For each
case the procedure was as follows.
Firstly, the participants received a short introduction and information about the
actions taken by the police. An example is displayed below (translated from the
Dutch original):

7

Assume that the following events occurred. A man J was shot, the police
finds P , who is acting suspiciously, near the crime scene. The police takes
the following actions:
• Samples are taken from P ’s hands.
• P ’s body is searched.
• Witnesses are heard.
• The body is examined by a coroner.
Subsequently, the participants were confronted with testimonial diagrams that
represented the pieces of evidence and their relations to the supported events. For
every piece of evidence the relation with the event was displayed in both the explanatory and indicative direction. The participants were asked to choose the direction that
they preferred (see Figure 7.2). Next, a possible scenario of the police was presented
to them:
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From the information found, the police reconstructs what might have happened, which results in the following scenario: P bought a gun and shot
J, J was hit in the head, and died because of this.
Thereupon, narrative diagrams which displayed relations between two events of the
scenario were presented. These relations were also displayed in both directions, and
again the participants had to select their preferred direction. An example question is
displayed in Figure 7.3. Additionally, the participants had to indicate which direction
they preferred for a diagram that represented the complete scenario.
Witness testimony:
"I saw that P bought a gun"

is evidence for

P buys a gun

P buys a gun

explains

Witness testimony:
"I saw that P bought a gun"

Figure 7.2: Example of a question where the participants had to choose a direction for
testimonial information.

J is hit in the head

is evidence for

P shot at J

P shoots at J

explains

J is hit in the head

Figure 7.3: Example of a question where the participants had to choose a direction for
narrative information.

7.3.1

Data analysis

The preference direction of the participants was measured by counting how many
times the explanatory direction was selected for the narrative diagrams and the scenario diagrams, and how many times the indicative direction was preferred for the
testimonial diagrams. This means that for narrative and testimonial diagrams the
maximum frequency per participant was 12 (since there were 12 diagrams for both
types) and that for scenario diagrams the maximum was 3.
Hypotheses It is predicted that there will be a preference for the explanatory direction for narrative and scenario diagrams and for the indicative direction for the
testimonial diagrams, which would indicate that the choices of the participants are
not random. Now, assume that the choice is random, then the frequencies on all
diagrams will be half of their maximum (since there were only two options): this is
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what was used as the test value which is the value (frequency) that is expected if the
participants’ preference is based on randomness, that is, if there is no real preference.
To disprove the claim that the choice was random, the null hypothesis that the mean
population frequency is equal to this test value had to be tested, so:
H0 : There is no significant difference between the test value and the mean
population frequency (µnarrative = 6, µscenario = 1.5, µtestimonial = 6, and
µtotal = 13.5).
The alternative hypothesis, which should be supported is:
HA : The mean population frequency is significantly higher than the test
value, such that there is a preference for the explanatory direction for narrative and scenario diagrams (µnarrative > 6 and µscenario > 1.5) and a preference for the indicative direction for testimonial diagrams (µtestimonial > 6
and µtotal > 13.5).
One-sample t tests were performed to determine whether the observed frequencies
were indeed different from these test values.

7.3.2

Results

Table 7.4 shows that all mean population frequencies were significantly higher than
the test value. This means that for testimonial diagrams there was a preference for the
indicative direction, while for narrative and scenario diagrams there was a preference
for the explanatory direction.
Table 7.4: Mean population frequencies and results of the t tests

Diagram

Mean

Test value

95% CI

t(26)

p

Narrative
Scenario
Testimonial

7.48 (2.55)
2.30 (0.91)
9.19 (3.11)

6
1.5
6

[6.47, 8.49]
[1.94, 2.66]
[7.95, 10.42]

3.02
4.54
5.32

.003
< .001
< .001

Total

18.96 (5.44)

13.5

[16.81, 21.11]

5.22

< .001

7

Note. CI = confidence interval. Values in parentheses represent standard deviations. Maximum
score = 12 for narrative and testimonial diagrams, maximum score = 3 for scenario
diagrams, and maximum score = 27 for total.

Also in this part there were differences between the questions (see Table 7.5). For
most testimonial diagrams there was a clear preference for the indicative direction,
but for diagram c4 the preference was clearly in the other direction. The participants’
comments to their answers showed that the main reason for the them to choose the
indicative direction for testimonial diagrams was the belief that a witness testimony
is a good indication for the event, but no absolute proof; the relation involves some
uncertainty. This explains why for the diagram “Report medical examiner: ‘This
man J was hit in his head’ → J was hit in the head” (c4) the opposite, explanatory
direction was preferred, as such an expert is believed to be more credible, reliable,
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and objective than normal witnesses: it is perceived as being hard evidence and as a
result there is no need to “keep more options open”. The same counts (but to a lesser
degree) for diagram c3, which involves the statement of a police man. For narrative
diagrams the results were more diverse: the preference for some diagrams was clearly
in the explanatory direction, but for others it was in the opposite direction (cf. c6,
c17 and c16). This concurs with the results found on the first part of the study,
where it was found that for understanding narrative relations the direction is not
that important. Even so, the preference of the participants depends on the degree to
which one of the events directly (c7), or indirectly (c6), explains the other.

Table 7.5: Frequencies of preference for the predicted direction

Q

Type

Description

f

c18
c9
c27

Scenario
Scenario
Scenario

Story about K’s stolen bike
Story about the death of J
Story about R selling drugs

25
19
18

c7
c8
c14
c5
c15

Narrative
Narrative
Narrative
Narrative
Narrative

22
22
21
20
18

c24
c26

Narrative
Narrative

c23
c25
c16
c17

Narrative
Narrative
Narrative
Narrative

c6

Narrative

P shoots at J explains J is hit in the head
J is hit in the head explains J is dead
N wants to have a bike explains N steals K’s bike
P buys a gun explains P owns a gun
N does not have money to buy a new bike explains N
steals K’s bike
R needs money explains R is selling drugs
R receives large sums of money explains R launders
money
R has debts explains R needs money
R sells drugs explains R receives large sums of money
N steals K’s bike explains N owns the bike
N owns the bike explains N puts the bike in his
backyard
P owns a gun explains P shoots at J

c10

Testimonial

c1

Testimonial

c12
c2

Testimonial
Testimonial

c21

Testimonial

Witness testimony: “I saw that N took the bike of Mrs.
K” is evidence for N stole the bike of K
Report laboratory: “P has gunshot residue on his
hands” is evidence for P shot a gun
Testimony girlfriend is evidence for N stole K’s bike
Witness testimony: “I saw that P bought a gun” is
evidence for P buys a gun
Police file: “R’s previous convictions for selling drugs”
is evidence for R is involved in selling drugs

18
17
16
16
13
11
8
25
23
23
22
22

Continued on next page
Note. Q = question and f = frequency. Maximum frequency = 27.
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Table 7.5: Frequencies of preference for the predicted direction (continued)

Q

Type

Description

c22

Testimonial

c19

Testimonial

c11

Testimonial

c13

Testimonial

c20

Testimonial

c3

Testimonial

c4

Testimonial

Testimony bank: “R tried to deposit large sums of
money” is evidence for R conducts suspicious
transactions
Excerpt BKR (Credit Information Bureau) is evidence
for R has debts
Testimony girlfriend: “N needed a bike, because his
own bike was broken” is evidence for N wanted to have
a bike
GPS signal: “The bike is in N ’s backyard” is evidence
for N put the bike in his backyard
Telephone tap; R says to F “I need money” is evidence
for R needs money
Testimony police officer: “I found a gun in P ’s pocket”
is evidence for P owns a gun
Report coroner: “This man J is hit in the head” is
evidence for J is hit in the head

f
22

21
21

20
19
18
12

Note. Q = question and f = frequency. Maximum frequency = 27.

7.4 Conclusion and discussion
In this chapter a study to test the underlying reasoning model of AVERs was described. The analyses presented indicate that amongst law students there is a preference for the explanatory direction to represent narrative information and that for
testimonial information the preference is in the indicative direction. The results found
also suggest that they make a conscious choice for one of the directions based on the
nature of the represented information. From the data it may thus be concluded that
the proposed reasoning model (and its underlying assumptions) agrees with the intuitions of potential users of the software and that it is natural. Further, the proposed
model leads to fewer errors on their part, because it was shown that when the direction
of the information is reversed, the students make more interpretation errors.
However, it should be noted that given the small number of participants and the
fact that law students participated in this study and not crime analysts, conclusions
based on this study should be drawn with caution. Additional studies have to be
conducted to show whether the conclusions also hold for crime analysts. Therefore,
in the next chapter a study is discussed that verified the conclusion that the reasoning
model is natural to potential users by observing crime analysts while they analyzed
a sample case using AVERs.
Furthermore, the reasoning model was tested in a way that examined only the
way in which produced diagrams are read and interpreted. The presented study did
not take into account the fact that one of the most important tasks of potential users
of AVERs is to construct their own diagrams. This difference between interpretation
and construction has, for instance, been addressed by Cox (1997), who found that

7
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students who are able to construct correct (error-free) diagrams make fewer and less
severe errors on interpretation tasks. Further, Grossen and Carnine (1990) found that
students who construct their own diagrams solve logic problems more effectively than
students who use predrawn diagrams, while Easterday et al. (2007) found that diagram construction leads to larger learning gains than diagram interpretation. Hence,
creating one’s own external representation may lead to a better understanding of the
problem domain and may improve comprehension skills, because the active task of
drawing diagrams produces “deeper processing” than the passive task of interpreting
diagrams (Grossen and Carnine, 1990). However, Easterday et al. also found that
students who are asked to interpret premade diagrams perform better than students
who construct their own diagrams, because the latter have to comprehend, construct,
and interpret, while the former only have to interpret. These mixed results indicate
that construction and interpretation differ in various ways and that the results on
the interpretation task performed in this study may differ significantly from results
obtained in a similar study in which the participants have to construct their own
diagrams. Hence, although the results presented here show that law students are able
to interpret and understand the reasoning model, this does not necessarily mean that
the underlying reasoning model is also suitable for the construction task. Therefore,
in the study reported in the next chapter the users were asked to draw their own
diagrams in order to investigate whether the proposed model allows them to produce
diagrams that comply with their expectations and intentions.
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Using AVERs to create
and compare scenarios

In the introductory chapter it was explained that sensemaking software for crime analysis should not only be rationally well-founded and natural but also useful. Therefore,
the functionality that the software provides to its users needs to be tested. In particular, it needs to be evaluated how useful it is to them and how well it meets their
expectations. To do so, the thought processes of crime analysts as they use the software to perform their tasks have to be uncovered and understood. In this chapter, the
thinking-aloud method will be used to observe analysts while they complete several
predefined tasks. In this way, they can show their method of attempting to complete
these tasks and can indicate difficulties encountered in the process. Moreover, it will
in general shed light on how crimes are analyzed by experts.
This chapter is organized as follows. The next section will explain the thinkingaloud method. The second section outlines the aim of the study, while in section 8.3
the method is described. Section 8.4 presents the results of the study, after which in
section 8.5 these results are discussed.

8.1 The thinking-aloud method
The thinking-aloud method (Ericsson and Simon, 1993) is an observational technique
and process-tracing method commonly used to elicit knowledge about the thought
process of a participant as he solves a problem or uses certain software. This method
has been used both for uncovering cognitive processes (Ericsson and Simon, 1993; van
Gog et al., 2005; van Someren et al., 1994), which can, for instance, be used to model
systems, and for usability testing to evaluate user interfaces (Dix et al., 1993; van den
Haak et al., 2004; Nielsen, 1993). In the study reported in this chapter, thinking
aloud will be used for a combination of both purposes. It will on the one hand be
used to gain insight into the crime analysis process in order to assess the usefulness of
the system and the features it provides, and on the other hand to detect (usability)
problems with the system.
An advantage of using this thinking-aloud method is that it does not need a large
number of participants to be successful (Nielsen, 1994, recommends 4±1 participants),
while a large amount of qualitative data can be collected from a relatively small
number of participants. Therefore, this method is particularly interesting in the
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current project as not many crime analysts are available to participate in an elaborate,
time-consuming study such as the one presented here.
There are two types of thinking-aloud protocols: concurrent and retrospective
protocols (van den Haak et al., 2003; Nielsen, 1993). Concurrent reporting involves
participants who are instructed to verbalize all thoughts that come to mind while
working on a set task, while in retrospective reporting the participants perform the
task silently and verbalize their thoughts after completing it. Van Gog et al. (2005)
showed that the concurrent protocol is more effective for uncovering problem solving processes than the retrospective variant, since it yields more information on the
actions taken in these processes. Van den Haak et al. (2004) found that both are
comparable for usability testing but they prefer concurrent thinking-aloud protocols
because of practical considerations. Therefore, in the study presented here a concurrent thinking-aloud protocol will be used.
Typically, in a concurrent thinking-aloud study, one participant at a time is observed when he interacts with the system to perform a given task, while he is asked
to think out loud. Meanwhile, the observer watches the participant and records his
actions. The participant is asked to verbalize his thoughts and to elaborate on his
actions. This method gives important information on how the system is actually used,
as the observer can determine what the participant is doing and, more importantly,
why he is doing it. Moreover, it can elicit information on how the participant views
the system and misconceptions can be identified.

8.2 Thinking aloud while using AVERs to analyze cases
The study presented in the chapter will focus on the usefulness of the support AVERs
provides to its users. Two tasks are evaluated: the task of analyzing a case by creating
scenarios and the task of comparing alternative scenarios. In earlier task analyses (cf.
chapter 2, in particular subsection 2.2.1, and section 6.1), the typical steps that are
taken while performing these tasks were already described and several subtasks were
defined. It is expected that the subtasks in the reconstruction phase are repeated
several times, but that they are not necessarily executed in the presented order, as
there is a continuous interaction between scenarios and evidence, and scenarios are
gradually being refined during the construction process. It is surely possible that the
analyst goes back to any previous subtask if necessary, or that he skips some of the
tasks before returning to previous task. After a number of crude scenarios have been
constructed, he will turn to the next phase of the analysis, that is, the evaluation and
comparison of the different alternatives in more detail. It is hypothesized that after
an analyst has conducted the first subtask of the verification phase, it is likely that
he will go back to the reconstruction phase to find and add additional support for
unsupported or defeated propositions. After a number of iterations of this process,
the second subtask is performed, but if this does not yield a single best alternative
he will need to return to the evidence in order to be able to rule out alternatives.
However, although this task description is based on expert interviews and the
literature, and it is thus expected that the analysts perform some, if not all, of the
subtasks mentioned in section 6.1, it has not yet been verified. Therefore, this study
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aims to test whether the described subtasks are indeed part of the analysis process
or whether there are additional tasks that need to be performed; the order in which
the actions are performed is also verified. In this way it will be evaluated whether the
prototype provides sufficient support to potential users, whether it fits their needs,
and whether the underlying concepts are natural to them. Additionally, problems
with the user interface are documented.

8.3 Method
In the study, the participants had to perform two tasks. The first task, which asked
them to construct a scenario, tested how potential users actually use AVERs to analyze cases and whether the representation scheme is accurate. Secondly, the comparison task investigated how crime analysts determine which scenario is the most
plausible one and assessed whether the features that are available in AVERs to compare scenarios are useful in this process.

8.3.1

Participants

Five crime analysts working in different districts in the Netherlands participated in
this study (see Table 8.1, which provides an overview of the differences between the
participants). Three of them work as operational crime analysts (cf. section 2.1) in
Utrecht, while the other two are employed as strategic crime analysts (one at a national level and one at a regional level in The Hague). A pretest questionnaire revealed
that the participants have different levels of experience with crime analysis, ranging
from 3 to 20 years (column analysis in Table 8.1). Only recently, Dutch crime analysts
started making what they call “hypotheses and scenarios” explicit and recording them
on paper or using software. Most of the participating crime analysts have 2–4 years
experience with developing scenarios and hypotheses (column scenarios), but they
employ different methods for this (column method scenarios). More specifically, two
participants from Utrecht use analysis quadrants (see section 2.4) to record scenarios.
The other operational crime analyst uses Excel, while the strategic crime analysts use
mind mapping software. Additionally, the analysts pointed out that they use Word,
Excel, Powerpoint, Access, and Analyst’s Notebook when analyzing cases.

8

Table 8.1: Characteristics of the participating analysts

Experience (in years)
P

Region

Type

Analysis

Scenarios

Method scenarios

1
2
3
4
5

Utrecht
Utrecht
Utrecht
National
The Hague

Operational
Operational
Operational
Strategic
Strategic

3
3
8
12
20

<1
3
2
4
4

Excel
Analysis quadrants
Analysis quadrants
Mind mapping
Mind mapping

Note. P = participant. Participants are presented in order of participation.
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Materials

The material that was handed to the participants on paper consisted of five parts:
a written introduction, a pretest questionnaire, a software manual, a description of
the actual task including the source documents needed to perform this task, and a
usability questionnaire. The introductory text explained the goal of the study, and
described the thinking-aloud method and the task that had to be performed. The
pretest included several questions on the participants’ skills and background. This test
was mainly used to determine the experience of the participants and their background.
The manual contained a written explanation of the concepts underlying the software
and the functions it provides. The participants were allowed to refer to this manual
when performing the actual tasks. The main part of the study involved a task in
which the participants had to analyze a simplified murder case (note that due to time
constraints the case that had to be analyzed was rather small and simple). They
received a complementary written instruction on how to perform this task and were
explicitly asked to think aloud. After they had completed this task and verbalized
what they thought was the most plausible scenario, they were asked to complete
a usability questionnaire. This questionnaire consisted of 12 5-point Likert scale
statements to test the ease of use and importance of several features of the software.
Note that the results regarding the ease of use of the software were already reported
in subsection 6.5.3.

8.3.3

Procedure

The study was conducted in three sessions that were all held in the same usability
lab; all software tasks were performed on the same computer. All participants were
scheduled for a 1-hour session in which they first had to read the introductory text.
When they finished reading, they were asked to answer the pretest questions on their
background and experience. Thereupon, they were presented with the written manual
of the software’s functions and were asked to read the first two pages that explained
the different concepts used in the software (e.g., the distinction between quotes and
events and between indicative and explanatory relations). Subsequently, the use of the
software was demonstrated by the experimenter, while the participants were allowed
to ask questions. Participants 1 and 2, and 4 and 5 attended these sessions in couples,
while the third participant received the introduction individually.
In another 2-hour session the participants had to complete the actual task and the
questionnaire about the usability and usefulness of AVERs. The first three analysts
participated in individual sessions, while the other two participants cooperated on the
task. Participant 4 used the software, but he and participant 5 conferred about the
actions taken. Therefore, in the remainder of this chapter and in the following tables,
only four participants are listed, where “participant 4” refers to both participants 4
and 5. During each session sound recordings were made of the participant’s voice and
an observer was present to take notes of the participant’s actions and remarks. Note
that participants 1, 3, 4, and 5 took part in the second session directly after the end
of the first session. Participant 2 waited for participant 1 to complete his tasks.
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Verbal instructions While performing the main task the participants were encouraged to keep talking and verbalize their thoughts. The instructions given were in line
with the standards described by Ericsson and Simon (1993). The written instruction
on the thinking-aloud protocol read: “It is important that during this task you keep
expressing your thought process. Verbalize everything that comes to mind and keep
talking until you completed the task” (translated from Dutch). Whenever a participant stopped thinking aloud, the observer prompted him after a few seconds by saying
“Please try to keep talking”.
Task The participants had to analyze a simplified murder case that resembled (an
expanded version of) the Rijkbloem case described in the preceding chapters in which
the names were altered. They were provided with five source documents: a testimony
of the police officers that first arrived at the scene, a testimony of a witness (“mother”
now called Ms De Boer), a testimony of the suspect (“Rijkbloem” now called Seedorf),
a report on the results of the search for a gun at the crime scene and on the suspect,
and a report of the lab that tested the hands of the suspect and the head of the victim
for gunpowder. A full transcript of all the case files can be found in appendix A (note
that these are translated from Dutch). The participants were asked to use the software
to analyze the case and construct diagrams that represented their scenarios about
what might have happened. They used the same version of the software as described
in the previous chapter, but for the purpose of this study, a scheme set containing five
argumentation schemes in Dutch was generated. This set contained a causal scheme,
a scheme for witness testimonies, an expert testimony scheme, a scheme to reason
with gunshot evidence on the hands of the suspected shooter, and a scheme to reason
with gunshot residue on the victim’s clothes or body. The participants were allowed
to use all functions provided by AVERs and were free to use the digital versions of
the source documents that were available to them. The participants had to decide
themselves whether they thought they completed their analyses. They had to tell
the observer that they thought they had finished the task and then had to formulate
what they thought that happened in the case.

8.3.4

Data analysis

8

Data was captured through system logging, that is, the system stored all actions taken
by the participants in its database and the final product of the analysis (the diagram
containing scenarios and evidence) was exported from the system. Additionally, verbal
transcripts of the participants’ comments and actions were made based on the sound
recordings and the observer’s notes.
Evaluation of the tasks and their order To analyze which actions were performed
and in which order they were performed, four elementary subtasks were distinguished
in the reconstruction phase (in which scenarios are constructed):
1. Record evidence by highlighting relevant passages from source documents (cf.
subtask 1a on page 96).
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2. Connect evidence to events using the four available argumentation schemes
about evidence (subtask 1d).
3. Record events by adding data nodes (subtask 1b).
4. Connect events through the causal rule available to construct scenarios (subtask 1c).
Moreover, based on Pirolli and Card’s task analysis described in chapter 2 (in
particular section 2.2) a “preferred” order in which these actions are generally performed was defined; it is expected that the analysts will first record and structure the
evidence (subtask 1) and will then create scenarios that are based on this evidence
(subtasks 3 and 4), after which the events are (explicitly) supported by the evidence
(subtask 2). Note that here subtask 1 is always performed before subtask 2, while
subtask 3 is performed before subtask 4.
Subsequently, the transcripts were divided into units, for instance, sentences,
which were judged in terms of these four categories (following the method earlier
used by van Oostendorp and de Mul, 1999). Actions were scored if they corresponded
to one of the four subtasks. For each scored action it was determined whether it was
successful or not. Moreover, it was determined whether the action was later made
undone (e.g., whether a node or link was deleted). Finally, the order in which the
actions were performed was recorded. Based on these data it was assessed whether
the way in which the participating analysts used the software complies with the predictions, more specifically, whether the four defined tasks are indeed performed and
whether the observed orders comply with the predicted order.
Evaluation of the provided features Additionally, it was determined how well the
tasks of the analysts were supported by the software by scoring the usability questionnaires, in particular the questions that asked the participants to rate the importance
of certain features. Furthermore, the transcripts were scanned for verbal indications
of missing features, features that should be altered or improved, and other suggestions for improvement. Additionally, the experimenter noted down problems that
were observed but were not explicitly verbalized by the participants.
Evaluation of the quality of the produced analyses Finally, the results of the analyses of the participants were judged on two criteria. Firstly, the quality of the produced scenario diagrams was assessed by checking whether they contained the most
essential information present in the case. Thus, the completeness of the scenarios was
measured. Twelve events were selected that should at least be in the diagrams of the
participants:
1. Fight starts between Seedorf and Mr. De Boer
2. Seedorf grabs gun
3. Seedorf shoots at Mr. De Boer
4. Ms De Boer points gun at Seedorf
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5. Seedorf tries to push gun away
6. Mrs. De Boer’s gun accidentally goes off
7. Mr. De Boer is hit in the head
8. Mr. De Boer is dead
9. No bullet casings were found at the crime scene
10. No gunshot residue is found on Seedorf’s hands
11. No gunshot residue is found on Mr. De Boer’s head
12. No gun is found in Seedorf’s possession nor in his apartment
For every element in the list the participants could receive two points: one point
if the corresponding event was in the scenario and one point if the supporting quote
from the source document was in the diagram. This means that the maximum score
on completeness was 24.
Secondly, every participant had to formulate a hypothesis about what he thought
that had happened in the case (and thus had to decide which of the possible scenarios
was the most plausible). The nature of this hypothesis was recorded by the observer.

8.4 Results
All participants started their analysis by reading all available documents, before turning to the software. Furthermore, after they had finished reading, all participants
immediately verbalized that there were possibly two or three (plausible) scenarios:
(1) Seedorf shot father De Boer, (2) mother De Boer did it, and (3) another person
shot father. So, all participants created two or three scenarios in AVERs that partly
overlapped.
Evaluation of the tasks and their order In Table 8.2 it is displayed how many
times the participants successfully performed each task (s), how many unsuccessful
attempts they made to perform a task (e), and how many actions were undone (u).
Additionally, the percentage of unsuccessful actions (errors) (%) made on each task
and by each participant is displayed. This table shows that there were large differences
in the elaborateness of the analyses produced by the participants. Participant 2
used 75 actions before she completed her task and formulated her hypothesis, while
participants 4 and 5 only used 30 actions.
Moreover, this table shows that not many errors were made by the participants
(between 1% and 17% of the actions were unsuccessful), indicating that the software
is fairly easy to use. The rightmost column of the table shows that most errors
were made on task 4 (14% of these actions were errors compared to 6-8% on the
other tasks). Most errors made on this task (and also on task 2) had to do with the
direction of the relations. More specifically, the participants had some problems with
the direction in which the mouse had to be dragged from one node to the other and
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Table 8.2: Frequencies of the classification of the actions into the four categories for each
participant

P1

P2

P3

P4

Subtask

S

E

U

S

E

U

S

E

U

S

E

U

1
2
3
4

6
6
18
17

2
2
1
4

0
0
1
0

23
20
16
16

0
1
0
0

3
0
1
0

22
28
10
8

2
2
0
2

0
0
0
0

6
6
11
7

1
0
3
2

0
0
2
0

8%
8%
6%
14%

47

9

1

75

1

4

68

6

0

30

6

0

9%

Record evidence
Connect evidence
Record events
Connect events

Total
% Errors

16%

1%

8%

%

17%

Note. P = participant, S = the number of successful actions, E = the number of errors, U = the
number of undone actions, and % = the percentage of errors.

in some occasions they dragged the mouse into the wrong direction (e.g., from an
event later in time to an earlier event or from an event to a quote). Initially, they
assumed that the direction in which they dragged the mouse did not matter and that
the software would automatically add the relation in the “right” direction. However,
after one or two failed attempts, the participants understood the importance of the
direction in which the mouse is dragged and did not make this error anymore. By
making this clearer during future training sessions, such errors may be prevented.
Some of these errors may also be avoided by prohibiting that links are drawn to
quotation nodes, such that only relations from quotes are allowed. Furthermore, it
is expected that more errors are made on task 4 than on task 2, because task 4 was
generally performed before task 2, as will be explained below. Therefore, after the
participants made some errors on task 4, they already knew the importance of the
direction of the relations and did not make this error anymore, so fewer errors are
made on task 2. The small number of errors made also suggests that the concepts
underlying AVERs are natural and agree with the analysts’ intuitions about their
meaning, although some training is still needed for analysts to fully comprehend the
importance of the direction in which the relations are drawn.
Figures 8.1 to 8.4 display the order in which the successful actions were performed
by the participants. For example, Figure 8.1 shows that the first action that participant 1 took corresponds to subtask 3 and that he performed this task 16 times,
after which he performed subtask 4 15 times. These figures show that, as predicted,
subtask 1 is performed before subtask 2, while subtask 3 always comes before 4.
Generally, two patterns can be observed in these sequences of actions:
• The actions are performed successively: the first subtask was performed N times
followed by N times the second subtask (e.g., s1, s1, s1, s2, s2, s2).
• The actions are performed alternatingly: the first subtask and second subtask
were performed alternatingly (e.g., s1, s2, s1, s2, s1, s2).
Scenarios (subtasks 3 and 4) were mostly added successively, that is, first a number
of events were added, after which they were connected to each other into a scenario;
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Figure 8.1: Sequence of actions performed by participant 1.

Figure 8.2: Sequence of actions performed by participant 2.

8
Figure 8.3: Sequence of actions performed by participant 3.

Figure 8.4: Sequence of actions performed by participant 4.
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in particular the crude, initial scenarios were added in this way. Alternatively, the
supporting evidence was added both successively and alternatingly. More specifically,
participants 1 and 4 performed subtasks 1 and 2 alternatingly, but participant 2
preferred the successive method, while participant 3 performed a mixture of both
methods. So, some participants preferred to add all quotes from a document at once
after which they were connected to the events, while some participants added one
quote and connected it to the corresponding event and then returned to the document
to add another quote and so on.
These diagrams also show that all participants started with subtask 3, that is, they
started with recording the events in the software, followed by subtask 4 (connecting
events). All participants thus started with the creation of one or more scenarios that
were implicitly based on the evidence and then continued with explicitly connecting
them to the available evidence (subtasks 1 and 2). However, participant 3 quickly
turned to subtasks 1 and 2, because he first wanted to analyze the source documents
in depth. Subsequently, he created a new case and started over again in which he
created more elaborate scenarios (and started with subtasks 3 and 4). This shows
that it is important that the software supports both analysis tracks (bottom-up and
top-down).
The results found do not completely correspond to the predictions. After all, the
predicted order was 1, 3, 4, 2, while the figures show more or less a 3, 4, 1, 2 pattern.
It was observed that the participants did start with reading, filtering, selecting, and
then interpreting the evidence, but they did not use the software for this, they mainly
did it in their minds (one participant used pen and paper to structure the evidence).
So, with respect to Pirolli and Card’s model the analysts indeed started with the
foraging loop, after which AVERs was used to “build the case” by creating scenarios
and, subsequently, to support these scenarios (search for support). This explains why
the first action taken in the software was subtask 3 followed by subtask 4. After
a sequence of these actions 3 and 4, the participants turned to subtasks 1 and 2
to support the thus created scenario, after which the participants only returned to
subtasks 3 and 4 to add “forgotten” or missing events in the initial scenario (see, for
example, the action patterns of participants 1 and 2).
It is assumed that the analysts are used to performing the foraging loop using other
software tools such as Analyst’s Notebook and view it separately from the sensemaking
loop in which the scenarios are created and later supported by the evidence. In fact,
the analysts currently use separate methods and tools for these two loops in the
analysis process. This may be the reason why they did not use AVERs for the foraging
loop and did not start with subtask 1. This corresponds with the initial idea in the
current project to build sensemaking software that can be combined with existing
evidence management software such as Analyst’s Notebook (Bex et al., 2007a). In
this case, subtask 1 is first performed in a separate tool, after which AVERs is used
to perform subtasks 2 to 4.
Evaluation of the provided features The posttest questionnaire yielded that all
participants found the features AVERs offers to add quotes from source documents,
to create events, and to connect events into scenarios very important (M = 5 on a
scale from 1 to 5). The functionality to support scenarios using quotes scored 4.75
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on a 5-point scale and thus was also rated as very important. Finally, the features
to select and compare scenarios were also judged as being important (M = 4.25).
In sum, this means that the main features that AVERs provides to its users are all
important in crime analysis. During the session the participants pointed out some
features that they particularly liked and found useful in the software:
• Answering critical questions to critically examine the relations between evidence
and events (2 participants)
• The visual clues that point out events that are attacked or are not yet supported
(2 participants)
• Using evidence to attack events (1 participant)
• The to-do list as displayed in Figure 6.32 (1 participant)
• Adding a new event in between two earlier connected events (2 participants)
• Supporting multiple events by one quote (1 participant)
• Altering the orientation of the diagram (from right to left) (1 participant)
These observations show that the features that the participants found attractive
in AVERs were those features that make them more aware of parts of their scenarios
that are unsupported and force them to critically examine the support provided by
the evidence (the first four features); features that are lacking in the methods that
they currently use to map out scenarios.
However, the participants also pointed out some features that they missed, which
are not yet implemented in AVERs:
1. Recording the times of events and automatically putting events with time stamps
in a time line (3 participants)
2. Summarizing parts of the scenario that are “certain” or unproblematic into a
“supernode” which summarizes that part of the scenario (3 participants)
3. Marking events as certain/uncertain (2 participants)
4. Argumentation scheme for testimonies of police officers (2 participants)

8

5. Predefined “story schemes” that have to be filled in by the analyst (1 participant)
The first feature was desired by the participants as this is what they do in Analyst’s
Notebook; they first order the events into a time line and check whether the times are
consistent. It is fairly easy to add times to events by extending the database properties
of nodes (although it is more difficult to implement a feature that automatically orders
them chronologically). Also feature 3 can be implemented in this way. Additionally,
it is already possible to add feature 4 as in the scheme sets tab new schemes can be
added by the user. However, this possibility was not adverted to the participants in
this study. Feature 2 was already considered before this study was performed but
was proven to be too hard to implement. Finally, feature 5 was investigated in the
current project by Bex (2009a,b) but has not yet been implemented in AVERs.
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Evaluation of the quality of the produced analyses As could be expected based on
the differences in the number of subtasks performed by the different participants, there
were large differences in the completeness of the produced diagrams (see Table 8.3).
Participant 4 only had 25% of the required nodes in his diagram, while participant 2’s
diagram was 75% complete. Given these results it is remarkable that all participants
arrived at the same conclusion, regardless of the completeness of their analyses.
As said above all participants created two or three scenarios. They compared them
by looking at the refutations, that is, by looking at how many events were contradicted by the evidence. Their final choice for the most plausible scenario was recorded
by the observer. It was found that all participants chose the scenario “mother did
it” as the most likely, because it had less evidence against it. They thus compared
the scenarios by looking at the evidential support (cf. subtask 2a on page 96) and
the visual clues provided by the software (dotted borders of events that are not yet
supported by evidence or that are contradicted, and red boxes connected to the scenarios). Only participant 2 used the scenarios tab to select the two scenarios, two
hypotheses (Seedorf did it and mother did it), and an explanandum (father De Boer is
dead). However, she did not look at the evaluation tab to determine that the scenario
that mother did it was the best alternative.
It is expected that the more advanced functions to compare scenarios, although
rated as important, were not used by the participants because they are not as easy to
learn as the function to create scenarios (cf. subsection 6.5.3), and require additional
training. This was also observed when explaining these features; the participants
asked many questions and found it hard to immediately understand the concepts of
hypotheses and explananda. This may possibly be overcome by using Dutch terms
that correspond with the jargon analysts use in their everyday work. Moreover, since
this case was rather simple, the need for such refined features was not that urgent.
In larger cases where the options are not that clear, the urge for these more complex
features may become more apparent.
Table 8.3: Scores on completeness for each participant

P

Events

Evidence

1
2
3
4

8
9
4
2

4
9
3
4

Total
12
18
7
6

(50%)
(75%)
(29%)
(25%)

Note. P = participant. Maximum score = 12 for events and
evidence and maximum score = 24 for total.

8.5 Discussion
The study presented in this chapter has several limitations. Firstly, due to the low
number of participants available, no statistical comparisons were made. Therefore,
the results and conclusions presented here have a descriptive and qualitative nature.
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Secondly, the time available for each session was limited to three hours per participant. The training session that involved the introduction to the software lasted only
one hour, which is rather short compared to what is expected in a real training situation. It is likely that learning such complex and specialized software requires lengthy
training of several days. The remaining two hours were used for the actual analysis
task, which is also short compared to real analyses. Thirdly, the materials used in
the study were relatively simple; the documents were at most one page long, and
the participants received only five documents. Real cases will involve more and more
complex documents and will result in even larger diagrams (in this study the largest
diagram that was produced contained about 70 nodes and links). Due to time limitations it was impossible to have longer sessions and thus to use larger, more complex
cases. Still, however, valuable results were obtained on the usefulness of the basic
features of AVERs.
Fourthly, during the study the participants were to some extent directed in their
actions by the software. Therefore, one may argue that it is not surprising that the
participants performed the distinguished actions when creating scenarios, because
these were more or less the only actions available in the software. However, by encouraging the participants to comment on the software and to point out missing
features, it was ensured that if the actions were not useful to the participants, this
would be discovered by the observer. Moreover, the small number of errors made by
the participants shows that using the actions that are available in AVERs, the analysts were able to analyze a case. Thus, the software allows the analysts to perform
analyses that comply with their intentions.
The main goal of this study was to uncover the cognitive process of the analysts
while they interact with AVERs in order to test the usefulness of its functionality,
and not to provide a cognitive task model of crime analysis in general. It thus differs
from existing workplace studies in which crime analysts were observed in their own
office, while they performed their “everyday routine” using their own techniques (see
chapter 2). The study thus serves more as an addition to this research than as an
attempt to replicate it. It primarily aimed to evaluate how well AVERs supports the
process as characterized by Pirolli and Card.

8

8.6 Conclusion
In this chapter a study was described that recorded the thought process of crime
analysts in order to test the usefulness of the features in AVERs. Two aspects were
tested: whether the functionality that the software provides to its users is useful to
them and whether important features are missing. With respect to the first aspect,
the results suggested that the participants find the features provided to create and
compare scenarios useful and important. In particular the features that make the
analysts more aware of the unsupported elements of scenarios and that allow them to
critically examine the scenarios, are approved of by the participants. These features
include the critical questions associated with the schemes that help analysts to critically examine the relations between evidence and events, the visual clues that point
out unsupported events, and the to-do list that provides an overview of outstanding
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issues. Furthermore, the small number of errors made by the analysts suggests that
the underlying concepts of AVERs are natural and that the implemented reasoning
model allows them to produce diagrams that comply with their intuitions and intentions. Additionally, it was shown how the way in which crime analysts use AVERs
corresponds with Pirolli and Card’s model that was described in chapter 2. Based
on these findings it may be concluded that AVERs fits the crime analysis process
and sufficiently supports crime analysts in performing the sensemaking loop. One
disappointing finding, however, was that the participants did not really use the more
advanced functions to compare scenarios. Still, the participants found them important and recognized their significance. It is expected that they did not use them
because they were harder to learn and require additional training.
With respect to the second aspect, the study pointed out several features that
should be implemented in future versions of AVERs to tailor it to the needs of crime
analysts even more. Missing features that were mentioned often include timed events,
supernodes to summarize certain parts of scenarios, specific argumentation schemes
for crime analysis, and the possibility to mark events as certain or uncertain. It was
shown that most of these features can be implemented in future versions of AVERs
without too much work. Based on these findings it may be concluded that the AVERs
prototype fits the needs of crime analysts and provides sufficient support to them,
because only minor features are currently missing. After all, the participating crime
analysts assessed the core features as useful and they expressed that the software is not
lacking any crucial features. They only suggested these features so that the prototype
can be made even better with respect to its content (argumentation schemes for crime
analysis), naturalness (the support of time lines), and usability (supernodes).
The request for a supernode feature points out an important topic for further
research as it stems from the problems that some of the analysts had with the density
and size of the diagrams they produced. They often found it hard to navigate the
diagram and in some cases the diagram became almost illegible. Therefore, in the
next chapter, features will be proposed that make it easier to work with large cases.
Moreover, an experiment will be discussed that was conducted to test the effectiveness
of AVERs in handling such large cases.
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Analyzing large cases in
AVERs

As shown in the earlier chapters, AVERs visualizes cases as directed graphs. In the
previous chapter it was pointed out that when using graphs for information visualization, an important issue that has to be considered is the size of the resulting graphs.
The crime analysts who participated in the study reported in that chapter had some
difficulties with keeping the case they had to analyze readable and manageable, although this case was relatively small. It is to be expected that larger cases will result
in more serious problems.
Readers of large graphs are presented with several potential problems (Herman
et al., 2000) such as comprehensibility, viewability, discernability, and usability. Firstly,
larger graphs are difficult to comprehend and may compromise performance; comprehension is easier when the size of the graphs is small. Secondly, large graphs may
reach the limits of the viewing platform (there is simply not enough space on the
screen) and it may become impossible to layout and display all elements of the graph.
Thirdly, if such a large graph is displayed entirely, it may become impossible to discern between nodes and links or between different colors and shapes. Finally, dense
layouts may make interaction more difficult and may thus reduce usability: it may
become impossible to navigate the graph and query about particular nodes.
Therefore, as soon as the size of a graph or its link density increases, such a
graph becomes increasingly more complex and harder to understand and will ask
much of its readers’ cognitive abilities. It will become more difficult for them to
read and understand such graphs and interact with these graphs; it is particularly
hard to keep track of changes and to quickly find the required information without
making mistakes. Herman et al. (2000) thus conclude by stating that from a cognitive
perspective it does not make sense to display large amounts of data in a graph.
Therefore, an important step in visualizing information into a graph is to reduce the
size of the graph to display. By scaling (fitting to the screen) or flipping graphs (i.e.,
arranging graphs from top to bottom instead of from left to right), large graphs may
be displayed in such a way that they fit a normal computer screen, but these methods
may reduce the graphs’ readability. Therefore, other, more advanced, methods are
needed to allow users to handle such large visualizations.
Herman et al. (2000) proposed several methods to handle large graphs. Some of
these methods mainly allow users to navigate a graph, while other methods reduce
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the number of visual elements displayed. In the first category, features such as zooming and panning are proposed. Geometric zooming visually enlarges the content of
the entire graph, while semantic zooming shows more detail in a particular area of
the graph. Further, incremental exploration techniques result in a graph in which
only a small portion is displayed, while the other parts are displayed when needed
if the user explores the graph. Allowing users to zoom in on specific parts of the
graph results in temporarily smaller (i.e., a smaller number of nodes is displayed)
and more readable (i.e., the nodes that are displayed are bigger) graphs. However,
Kimelman et al. (1995) stress that exploring a graph through zooming and panning is
not an effective way to obtain an overview of the overall structure of a graph. Therefore, in the second category, various abstraction or reduction techniques are proposed
that limit the number of visual elements to be displayed, in this way clarity is improved and the complexity of the graph is reduced (Kimelman et al., 1995). Such
techniques remove elements of a graph based on their semantics. For instance, nodes
may be “ghosted” (relegated to the background), “hidden” (removed from the display
entirely) or “clustered” (grouped under a single meta-node).
There are reasons to believe that zooming and panning features are insufficient
for the targeted users of AVERs, being crime analysts. In meetings with analysts
who are working on large cases on a regular basis, the wish for methods which allow them to maintain overview of the complete analysis while being able to focus
on smaller details was expressed. This desire has two reasons. Firstly, due to the
interactive nature of criminal investigations, scenarios are continuously being refined.
More specifically, at first scenarios are general, but as the investigation unfolds they
will become increasingly detailed, as more and more information becomes available.
Useful software should therefore allow analysts to elaborate on their scenarios. It is
especially important to refine a certain part of a scenario when questions about the
truth of it arise. Secondly, reasons why certain relations were established are often
left implicit, but sometimes it is necessary to make these reasons explicit when questions about their validity arise. Therefore, features are necessary that allow analysts
to view an element of a scenario, explore its status, and explain it in more detail
or question its truth if necessary, while they are also able to keep overview of the
larger picture. This means that graphs should be scaled to make them readable by
hiding redundant nodes (as in the abstraction techniques described above), but that
it should be easy to unfold all hidden information about a certain node if desired. In
this way the software provides different abstraction layers; an overview (summary)
level and a node level. In sum, software for crime analysis should offer methods for
the elaboration on scenarios and the abstraction of scenarios.
In this chapter, an abstraction technique is proposed that improves the readability
and comprehensibility of graphs, while it also keeps the graph manageable. The main
idea is that nodes of a certain type may be collapsed to make the graph smaller and
hide redundant or irrelevant information. These collapsed nodes may subsequently be
expanded to display the hidden information and to add reasons or counterarguments.
Additionally, an elaboration technique is proposed that allows analysts to refine scenarios. Using this technique, a certain relation can be replaced by a chain of relations
with the same start and end point as the original one. This allows for the addition
of more detail to earlier established relations. In short, the main difference between
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abstraction and elaboration is that abstraction does not alter the information in the
graph or the meaning of the graph, it only displays the information in the graph in
a more abstract way, while elaboration does add new information to the graph and
alters the meaning of the relations. Useful software tools for crime analysts should
provide a combination of these two methods, that is, abstraction and elaboration,
since these correspond to tasks that are necessary and important during the analysis
of a case.
The remainder of this chapter is organized as follows. The next section will describe the abstraction and elaboration techniques implemented in AVERs in more
detail. Section 9.2 described the method of the conducted experiment, while section 9.3 describes the results. Finally, in section 9.4 these results are discussed.

9.1 Abstraction and elaboration techniques in AVERs
AVERs automatically scales the created diagrams to fit the computer screen and
allows its users to zoom and pan to navigate the diagram. Additionally, abstraction
and elaboration methods were incorporated into AVERs to allow analysts to handle
large diagrams and to elaborate on their scenarios.
Firstly, elaboration allows for the addition of a new node in between two previously
connected nodes in order to refine scenarios and add more detail to relations. Consider, for example, Figure 9.1a and assume that at first an analyst created a relation
between “John shoots Peter” and “Peter dies”. When information becomes available
that the victim died because of a gunshot wound to his head, he may want to specify
this relation and add the node “Peter is hit in the head” (see Figure 9.1b). This
method is similar to what Bex and Prakken (2004) call “unpacking” and is inspired
by the compression rationale of Loui and Norman (1995).

John shoots Peter

Peter dies

(a) simple

John shoots Peter

Peter is hit in the head

Peter dies

(b) elaborated

9

Figure 9.1: Elaborating an explanatory relation in AVERs.

Secondly, abstraction allows the analyst to expand and collapse redundant nodes
and links. By default all relations (inference nodes) are collapsed (or hidden), but
the analyst may expand them if he wants to add support or add defeaters to attack
them. By expanding relations, possibilities for attack are pointed out and underlying
reasons can be made explicit. For example, in Figure 9.2b the relation between
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Peter is hit in the head

Peter dies

(a) collapsed

Peter is hit in the head

Causal

Peter dies

(b) expanded

Peter is hit in the head
Causal

Peter dies

A man who is hit in the head by a bullet generally dies
(c) supported

Figure 9.2: Expanding and supporting an explanatory relation in AVERs.

Witness Jane testifies that she saw that John shot Peter

John shoots Peter

(a) collapsed
Witness Jane testifies that she saw that John shot Peter
Witness testimony

John shoots Peter

Witness Jane is not truthful

(b) expanded and attacked

Witness Jane testifies that she saw that John shot Peter
John shoots Peter
Witness Jane is not truthful
(c) collapsed after attack

Figure 9.3: Expanding and attacking an indicative relation in AVERs.
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“Peter is hit in the head” and “Peter dies” from Figure 9.2a is expanded to reveal the
explanatory nature of the relation. The analyst may now decide to add a reason for
this relation, for example, that people who are hit in the head generally die because
of this (see Figure 9.2c). Similarly, expansion may be used to attack relations. For
example, in Figure 9.3b the relation between the witness testimony and the fact
that John shoots Peter (see Figure 9.3a) is attacked by questioning the truthfulness
of the witness. Expanded relations may be collapsed again in order to make the
diagram more readable by hiding the expanded node. An attacked relation that
is collapsed is shown in Figure 9.3c. Note that both explanatory and indicative
relations may be collapsed and expanded and may be supported or attacked. Thus,
the abstraction methods proposed are collapse and expand. This means that here
“abstraction” actually implies manipulation of abstraction levels in two directions:
from less abstract to more abstract and from more abstract to less abstract. Nodes
and links can be collapsed and expanded either to show less detail or more detail in
the graph.
In the remainder of this chapter an experiment will be described that was conducted to determine whether a tool that contains these abstraction and elaboration
methods supports its users better than a tool that provides simpler abstraction methods to handle large diagrams (van den Braak et al., 2008c,d). This was done by
measuring the effect of abstraction and elaboration on the quality of crime analyses
and the understanding of the case.

9.2 Method
The main purpose of this experiment is to test the effect of abstraction and elaboration
on the quality of the analyses produced by the analysts and their understanding of the
case. The treatment group was allowed to use a version of the software that contained
the abstraction and elaboration methods described above in order to analyze a simple
criminal case. The control group analyzed the same case by using a basic version
of the software that contained a simpler abstraction method. This method, already
described in chapter 6, allowed them to simultaneously collapse and expand all nodes
of a certain type, while it was impossible to collapse and expand individual nodes.
This functionality was offered to them so that they are able to handle large scenarios
on a basic level. Note that although this control condition provided a more basic level
of abstraction than the treatment condition, this method is already more advanced
than the methods often found in similar argument diagramming tools like Araucaria,
which only provide zooming and panning features.
In Figures 9.6, 9.7, and 9.8 the differences between both conditions are displayed.
Consider first Figure 9.6 in which the default view is shown where all relations are
collapsed, that is, all inference nodes are hidden. The treatment group was able to
expand nodes and relations one node at a time, so in Figure 9.7 the node “John
shoots Peter” is expanded (in the application the border of an expanded node is
marked with an orange color; here the border is missing to show that it is expanded)
and its surrounding relations are collapsed. This was done by selecting the desired
node and then clicking the expand link (see Figure 9.4). Expanded nodes may be

9
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collapsed again by clicking collapse. Note that the interface of the software that was
used in this experiment differed from the interface that was described in chapter 6
(Figure 6.12); the expand/collapse and small/hide menus were improved afterwards.
The control group could only expand the entire diagram, that is, all nodes of a certain
type were hidden or displayed all at once, so in Figure 9.8 all relations are shown,
while in Figure 9.7 only the explanatory relations directly connected to the node
“John shoots Peter” are expanded, while the others remain collapsed. In order to
collapse nodes of a certain type the user has to select the box next to it in a menu
(displayed in Figure 9.5). If the user selects hide, the nodes of that type is hidden
from the graph and if the user selects small, the nodes are displayed in a smaller size.
In this figure only the first element of the menu is displayed, which allows users to
collapse relations. The complete menu is displayed in Figure 6.23. Unchecking the
hide box again will expand all nodes of this type. Contrary to the treatment group
these users were not able to “zoom in” on a specific node in the diagram and explore
its status, because if they wanted to expand a certain relation they had to expand all
relations. They were also not able to insert nodes by using the insert node menu (see
Figure 9.4). It is predicted that the participants in the treatment group will perform
better, regarding the quality of their analysis and their understanding of the case,
than the participants in the control group.

Figure 9.4: Interface of the abstraction method for the treatment group in AVERs.

Figure 9.5: Interface of the abstraction method for the control group in AVERs.

9.2.1

Participants

In this experiment, 5 crime analysis students and 12 analysts working in different
districts in the Netherlands participated. One participant did not complete the questionnaire and was excluded from the results (so N = 16). The participants were
assigned to the conditions randomly (N = 8 for both groups). To help to account
for biases between the treatment and the control group, the participants’ educational
level, computer skills, and experience in conducting crime analyses were assessed by
means of a questionnaire.
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John wants to hurt Peter

John shoots Peter

Witness testimony

Peter is hit in the head

Peter dies

A man who is hit in the head by a bullet generally dies

Witness is not truthful

Figure 9.6: A collapsed scenario in AVERs.

John wants to hurt Peter

Causal

Witness testimony

Witness testimony

John shoots Peter

Causal

Peter is hit in the head

Peter dies

A man who is hit in the head by a bullet generally dies

Witness is not truthful

Figure 9.7: An expanded scenario for the treatment group in AVERs.

John wants to hurt Peter

Causal

Witness testimony

Witness testimony

John shoots Peter

Causal

9

Peter is hit in the head
Causal

Peter dies

A man who is hit in the head by a bullet generally dies

Witness is not truthful

Figure 9.8: An expanded scenario for the control group in AVERs.
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Materials and procedure

The experiment was conducted during a 2-hour session at the Dutch Police Academy
in Zutphen. This session was held in two computer rooms with similar computers.
The participants were seated in front of a computer and received a questionnaire that
consisted of 74 questions and tasks. This questionnaire was handed to the participants
on paper and contained a written introduction, a pretest questionnaire, an interactive
manual, the actual test, a posttest, and a usability questionnaire. The pretest included
several questions on the participants’ skills and background. This test was mainly
used to determine the population characteristics and to reveal preexisting differences
in education, computer skills, and experience in conducting crime analyses. The
manual was used to familiarize the participants with the software and its interface.
In this part the participants were asked to reproduce a sample scenario. While doing
that they were presented with information about the underlying concepts and with
instructions on how to reproduce a certain part of the example.
In the actual test the participants had to analyze the same simplified murder
case as in the study described in the previous chapter. They were provided with the
same source documents of evidence (see also appendix A) and were asked to use the
software to analyze the case and construct diagrams that represented their scenarios
about what might have happened. The participants were allowed to use all functions
the software provided and to use the digital versions of the source documents that were
available to them. After they had handed in these first three parts of the questionnaire,
they were asked to complete the posttest and the usability questionnaire. The posttest
consisted of 16 true or false statements to test the participants’ understanding of the
case; of these statements eight tested the knowledge of important aspects of the case,
while the other eight concerned minor details. When answering these questions, the
participants were not allowed to read the evidential documents, but were permitted
to use the scenarios they constructed earlier. Finally, the usability questionnaire
contained 5-point Likert scale statements that tested the users’ satisfaction with the
software as a whole, and the ease of use of specific features in it. The results obtained
through this questionnaire were already discussed in subsection 6.5.3.

9.2.3

Data analysis and dependent measures

Data was captured by logging the participants’ actions and diagrams and by scoring
the posttest questionnaires. The quality of the analyses was measured by assessing
the quality of the produced diagrams. Such a diagram can be correct or wrong in
different ways; for instance, a diagram can be complete, that is, it may contain all
information present in the case, but a diagram can also be well-structured or its containing argument can be sound. Therefore, the diagrams were evaluated based on
three criteria, namely, completeness (see subsection 8.3.4), structure, and soundness.
Additionally, the time taken to complete the task was measured. Finally, the participants’ understanding of the case was assessed by scoring the posttest questionnaires.
Below, the different measures will be described in more detail.
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Pretest Preexisting differences between the two groups were measured by three questions on the participants’ experience in working with computers, visualizing information, and conducting crime analyses. On a scale from 0 to 4 the participants had
to select whether they had no, little, average, or much experience in the particular
domain (so the maximum score = 4).
Quality of the analysis The quality of the analyses was measured by scoring the
quality of the produced diagrams by three indicators as assessed by an expert (the
author):
1. The completeness of the diagram. The participants received 2 points for every
element of the list in subsection 8.3.4 that was present in their diagrams (maximum score = 32 as only the first eight elements in this list were counted (8
elements × 2 nodes (quotes and events) × 2 points)).
2. The number of correct links between these elements referred to as the structure
of the diagram. The participants received 1 point for every link in the correct
direction (maximum score = 15).
3. The soundness of the diagram. The soundness was measured by the following
criteria (maximum score = 20):
(a) the participants received 5 points if they correctly used arguments to attach
evidence to scenarios;
(b) they received 10 points if they correctly distinguished between explanatory
and indicative relations (5 points if they sometimes correctly used explanatory relations, but in other cases confused them with indicative relations);
(c) the participants received 5 points if they correctly expressed reasons of
doubt.
Subsequently, to obtain a global measure for quality the three indicators were
summed. This measure was controlled for the range of its constituents by dividing
the indicators by their maximum scores. This means that overall = (completeness/32)
+ (structure/15) + (soundness/20) and that the maximum score is 3. Note that the
assessment of diagrams was done blind, such that the expert did not know whether
the participant who produced the diagram was in the treatment or the control group.
Time taken for the analysis The time taken was measured by counting the number
of seconds that elapsed between the creation of the first node of the case and the last
action taken on the case before logout.

9

Understanding of the case The participants’ understanding of the case was measured by the number of correct answers on 16 true or false statements about the analyzed case which were asked after the participants completed their analysis. These
statements included eight statements on important facts and eight on smaller details
of the case (N = 15, because one participant failed to complete the questionnaire).
The participants received 1 point for every correct answer (maximum score = 8 for
the major and minor facts, and maximum score = 16 for the total understanding).
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Hypotheses As stated above, it is predicted that participants in the treatment
group (that used all abstraction and elaboration methods) will perform better on
their analysis of the sample case (they produce higher quality scenarios), that they
will produce them faster, and understand the case better than those that did not use
these methods. This means that for all measures H0 : µtreatment = µcontrol , while
HA : µtreatment > µcontrol for all measures except for the time taken. For the time
taken HA : µtreatment < µcontrol . T tests were conducted to evaluate these hypotheses
(alpha level .05). Note that all reported p values are thus based on one-sided testing.

9.3 Results
This section reports the results of the t tests that were performed to test the hypotheses. Additionally, Cohen’s d (Cohen, 1977) was calculated and will be reported as a
measure of effect size. Reporting this measure is not only important for results that
are statistically significant, but also for nonsignificant results (LeCroy and Krysik,
2007; Rosnow and Rosenthal, 1989; Thompson, 2002), as nonsignificant results may
still have practical importance. According to Rosenthal et al. (2000) a nonsignificant
p does not necessarily mean that there was no effect, while a significant p does not
necessarily mean that there was a large effect. In fact, an experiment may have a
sample that is not large enough to obtain statistically significant results. If in this
case a large effect size is found, this indicates the importance of replicating the study
with a larger sample, instead of stopping the investigation. Inferring that there is
no difference might mean a serious mistake, first additional experiments have to be
conducted to verify the effects found. Therefore, Rosenthal et al. recommend that
effect sizes are used in conjunction with significance levels; this is especially important
in studies with a small sample.
Pretest scores Pretest scores revealed that there were no significant preexisting differences between the groups (see Table 9.1). In the remainder of this chapter only
t-test scores will be reported, as controlling for the pretest scores is not necessary.
Table 9.1: Mean pretest scores of both groups

Measure

Treatment

Control

t(14)

p

Computer
Visualization
Crime analysis

2.38 (0.52)
2.00 (0.76)
2.13 (0.84)

2.25 (0.46)
2.00 (0.54)
2.00 (0.76)

0.51
0.00
0.31

.31
.50
.38

Note. Values in parentheses represent standard deviations.
Maximum score = 4.

Quality of the analysis The diagrams that were produced by the treatment group
were more complete, better structured, and sounder than the diagrams produced by
the control group (see Table 9.2). A t test showed that the difference in soundness was
significant (p = .04) and that this effect was large (d = 1.04). No other differences
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were statistically significant (p = .40 for completeness and p = .24 for structure),
although these differences were in the expected direction. In total, the diagrams of
the treatment group were better than the diagrams of the control group (M = 1.22
and M = 0.89, respectively on a scale from 0 to 3). This difference was not significant
(p = .07), but the found effect size was large (d = 0.80).
Table 9.2: Mean performance scores of both groups

Measure

Treatment

Control

t(14)

p

Cohen’s d

Completeness
Structure
Soundness

16.25 (5.90)
6.00 (2.83)
6.25 (5.83)

15.50 (5.63)
4.75 (3.88)
1.88 (2.59)

0.26
0.74
1.94

.40
.24
.04

0.13
0.37
1.04

Overall

1.22 (0.40)

0.89 (0.41)

1.60

.07

0.80

Note. Values in parentheses represent standard deviations. Maximum score = 32
for completeness, maximum score = 15 for structure, maximum score = 20
for soundness, and maximum score = 3 for overall.

Time taken for the analysis The participants in the control group (M = 3972
seconds with SD = 877) used more time than the participants in the treatment
group (M = 3286 seconds with SD = 725). This difference was not significant
t(14) = −1.71, p = .06, although the effect size was large d = 1.31.
Understanding of the case The participants in the treatment group performed better on the true or false statements than the control group (see Table 9.3). Furthermore,
in the treatment group 4 participants were able to answer all questions correctly, while
in the control group none of the participants was able to do so, showing that the treatment group developed a better understanding of the case during the analysis than
the control group. However, the differences were not statistically significant.
Table 9.3: Mean posttest scores of both groups

Measure

Treatment

Control

t(13)

p

Cohen’s d

Major topics
Minor topics

7.25 (0.89)
7.63 (0.74)

7.00 (0.58)
7.14 (1.07)

0.64
1.03

.27
.16

0.34
0.54

Total

14.88 (1.55)

14.14 (1.07)

1.05

.16

0.56

9

Note. Values in parentheses represent standard deviations. Maximum score = 8
for both major and minor, and maximum score = 16 for total.

9.3.1

Conclusion based on the results

All results found were in the expected direction in that the treatment group performed
better on all measures than the control group, but only the difference in soundness
was statistically significant at a 5% level. The differences in the overall quality of the
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produced diagram and the time taken to complete the task were not significant at the
5% level, although they showed a tendency in the expected direction (.05 < p < .10)
and showed a large effect size. These results show the importance of replicating this
experiment with a larger sample as discussed above.

9.4 Discussion
Although the results presented here were promising and in the predicted direction
(the treatment group outperformed the control group), most differences were not
significant. Two reasons for this may be identified. Due to time constraints the case
that had to be analyzed was rather small and simple. Arguably, when analyzing larger
cases, the differences between the conditions may be more apparent. Additionally,
the small number of participants in this experiment may have led to failure to detect
a significant effect. This is supported by the fact that for some measures which failed
to show significant results, still large differences and strong effect sizes were found.
These large effect sizes indicate the importance of replicating this experiment with a
larger number of participants (LeCroy and Krysik, 2007; Rosenthal et al., 2000). As
explained above, Rosenthal et al. argue that these nonsignificant effects may still have
practical importance and that it is premature to conclude that “nothing happened”
when a large effect size is found. So, instead of accepting the null hypothesis as true,
it is recommended to perform additional experiments to assess the reliability of the
effect sizes found.

9.5 Conclusion
In this chapter abstraction and elaboration techniques were presented that were intended to make it easier and more pleasant to work with graphical visualizations of
large cases. An experiment was described that showed that crime analysts who were
allowed to use elaboration and abstraction methods performed better with respect
to the soundness of their analyses than analysts who were provided with simpler abstraction methods. Additionally, large effect sizes were found for the overall quality of
the produced analyses and the time taken by the analysts. A replication of the experiment with a larger number of participants is needed to verify whether the proposed
techniques indeed allow analysts to effectively and efficiently analyze large cases.
If significant results are found in subsequent replications, they provide valuable
insights into the problem of how to visualize and handle large cases. If the overall
poorer performance of the control group that used a rather simple abstraction method
is confirmed, it is predicted that simpler features that are often used, such as zooming
and panning will produce even worse results, as these may be even more unsuitable to
handle large cases. Therefore, in that case it is suggested that argument diagramming
software that visualizes arguments as graphs should incorporate the methods proposed
in this chapter. If only simple methods are provided, the performance of the users
may be impeded substantially.
However, other solutions may also avoid the problems that are caused by using
graphical visualizations to represent cases. More specifically, representation formats
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that do not use boxes and arrows, such as matrices or texts, may be more effective than
graphs to represent and work with large and complex cases. For example, Ghoniem
et al. (2005) found that for small cases graphs are more suitable than matrices, while
for large cases matrices are more suitable than graphs. Also Becker et al. (1995) claim
that simple graphs are not very suitable for visualizing large data volumes (due to
what they call map-clutter). In the next chapter such alternative representations will
be proposed for AVERs and their effect on the users’ interpretation of the case will
be evaluated.

9
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10 Communicating scenarios
using AVERs
In the previous chapters it was described how AVERs can be used to create and
compare scenarios. However, as already touched upon in chapter 1, another important
aspect of the crime analysis process is the communication of the results of this process.
Therefore, AVERs should provide features that allow for the dissemination of the
created scenarios to other parties concerned. It should thus provide one or more
clear output formats that are unambiguous and easily understood by laymen. This
representation should allow the readers to identify the different scenarios in a case
and retrieve how well the events in the scenarios are supported by the evidence (cf.
requirement 3 on page 96).
In the previous chapter, several problems with graph representations were discussed. With respect to reading and retrieving information from graphs it was claimed
that large graphs, that are typically produced when analyzing complex cases, are
harder to read than smaller ones. Ghoniem et al. (2005) showed that for sufficiently
large cases, matrices are more suitable than graphs. More specifically, for small cases,
graphs are more readable and more familiar than matrices, but for larger cases the
readability of graphs deteriorates quickly, while matrices remain readable. However,
they also stress that for different tasks, different representations may be best suited.
For instance, node finding and link finding are easier in matrices, while path finding
is carried out more easily in graphs. Similar observations were made by Novick and
Hurley (2001). As already described in section 3.4, Suthers and Hundhausen (2001,
2002, 2003) conducted a (valid) experiment to test the effects of three representations
on collaborative learning. Although no significant differences were found in learning outcomes, this experiment showed that the representational guidance provided
by the different representations does influence the learning process. For example,
graph users represented fewer items than matrix and text users, while graph and matrix users revisited ideas more often than text users. Based on their findings, Suthers
and Hundhausen claim that each representation has its own strengths and weaknesses
and that for different cognitive tasks, different representations may be the best choice.
Therefore, their argument diagramming tool Belvedere (see chapter 3) includes three
representational views.
However, note that Suthers and Hundhausen tested the influence of the three
representations while students had to construct their own arguments, but as already
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explained in chapter 7, construction and interpretation are two substantially different
tasks. Therefore, it is surely possible that completely different results are obtained in
an experiment that tests the effects of different representations on interpretation. This
chapter describes such an experiment that investigates how well three representations,
implemented in AVERs, allow readers to retrieve and interpret certain information
from a case.
The remainder of this chapter is organized as follows. In the next section the different representations implemented in AVERs are described in more detail. Section 10.2
described the method of the conducted experiment, while section 10.3 describes its
results. Finally, section 10.4 provides a discussion of the obtained results.

10.1 Different representations in AVERs
Three representational views were implemented in an adapted version of AVERs (see
Noordzij, 2008), namely, the graph representation already explained in chapter 6, a
matrix representation, and a text representation.
Graph Examples of graph visualizations, which were already explained in chapters 5
and 6, are given in Figure 10.1, where Figure 10.1a represents the two scenarios in the
Rijkbloem case (cf. chapters 4 and 6) and Figure 10.1b the different types of support
and attack. In such graphs, the claims are represented as boxes, while arrows are
used to represent relations. Claims can have different colors: quotation nodes are
blue, green claims support other green nodes, while red claims attack green nodes.
Claims become events when they are connected to other claims through explanatory
relations. This means that the difference between a piece of evidence and an event
can be determined by the color of the node (blue nodes always represent evidence
in the form of quotes from documents) or by the type of relation that connects the
node to other nodes. In Figure 10.1a, the green node “Rijkbloem shoots father” is
an event because it is connected to another green node “Father is hit in the head”
through a yellow link. Alternatively, the green node “Support” in Figure 10.1b is
evidence as it is linked to an event through an indicative relation. Scenarios are
roughly displayed in a chronological order from left to right. The x-coordinate thus
indicates the chronological order of a scenario. The y-coordinate is a rough indication
of the different scenario lines. For example, in Figure 10.1a there are two scenario lines
that split at the event “Fight between father and Rijkbloem” and join at the event
“Father is hit in the head”. Finally, Figure 10.1b displays the two types of attack
that can be represented in AVERs: the leftmost red node represents a rebuttal, while
the rightmost red node represents an undercutter.
Matrix Two examples of a matrix are displayed in Figure 10.2, where Figure 10.2a
represents the Rijkbloem case. The matrix representation uses the same colors as the
graph representation to distinguish the different types of nodes and links. A relation
between two claims is displayed as a colored square on the intersection of the row and
column of the two claims it connects. For example, “Father dies” and “Police report”
are connected. The chronological order of the events is indicated by the y-coordinate,
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so “Fight between father and Rijkbloem” is the first event of a scenario which explains
the event that “Rijkbloem shoots father”. Different scenario lines are indicated by
the marks “A” and “B”, and by black lines. For instance, after the first event there
are two scenario lines; one starts with event A2 (“Rijkbloem shoots father”), while
the other starts with B2 (“Mother aims gun at Rijkbloem”). These scenario lines
join at event 5 (“Father is hit in the head”). The difference between evidence and an
event is indicated by the position in the matrix (see Figure 10.2b); the rows represent
events, while the columns represent supporting or attacking evidence in the form of
quotes (blue), supporting claims (green), and attacking claims (red). Figure 10.2b
displays how the green claim “Support” is not an event, but evidence that supports
event B2. This figure also shows how rebuttals and undercutters are represented
in this matrix visualization. Undercutters are marked by a red dot and are put at
the bottom of the left column, while rebuttals are put at the top of the matrix in
a separate column. So, the claim “Attack” at the bottom left corner undercuts the
relation between “Support” and event B2, while the claim “Attack” at the top right
corner rebuts event A2.
Text Figure 10.3 shows two examples of text representations. Such text representations are rendered as indented lists and use the same colors and objects to indicate
claims as the graph and matrix representations. Events are marked by a number,
while the evidence can be identified by their indentation. Events can be linked to
claims (or quotes) by placing the claims underneath the events. For example, the
claim “Support” in Figure 10.3b supports event B2 and is placed underneath it. For
readability purposes, these supporting or attacking claims are indented. The chronological order of the events and the scenario lines are represented in the same way as
in the matrix. So in Figure 10.3a, the first event in the scenario is “Fight between
father and Rijkbloem” that explains two other events “Rijkbloem shoots father” (A2)
and “Mother aims gun at Rijkbloem” (B2). There are thus two scenario lines that
join at event 5. The type of the relation (support or attack) is indicated before the
claim, as displayed in Figure 10.3b. This figure shows that supporting quotes are
indicated by quote, supporting claims by because, and attack by but. Finally, this
figure also shows how rebuttals and undercutters can be distinguished. The first red
claim rebuts event A2, while the second red claim (marked with a red dot) undercuts
the support relation between claim “Support” and event B2.

10.2 Method
The aim of the experiment is to test which of the representation types best supports
the reader of the case in retrieving information from the representation. As already
specified in section 6.1, reading scenarios involves two tasks: the reader should be
able to identify the different scenario lines in a case (cf. requirement 3(a)i) and should
be able to retrieve how well a certain scenario is supported by the evidence or how
severely it is attacked by the evidence (requirement 3(a)ii). This second task involves
several subtasks: the reader should be able to retrieve how well events are supported or
attacked by the evidence and, the other way around, should be able to retrieve which

10

173

10.2

COMMUNICATING SCENARIOS USING AVERS

Witness testimony
Nicole and mother

Rijkbloem
shoots father
Fight between
father and Rijkbloem

Mother aims gun
at Rijkbloem

Father is hit
in the head
Rijkbloem tries to
push gun away

Gun accidentally
goes off

Police report

Witness testimony
Rijkbloem

(a) the Rijkbloem case
Support
Attack
Event
Quote

Event

Event
Event

Attack

(b) support and attack

Figure 10.1: Graph representations in AVERs.

(a) the Rijkbloem case

Figure 10.2: Matrix representations in AVERs.
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(b) support and attack

Figure 10.2: Matrix representations in AVERs (continued).

(a) the Rijkbloem case

10
(b) support and attack

Figure 10.3: Text representations in AVERs.
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events are supported or attacked by a certain piece of evidence (necessary to discover
diagnostic evidence). Finally, and also related to these tasks, the reader should be
able to identify all events without evidence (i.e., unsupported events). In this way
the reader is able to make his own comparison of the different scenarios in a case and
evaluate the results of the analysis. With respect to the task of retrieving how well
events are supported by the evidence it is important to note that a certain piece of
evidence can both directly or indirectly support or attack an event (see Figure 10.4).
This means that in total there are five (sub)tasks:
1. Identify the different scenario lines in a case
2. Retrieve how well a certain event is directly supported or attacked by the evidence
3. Retrieve how well a certain event is indirectly supported or attacked by the
evidence
4. Retrieve which events are supported or attacked by a certain piece of evidence
(either directly or indirectly)
5. Identify all events without evidence

Event

Event

Claim

Quote

Quote

(a) direct

(b) indirect

Figure 10.4: Direct and indirect support in AVERs.

In order to test which representation supports the reader best in retrieving this
information from a visualization of a case, an experiment was conducted by Noordzij
(2008) that is described here. Because it is surely possible that the effectiveness
of a certain representation is affected by the complexity of the case, as shown by
Ghoniem et al. (2005), in this experiment the influence of the complexity of the case
was taken into account. Since AVERs deals with both evidence and scenarios and the
representations outlined above differ in the way in which evidence and scenarios are
displayed, two types of complexity were defined, namely, scenario complexity (SC) and
evidence complexity (EC). Note that in this experiment only high and low complexity
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were considered, that is, none of the cases had a “medium” complexity, so that there
were only four possible combinations of complexity.
Scenario complexity The complexity of the scenarios in a case has to do with the
number of scenario lines. A case is said to have a high scenario complexity when there
are more than two scenario lines, a case containing two or less than two scenario lines
is said to have a low scenario complexity. Examples of two cases both consisting of ten
events are displayed in Figure 10.5. The case in Figure 10.5a is simple with respect
to the complexity of the scenarios, because there are only two scenario lines, while
the case in Figure 10.5b is complex, because there are more than two scenario lines.
Evidence complexity The evidence complexity of a case is defined by the number
of events that are supported by the pieces of evidence in it. A case is considered
to have high evidence complexity when one piece of evidence supports or attacks
several events, while in a case with low evidence complexity this does not occur. An
example of a simple case and a complex case with respect to the complexity of the
supporting evidence is displayed in Figure 10.6. Figure 10.6a is simple because all
quotes support only one event in the scenario, while Figure 10.6b is complex because
the quotes support multiple events.
The participants were asked to retrieve information from visualizations of different
cases. Each participant was shown one of the three representations (text, matrix,
or graph) and performed the five tasks on four cases with different combinations of
scenario complexity and evidence complexity. The effectiveness of the representations
was measured by measuring the correctness of the answers given and the time taken
to find the requested information.

10.2.1

Participants

Thirty-seven law students participated in this experiment; 13 of them used the graph
representation, 12 used the matrix representation, and 12 used the text representation.
Each student was randomly assigned to one of the three conditions. To help to account
for biases between groups, the participants’ age, educational level, computer skills,
and experience in visualizing information were assessed by means of a questionnaire.

10.2.2

Materials and procedure

All students participated individually in a 1.5-hour session. All sessions were held
in the same room and using the same computer. They were seated in front of a
computer and received a paper handout that consisted of a pretest questionnaire,
a written introduction, and a manual that explained the visualization that had to
be used. The pretest consisted of 13 questions about their age, educational level,
affinity with computers, and affinity with visualizing information. This test was
used to determine the population characteristics and to reveal preexisting differences
between the groups. After the participants had finished this questionnaire, they were
asked to read the written introduction that explained the goals of the experiment and
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Event
Event

Event

Event

Event
Event

Event

Event

Event

Event

Event

Event

Event
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(a) low scenario complexity

Event
Event
Event

Event
Event

Event

(b) high scenario complexity

Figure 10.5: Scenario complexity in AVERs.
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Event
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(a) low evidence complexity

Event

Event

Event

Quote

Quote
(b) high evidence complexity

Figure 10.6: Evidence complexity in AVERs.
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the tasks of the participants. Subsequently, they were asked to read the explanation
of the visualization, which taught them how to use and read it. This explanation was
printed on paper to allow the participants to refer back to it during the experiment.
When the participants finished reading this explanation, they were asked to turn to
the computer to answer five multiple choice questions that tested the participants’ understanding of the more complex and important parts of the explanation. After they
had provided their answers, the computer marked the answers that were incorrect and
showed the correct answer including an explanation. In this way it was assured that
all participants understood the visualizations and knew how to retrieve the requested
information from them, and as a result this experiment truly tested the participants’
understanding of the case and not their understanding of the representations.
Subsequently, the actual experiment started. The participants were shown a screen
with a web-based question form. This form contained a representation of one of the
cases, a question, and an input field for the answer. After the participants had finished
answering a question, they had to click next. They were given forty questions in a
random order. Each question referred to a specific case; there were four cases with
ten questions each. Each question required the participants to either mark specific
nodes by clicking on them, to answer yes or no, or to count nodes and enter the result.
Note that the computer showed an adapted version of AVERs as the participants only
had to use it to read cases and did not have to create them. The participants were
informed that they could ask for help if any part of the procedure was unclear.
Task and questions The participants were presented with four visualizations of
four different cases. In these visualizations, three simplifications were made: the
visualizations did not contain schemes nor scheme nodes and the participants were
not able to show or hide certain nodes or links. Finally, and most importantly, the
graph visualizations did not contain the visual clues pointed out in chapter 6 that
make the users of AVERs aware of unsupported events. The four cases differed in
evidence and scenario complexity but contained a nearly equal number of nodes and
relations. Table 10.1 summarizes the variations in complexity used in the cases.
Summaries of all cases can be found in Appendix B.
Table 10.1: The different combinations of complexity used in the four sample cases

Case
1
2
3
4

Scenario complexity

Evidence complexity

High
Low
High
Low

High
High
Low
Low

10

For each of the four cases, two questions were asked for each of the five subtasks.
This means that there were ten questions per case (2 questions × 5 subtasks) and
eight questions per subtask (2 questions × 4 cases). In total 40 questions were asked.
These questions were of four types:
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1. Select a given number of nodes (e.g., “Mark two claims that support the event
E1”; six questions)
2. Select a (unspecified) number of nodes (e.g., “Mark all events that are supported
by evidence”; 12 questions)
3. Input an answer (e.g., “How many events are supported by the evidence E2?”;
11 questions)
4. Answer a yes/no question (e.g., “Is the event E1 supported by the evidence
E2?”; 11 questions)

10.2.3

Data analysis and dependent measures

In this experiment the effectiveness of the three representations was compared. Following Ghoniem et al. (2005) the effectiveness of a representation is defined as the
ease with which the user is able to find the information he is looking for. The more
readable the representation, the faster the task is executed and the fewer mistakes are
made. Hence, if the user answers the question of a task correctly and quickly using
a certain representation, that representation is well suited for the task at hand. As
already touched upon above, data was captured by scoring the pretest questionnaire,
by counting the number of correct answers on the questions in the actual test, and
by measuring the time taken to answer all questions of this test. Below, the different
measures will be described in more detail
Pretest Preexisting differences between the three groups were measured by different
questions on the participants’ experience in using visual representations (five statements) and using computers (six statements). They were asked to rate different
statements on their experience in the particular domain on a 5-point scale (from fully
agree to fully disagree). In the second part of the pretest, the time the participants
took to study the explanation manual was measured. Additionally, the number of
correct answers on the five questions was counted.
Correctness of the answers One way to measure the effectiveness of the representations is to assess the correctness of the given answers. The score per question is
the number of correct answers on the question, so the score on question 1 is scoreq1
= number of correct answers on q1. As explained above, questions of four types were
asked, for some of these questions there was only one correct answer (the questions of
the third and fourth type), while on other types more correct answers could be given
(the other two types). This means that the score per question varies depending on
the possible number of correct answers.
Since multiple questions were asked for each subtask and these questions differed
in the number of correct answers, the scores were weighed to obtain a score per
subtask. This means that all correct answers on the questions regarding a certain
subtask were summed and divided by the (summed) maximum number of correct
answers of all these questions (so, scoret = number of correct answers / maximum
number of correct answers). For example, the score on subtask 1 depends on the
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scores on eight questions of the questionnaire (questions 1, 2, 11, 12, 21, 22, 31, and
32). The maximum number of correct answers on all these questions was 27. This
means that scoret1 = (scoreq1 + scoreq2 + scoreq11 + scoreq12 + scoreq21 + scoreq22
+ scoreq31 + scoreq32 )/27. This score lies between 0 and 1.
Note that for the questions that required the participants to mark an unspecified
number of nodes (question type 2), the number of incorrect answers was subtracted
from the number of correct answers, because otherwise participants were able to
obtain a maximum score simply by selecting all nodes. However, if the total number
of errors was larger than the number of correct answers the score was corrected to 0
(such that the score could not become lower than zero).
The overall score of each participant was calculated by summing all scores on the
subtasks and dividing the result by five, such that the maximum score was 1. So,
scoreoverall = (scoret1 + scoret2 + scoret3 + scoret4 + scoret5 )/5.
Time taken for the questions A second way to determine the effectiveness of a
representation is by measuring the time taken to answer the questions. The time it
took the participants to answer each question was measured in seconds.
Design In the experiment, a mixed-model design was used to test the effect of the
representation type (between subjects) and the two levels of evidence complexity and
the two levels of scenario complexity (both within subjects). Additionally, the time
taken to read the explanation manual was taken as a covariate. So, the complete
design can be specified as follows:
Dependent variable: Score (quantitative)
Between-subjects factor: Representation (graph, matrix, text)
Within-subjects factor 1: Scenario complexity (low, high)
Within-subjects factor 2: Evidence complexity (low, high)
Covariate: Time taken on the manual (quantitative)
A GLM repeated measures analysis was performed to test whether there were
significant differences between the groups. If the F score indicated a significant difference between the groups, a post hoc t test with Bonferroni adjustment was used
to test which of the means differed significantly from the others. For all these tests
an alpha level of .05 was used.
Hypotheses For each of the five subtasks a hypothesis was formulated (summarized
in Table 10.2):
Subtask 1: Identify the different scenario lines in a case
In the matrix and text representations, different scenario lines have to be inferred
based on the order of the claims and the markers “A” and “B”. It is expected that
the users of these two representations perform worse on this task than the users of
the graph representation, in which it is easier to distinguish different scenario lines.
Subtask 2: Retrieve how well a certain event is directly supported by the
evidence
It is expected that users of the graph representation will perform worse on this task
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than the users of the matrix or the text representations, especially when the complexity of the evidence or scenarios becomes higher, since this will have an impact on the
drawing of the graph, but not on the drawing of the matrix or the text.
Subtask 3: Retrieve how well a certain event is indirectly supported by
the evidence
Finding indirect support requires far more lookup actions using the matrix representation than the graph or text, so the participants who use a matrix are expected to
perform worst on this task.
Subtask 4: Retrieve which events are supported by a certain piece of evidence
Text users are expected to perform worse on this task than the users of other representations, since all claims are in a vertical list surrounded by events. Finding a
specific piece of evidence requires the participant to inspect all claims one by one.
Furthermore, if one evidential claim supports multiple events, the claim will be listed
once for each event and it is thus easy to overlook one or more events that are supported by the particular piece of evidence.
Subtask 5: Identify all events without evidence
It is predicted that the graph users will perform worse on this task than users of
either matrix or text representations, because in the text and matrix representations
the absence of supporting evidence is made more clear (marked by an empty space).
Table 10.2: Summary of the hypotheses

Subtask
1
2
3
4
5

Hypothesis
(µmatrix ≈ µtext )
µgraph
µmatrix
µtext
µgraph

<
<
<
<
<

µgraph
(µmatrix ≈ µtext )
(µgraph ≈ µtext )
(µgraph ≈ µmatrix )
(µmatrix ≈ µtext )

10.3 Results
In this section the results of the GLM repeated measures analysis will be reported.
Pretest scores No significant differences between the groups were found with respect
to age (F (2, 34) = 0.76, p = .48), educational level (F (2, 34) = 0.78, p = .53), selfreported affinity with computers (F (2, 34) = 0.34, p = .72), and self-reported affinity
with visualizing information (F (2, 34) = 0.24, p = .79). Therefore, controlling for
these scores is not necessary.
Time taken for the questions No significant differences between the groups were
found with respect to the time taken to answer the questions. There results are
therefore not included below.
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Correctness of the answers Table 10.3 shows the mean scores of the different groups.
This table shows that on the whole there were no significant differences between the
conditions (F (2, 30) = 1.02, p = .37 for overall ) and that only the differences for subtask 4 and 5 were significant. On the task that required the participants to retrieve
the events that are supported by a certain piece of evidence, the participants who used
the matrix representation performed better (M = 0.63) than the other participants
who used a graph or text representation (M = 0.42 and M = 0.46, respectively). A
post hoc comparison of these results showed that the mean score of the text users was
indeed significantly lower than the mean score of the matrix users (p < .10), while
the mean score of the graph users was also significantly lower (p < .05), but that
there was no significant difference between the mean scores of the text and graph
users (p = .62). These results do not completely correspond to the predictions, as
it was predicted that both the matrix and graph would outperform the text users
(µtext < (µgraph ≈ µmatrix )). On the task that involved the identification of unsupported events the graph users performed worse (M = 0.37) than the matrix and
text users (M = 0.65 and M = 0.64, respectively). A post hoc comparison of these
means showed that the mean score of the group that used the graph was significantly
lower than the score of the matrix group (p < .05) and also lower than the text group
(p < .10), while there was no difference between the matrix and text users (p = 1.00).
These results are thus in the predicted direction (as µgraph < (µmatrix ≈ µtext )).
Table 10.3: Mean performance scores of the three groups

Type

Graph

Matrix

Text

F(2, 32)

p

Overall

0.50 (0.05)

0.59 (0.05)

0.60 (0.05)

1.02*

.37

0.66 (0.06)
0.56 (0.06)
0.62 (0.06)
0.42 (0.06)
0.37 (0.08)

0.56 (0.06)
0.51 (0.06)
0.46 (0.06)
0.63 (0.06)
0.65 (0.07)

0.56
0.58
0.52
0.46
0.64

1.07
0.35
2.04
3.56
4.29*

.35
.71
.15
.04
.02

Subtask
Subtask
Subtask
Subtask
Subtask

1
2
3
4
5

(0.06)
(0.06)
(0.06)
(0.06)
(0.08)

Note. Values in parentheses represent standard deviations. Maximum score = 1.
* F (2, 30).

On a more detailed level, Table 10.4 presents an overview of the observed effects
of the independent variables representation type (RT), evidence complexity (EC),
and scenario complexity (SC) as well as the interactions between them (significant
main effects and interaction effects are marked by pluses). A plus in the top half
of this table means that a significant effect was found (on a 5% level) for one of
the three factors (representation type, evidence complexity, or scenario complexity)
either overall or on one or more subtasks. A plus in the bottom half means that a
significant interaction was found between two or three of the factors, where EC*RT ,
for instance, means the interaction between evidence complexity and representation
type. This table shows that overall there was a significant effect of the complexity of
the evidence on the performance of the participants (F (1, 30) = 8.12, p < .01). More
specifically, overall the participants scored better on questions about cases that were
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Table 10.4: Overview of the significant effects

Main effects
Subtask
Source of effect
Representation type
Evidence complexity
Scenario complexity

Overall

1

+

2

3

4

5

+

+

+

Interaction effects
Subtask
Source of effect
EC*RT
SC*RT
EC*SC
EC*SC*RT

Overall

1

2

+
+

+

3

4

5

+
+

+

+

Note. Pluses represent significant effects on a .05 level.
RT = representation type, SC = scenario complexity, and
EC = evidence complexity.

simple with respect to the complexity of the evidence (M = 0.60) than on cases that
were more complex (M = 0.52). Note that no such effect was found for the complexity
of the scenarios (F (1, 30) = 0.43, p = 0.52). Table 10.4 also shows that there were
various interaction effects for the different subtasks. Below, for every subtask the
most specific interaction will be described in more detail.
Subtask 1 To perform this subtask, the participants had to be able to discover the
different scenario lines in a case. Two significant interactions were found for this task
(cf. Table 10.4) : one between scenario complexity and representation type (F (2, 32) =
3.60, p = .04, plotted in Figure 10.7c) and one between evidence complexity and
representation type (F (2, 32) = 3.40, p < .05, Figure 10.7d). With respect to the
complexity of the scenarios in a case, the following effects were found (cf. Figure 10.7c):
1. The complexity of the scenarios in a case did not have an effect on the performance of the graph users.
2. The complexity of the scenarios had an effect on the performance of the matrix
users (M = 0.33 for complex scenarios and M = 0.80 for simple scenarios).
3. Similarly, the text users performed better on cases with simple scenarios (M =
0.67) than on cases with complex scenarios (M = 0.47).
Additionally, Figure 10.7c shows that for complex scenarios the graph users outperformed the matrix and text users (the black line), while Figure 10.7d shows that
they also outperformed the other groups when the complexity of the evidence was low
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Type

SC

M

SD

Graph

Low
High

0.69
0.64

0.08
0.08

Matrix

Low
High

0.80
0.33

0.08
0.08

Text

Low
High

0.67
0.46

0.08
0.08

(a) mean scores scenario complexity

Type

EC

M

SD

Graph

Low
High

0.74
0.59

0.07
0.06

Matrix

Low
High

0.53
0.60

0.07
0.06

Text

Low
High

0.52
0.60

0.08
0.06

(b) mean scores evidence complexity

(c) scenario complexity

(d) evidence complexity

Figure 10.7: Subtask 1: interaction between scenario complexity and representation type
and between evidence complexity and representation type.

(the gray line). This means that for this task the graph representation is probably
the most effective visualization.
Subtask 2 The questions on this subtask asked the participants to look for evidence
that directly supports a specific event. For this subtask a significant three-way interaction was found between the type of the representation, scenario complexity, and
evidence complexity (F (2, 32) = 6.05, p < .01, cf. Table 10.4), which is plotted in Figures 10.8b and 10.8c. These figures show that the scores of the groups were affected
differently:
1. The graph users performed better on cases with simple evidence (M = 0.82)
than on cases with complex evidence (M = 0.40), but only when the complexity
of the scenarios was low. This means that no such difference was found on cases
in which the scenarios were complex.
2. The matrix users performed equally well on all cases regardless of their complexity (M between 0.45 and 0.58).

10

3. The text users performed better on cases that were simple with respect to the
evidence (M = 0.72) than on cases with complex evidential structures (M =
0.32), but only when the scenarios were complex.
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Type

SC

EC

M

SD

Graph

Low

Low
High
Low
High

0.82
0.40
0.55
0.49

0.07
0.10
0.07
0.08

Low
High
Low
High

0.48
0.58
0.53
0.45

0.08
0.11
0.07
0.08

Low
High
Low
High

0.69
0.58
0.72
0.32

0.08
0.11
0.07
0.09

High
Matrix

Low
High

Text

Low
High

(b) low scenario complexity

(a) mean scores
(c) high scenario complexity

Figure 10.8: Subtask 2: interaction between scenario complexity, evidence complexity and
representation type.

This means that, on the one hand, on cases with simple scenarios, the graph users
performed better than the other groups if the complexity of the evidence was low (cf.
the gray line in Figure 10.8b), but worse when the complexity of the evidence was
high (the black line in Figure 10.8b). On the other hand, when the scenarios were
complex, the text users performed better than the others when the complexity of the
evidence was low (the gray line in Figure 10.8c), but worse when the complexity of
the evidence was high (the black line in Figure 10.8c). Therefore, the matrix is, in
general, the best visualization for this task as the performance of these users is least
affected by the complexity of the case.
Subtask 3 The questions regarding this subtask were similar to the questions on the
second subtask, but instead of asking the users to look for directly connected evidence,
they asked the participants to find evidence that was indirectly connected to a specific
event. Table 10.4 shows that there was a significant interaction between all three
independent variables (F (2, 32) = 5.83, p < .01) which is plotted in Figures 10.9b
and 10.9c). Also here the performance of the different groups was affected by the
complexities in different ways:
1. The complexity of the evidence and scenarios in a case did not have an effect
on the performance of the graph users (M between 0.57 and 0.65).
2. The matrix users performed better on the cases with low scenario complexity
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Type

EC

SC

M

SD

Graph

Low

Low
High
Low
High

0.65
0.57
0.64
0.63

0.10
0.10
0.11
0.08

Low
High
Low
High

0.37
0.67
0.58
0.21

0.10
0.10
0.11
0.09

Low
High
Low
High

0.60
0.47
0.70
0.31

0.11
0.10
0.11
0.09

High
Matrix

Low
High

Text

Low
High

(b) low evidence complexity

(a) mean scores
(c) high evidence complexity

Figure 10.9: Subtask 3: interaction between scenario complexity, evidence complexity and
representation type.

(M = 0.58) than on cases with high scenario complexity (M = 0.21), when the
complexity of the evidence was high. However, these participants performed
better on cases that were complex with respect to the scenarios (M = 0.67)
than on cases with a simpler scenarios (M = 0.37), when the complexity of the
evidence was low.
3. When the complexity of the evidence was high, the text users performed better
on cases with simple scenarios (M = 0.70) than on cases with more complex
scenarios (M = 0.31).
So, when cases were complex with respect to both the evidence and the scenarios in it, the text and matrix users performed worse than the graph users (cf. the
black line in Figure 10.9c), but when both complexities were low the graph and text
users outperformed the matrix users (the gray line in Figure 10.9b). Therefore, the
graph representation is regarded as the most effective for this task, also because the
performance of these users was least affected by the complexity of the case.

10

Subtask 4 This task asked the participant to retrieve the events that were connected
to a specific piece of evidence. Note how this is similar to subtasks 2 and 3, but
required the participants to work the other way around (from evidence to events
instead of from events to evidence). A significant interaction was found between
scenario complexity and representation type (F (2, 32) = 4.89, p = .01, cf. Table 10.4).
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Type

SC

M

SD

Graph

Low
High

0.26
0.57

0.07
0.07

Matrix

Low
High

0.67
0.59

0.08
0.07

Text

Low
High

0.37
0.55

0.08
0.08

(a) mean scores

(b) interaction plot

Figure 10.10: Subtask 4: interaction between scenario complexity and representation type.

This interaction is plotted in Figure 10.10b, which shows that:
1. The graph users performed better on the cases with high scenario complexity
(M = 0.57) than on cases with low scenario complexity (M = 0.26).
2. The complexity of the scenarios in a case did not have an effect on the performance of the matrix users (M = 0.59 for complex scenarios and M = 0.67 for
simple scenarios).
3. When the complexity of the scenarios was high, the text users performed better
(M = 0.55) than on cases with simple scenarios (M = 0.37).
Note that the graph and text groups thus performed better on cases with many
scenario lines than on cases with only two scenarios (the black line lies higher than the
gray line in Figure 10.10b). Additionally, this figure shows that the observed effect
of representation type (discussed earlier) only applies to cases that contain simple
scenarios (cf. the gray line). So, for cases with fewer scenario lines the matrix users
performed better than the graph and text users, but this difference could not be found
in cases with more complex scenarios. Still, for this subtask the matrix is the most
suitable representation.
Subtask 5 The questions of the fifth type required the participants to find all unsupported events. Table 10.4 shows that there was a significant interaction between
all three independent variables (F (2, 30) = 7.35, p < .01), which is displayed in Figures 10.11b and 10.11c. These figures show that the scores of the groups were affected
by the complexity of the scenarios:
1. The graph users performed better on cases with simple evidence (M = 0.51)
than on cases with complex evidence (M = 0.24), but only when the complexity
of the scenarios was high.
2. The matrix users performed better on cases that were simple with respect to the
evidence (M = 0.77) than on cases with complex evidential structures (M =
0.48), but only when the scenarios were simple.
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Type

SC

EC

M

SD

Graph

Low

Low
High
Low
High

0.28
0.47
0.51
0.24

0.12
0.10
0.12
0.10

Low
High
Low
High

0.77
0.48
0.60
0.77

0.11
0.09
0.11
0.10

Low
High
Low
High

0.78
0.61
0.58
0.60

0.11
0.10
0.12
0.10

High
Matrix

Low
High

Text

Low
High

(b) low scenario complexity

(a) mean scores
(c) high scenario complexity

Figure 10.11: Subtask 5: interaction between scenario complexity, evidence complexity and
representation type.

3. When the complexity of the scenarios was low, the text users performed better
on cases with simple evidence (M = 0.78) than on cases with more complex
evidence (M = 0.61).
Additionally, both figures show that generally, the graph users scored lower than
the matrix and text users. More specifically, the graph users were outperformed by
the others when the complexity of both the scenarios and evidence was low (the gray
line in Figure 10.11b). They also performed worse when both complexities were high
(the black line in Figure 10.11c). This means that when performing this task, a matrix
or text representation should be used to obtain the best results.

10.3.1

Recommendations based on the results

In sum, for the task that requires the reader of the case to identify the different
scenario lines (task 1), the graph is the most effective representation. This partly corresponds to the predictions that matrix and text users would be outperformed by the
graph users (cf. Table 10.2). Also for the task that asks the reader to retrieve how well
an event is indirectly supported by the evidence (task 3), the graph is most effective,
but if a reader has to retrieve how well an event is directly supported by the evidence
(task 2), the matrix is the better option. Similarly, the matrix is most effective for
finding the events that are supported by a certain piece of evidence (task 4). Finally,
both the text and the matrix are more effective representations to discover unsup-
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ported events (task 5) than the graph. These results are summarized in Table 10.5.
These recommendations all partly correspond to the hypotheses in Table 10.2. Note
that all recommendations are relative, that is, of the three implemented representations the recommended one is the most effective, and that it is surely possible that
another representation, that was not considered here, is even better suited to the task.
Table 10.5: Recommended representation per subtask for all cases

Task
Subtask
Subtask
Subtask
Subtask
Subtask

1
2
3
4
5

G
M
G
M
M

T

Note. G = graph, M = matrix, and T = text.

Table 10.6: Recommended representation per subtask for complex cases

Task
Subtask
Subtask
Subtask
Subtask
Subtask

1
2
3
4
5

G
G
G
G

M
M
M

T
T

Note. G = graph, M = matrix, and T = text.

Given the fact that it is likely that AVERs will be used to analyze and communicate complex cases, more specifically, cases that are complex on both dimensions,
Table 10.6 is of particular interest to the current project. This table shows which of
the groups performed best on each of the subtasks on the case in which both complexities were high (case 1). So, for example, the graph users performed best on subtask
1 and therefore the graph is recommended for this task when reading complex cases.
If two representations are given, such as for the second task, the users of those two
representations scored better than the third group, while the results of these two did
not significantly differ from each other. These results partly correspond to the recommendations give in Table 10.5, but there are some differences. The graph users had
the highest scores on all question types except for subtask 5. Therefore, for reading
complex cases the graph representation is recommended. However, for finding unsupported events, the matrix and text representations are better suited. Since overall
no significant differences were found between the three representations and since the
scores that are compared in this table are based on the average scores on only two
questions, this conclusion should be verified by further research.
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Conclusion based on the results

The results presented above show that none of the representations was overall better
than the others. After all, for the overall score (based on all 40 questions) no significant
differences were found between the conditions. Furthermore, no interaction between
representation type and case complexity was found, indicating that no representation
was overall better or worse at handling complex or simple cases than the others.
However, the results do indicate that, depending on the subtask that the user wants
to perform, different representations should be used (see Tables 10.3 and 10.5). So,
different representations are suited to different tasks. Moreover, the effectiveness of
the representation in performing a certain subtask is influenced by the complexity of
the case. Of particular importance to the current project is the finding that when a
case is complex (it contains multiple scenario lines and the evidence in it supports
multiple events) the graph representation yields the best results on four of the five
subtasks.
Given the results found in this experiment, the following recommendation can
be made: to effectively communicate the analytical results, all three representations
should be offered to the reader, while this reader should be able to switch freely between these representations, depending on the task at hand. This recommendation is
supported by the research of Ainsworth (2006), who stresses that working with multiple representations has various benefits in regard to learning and interpretation. If
a choice for a certain representation has to be made, the graph is recommended. This
representation is well suited for all of the subtasks except for finding unsupported
events. However, in chapter 6 it was already explained how the graph representation
can be extended to support this task in an appropriate way (note that in the experiment presented here a simpler graph representation was tested, that did not contain
the visual clues described in that chapter).

10.4 Discussion
Five remarks have to be made regarding the design of the experiment. First of all,
the experimental design consisted of one between-subjects variable and two withinsubjects variables, which resulted in many interactions but made the results hard to
interpret. Therefore, to simplify the design in future experiments only complex cases
should be taken into account, which closest resemble the cases that will be analyzed
using AVERs.
With respect to the complexity of the cases used in this experiment, a second
remark has to be made. It was chosen to vary both the complexity of the evidence
and the complexity of the scenarios, while the number of nodes and relations in all
four cases was kept as equal as possible. However, an important indicator for the
complexity of a case is the size of the case. Therefore, it is recommended to replicate
the experiment with cases of different sizes and compare which of the representations
is more suitable for small cases and which one for large cases.
Thirdly, the participants were not asked to work in a steady pace. However, it is
likely that when actually using AVERs it is important that the readers can extract the
requested information both correctly and quickly. The time taken to perform each task
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was measured in this experiment, but no significant differences were found between
the groups. These results were therefore left out of the results. It is recommended
to perform a follow-up experiment that specifically compares the speed with which
certain tasks can be performed using the three representations. In this experiments
the participants should be specifically asked to work as fast as possible without making
mistakes.
Fourthly, since in this experiment only law students participated, it is advised to
replicate the experiment with professionals from the field (crime investigators, team
leaders) who actually have to read and interpret the products of crime analysts and
who have more experience. This research has to show whether the conclusions drawn
based on this experiment remain valid for this population.
Finally, the experiment described in this chapter only made a relative comparison
of the three representations and how well a case can be interpreted using these formats.
It did not test whether these representations are really suitable for communicating
analytical results and presenting alternative scenarios in criminal cases to others.
Moreover, a plain text representation that represents the scenario as a true narrative
was not considered here, although it might be argued that such a representation is
more natural to professionals in the field as this is a representation they often use.
Therefore, future research will have to show whether graphical representations are
really suitable for representing criminal cases.

10.5 Conclusion
This chapter described how two representations, other than the graph representation,
were integrated in AVERs. Subsequently, an experiment was described that tested
how well these three representations facilitate the communication of analytical results. In this experiment, five different interpretation tasks were considered that are
important in the crime analysis process. This experiment showed that overall none of
the representations was more effective than the others, but significant differences were
found on two of the five subtasks. More specifically, to retrieve the events that are
supported by a certain piece of evidence, the matrix representation is more effective
than the other two representations, while to identify all unsupported events both the
text and matrix are most effective. Based on the various interaction effects that were
found between representation type, scenario complexity, and evidence complexity, for
every task a recommendation was made for the most suitable representation. The
graph representation should be used to identify different scenario lines and to retrieve
how well a certain event is indirectly supported by the evidence. The matrix should
be used to retrieve how well a certain event is directly supported by the evidence, and
to perform the two other subtasks above. This means that in concurrence with the
observations made by Ghoniem et al. (2005) and Novick and Hurley (2001) graphs
are more suitable for path finding and matrices for node finding. The results obtained
in this study thus show that for different tasks, different representations are effective.
As a solution to the problem of handling and interpreting large graphs, matrix
representations are often proposed. The results presented here show that matrices
are indeed effective alternatives but not for all tasks. It is therefore suggested that
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AVERs should offer different representations to its users. Depending on the task they
want to perform or the information they want the retrieve, they can choose the most
suitable representation. As already explained in subsection 3.2.1 many argument
diagramming tools already provide multiple representations to their users. Given the
results presented in this chapter this is good practice and it is recommended that the
tools that do not yet include multiple representations implement them to enhance the
interpretation of the constructed arguments.
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Conclusion

As stated in the introductory chapter, the research objective of this thesis has been to
develop rationally well-founded and natural sensemaking software for crime analysis
that is pleasant to use, useful, and improves the crime analysis process. In fulfilling
this aim, a prototype has been developed based on an argumentative-narrative reasoning model that combines scenario and argument construction. In a nutshell, the
proposed AVERs prototype satisfies the research aim, since it allows crime analysts
to visualize their thinking in a case in terms of scenarios and to connect these scenarios to the evidence through arguments, while it is based on a natural and rationally
well-founded reasoning model. Moreover, empirical studies showed that it is useful to
crime analysts, while also with respect to the usability satisfactory empirical results
were obtained. Further, AVERs significantly improves the soundness of the analysts’
analysis of the case by providing abstraction and elaboration techniques that allow
them to effectively handle large cases, while multiple representation formats allow
them effectively communicate their results to the investigators working on the case.
The next section discusses the results of this thesis in the light of the research aim
stated in the first chapter of this thesis and answers the research questions. Subsequently, section 11.2 describes the contribution that this work makes to different fields
in AI research. Section 11.3 explores other application domains in which this research
may be useful, while section 11.4 suggests possible directions for future research.

11.1 Answers to the research questions
The research in this thesis has covered five aspects: concrete system requirements
have been formulated, a model of the reasoning involved in crime analysis has been
defined in combination with a software design that satisfies these requirements, and
this design has been implemented and evaluated.
Requirements The tasks analysis that was performed in chapter 2 showed that
crime analysis typically involves two phases (Pirolli and Card, 2005): in the first
phase the vast amount of evidence available in a case is managed and structured into
schemas such as time lines. In the second phase, this information is interpreted by
constructing hypotheses in the form of scenarios. Hence, sensemaking software for
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crime analysis should not only allow the analysts to manage evidence, but should
also support them in constructing multiple hypotheses, and preferably a full set of
hypotheses in the form of scenarios, which are based on the evidence. Such software is
beneficial for crime analysts if it encourages them to systematically generate at least
a substantial number of scenarios and if it allows them to determine which scenario is
best supported by evidence or least refuted by evidence. After all, the most important
task of a crime analyst is to generate multiple alternative scenarios (to avoid tunnel
vision and groupthink in the investigation) and to choose among them.
The process of finding the best alternative requires three activities: scenario generation, scenario confirmation or disconfirmation, and scenario selection. All three
processes are affected by limitations of the human mind, including perceptual and
confirmation biases (Heuer, 1999). Due to these biases analysts may tend to fixate on
the confirmation of a single scenario and fail to generate or seriously consider other
plausible scenarios. The most important requirement for sensemaking software for
crime analysis is thus that it should support the analysts in evaluating multiple scenarios and in deciding which of these scenarios best explains what happened in the
case. This can be achieved by allowing them to record how the scenarios are supported or attacked by the evidence and by making them aware of missing information
(Kerstholt, 2006).
Regarding these last requirements, the field of argument diagramming (Kirschner
et al., 2003) was explored in chapter 3 and it was concluded that arguments, and more
specifically argument diagramming, should be used to represent how certain evidence
supports (parts of) the scenarios. Moreover, it was argued that the software’s underlying reasoning model should be rationally well-founded and natural and that its
representation notation should not be too limited but also not too expressive. This
analysis has led to a list of more concrete requirements for argument diagramming
software particularly aimed at crime analysis. These requirements mostly relate to
the process of visualizing evidential arguments that support or attack scenarios, but
also include some guidelines that improve the usability of the software. Firstly, regarding the first type of requirements, the software should support the analysts in
making the sources of evidence explicit through the use of argumentation schemes,
in maintaining a permanent link between the original source documents and the constructed visualization, and in constructing scenarios and arguments both bottom-up
and top-down. Secondly, with respect to usability it is required that the software is
easy to use and has an intuitive interface, and that it contains features that allow
crime analysts to handle large cases.
In this way, a set of concrete requirements for sensemaking software for crime analysis has been defined and thus the first research question (what are the requirements
of support software for crime analysis?) has been answered: support software for
crime analysis should allow analysts to manage evidence, construct multiple scenarios, and evaluate scenarios. During this process they should be supported in recording
how the scenarios are supported or attacked by the evidence and they should be made
aware of missing information. Moreover, such software should be natural and rationally well-founded, and should provide features that make it more useful to crime
analysts and make it more pleasant to use.
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Model As a first step in satisfying these requirements, a logical model of the reasoning employed in crime analysis was defined in chapter 4 that is both rationally
well-founded and natural (cf. research question 2: what is a good model of rational
crime analysis?). This model combines two main trends in reasoning with evidence: an
argument-based approach (Anderson et al., 2005; Wigmore, 1931) and a story-based
approach (Pennington and Hastie, 1993; Wagenaar et al., 1993). It was suggested that
a hybrid model that combines scenarios and evidential arguments provides a natural
account of the reasoning with evidence that takes place in crime analysis. The basic
idea of this model is that scenarios have a causal nature and are used to explain the
evidential data. These scenarios can be supported and attacked by constructing arguments based on the evidence available in a case. In this way, the model allows the
analysts to reason about scenarios and to critically examine them. In addition, this
combined model provides precise definitions of criteria that can be used to compare
scenarios. Firstly, scenarios may be compared according to the extent to which their
events are supported by evidential arguments. In this way, evidential gaps may be
identified and crime analysts are made aware of the events that are not yet supported
by evidence. Secondly, following the IBE method it is determined which events or
facts are explained by a certain scenario and hypothesis. Using this method, analysts
can check whether their scenarios explain everything that they need to explain and
scenarios can now be compared by checking how many observations and how many
defeated propositions are explained by them. A general rule of thumb is that the more
observations and the fewer defeated propositions are explained by a certain scenario
the better the scenario is.
It was claimed that besides rationally well-founded, this model is also natural to
crime analysts as it resembles the way in which crime analysts usually perform analyses. More specifically, the story-based element of the combined model corresponds
with the practice of constructing hypotheses about what happened in a case in the
form of scenarios, while the argument-based component corresponds with the practice
of mapping out the pros and cons of these scenarios. The model aims to ensure an
appropriate and rational process of analysis in which it can be expected that biases
are avoided. Moreover, since the proposed reasoning model allows for the generation
and comparison of multiple scenarios, whilst also allowing crime analysts to record
how they are connected to the evidence and to identify missing information, it satisfies
the requirements laid down above.
Design To answer the third research question of how the reasoning model can be
implemented in a visualization tool for crime analysis, in chapter 5 the reasoning
model was translated into an ontology that defines the representational notation of
the software. This representational notation provides a set of primitive elements (objects, relations, and the rules for their use) out of which external representations can
be constructed. In this way the ontology restricts the types of external representations that can be expressed. The AVERs ontology, an adapted version of the AIF
core ontology (Chesñevar et al., 2006), was proposed that represents not only arguments but also scenarios. In this ontology three types of nodes are distinguished that
can be connected through links. Data nodes represent the information about a case.
Inference nodes represent defeasible inference rules and scheme nodes represent the
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schemes that are instantiated by certain inference nodes. There are two types of data
nodes: quotation nodes and interpretation nodes, where quotation nodes represent
the evidential data and interpretations nodes all other data available in a case, including events. Using these nodes, two types of relations can be represented, namely,
indicative and explanatory relations. Given this ontology, scenarios are represented
as chains of events that are related by explanatory relations, while the evidence is
connected to these events through indicative relations that are often based on argumentation schemes.
Implementation As a second step in answering research question 3, based on this
ontology a prototype system called AVERs was built that implements the representational notation and allows analysts to create visual representations of scenarios and
evidential arguments through a software interface (see chapter 6). Following the reasoning model, using this software analysts are able to visualize their scenarios and
support or attack them with the available evidence. To guide this process, AVERs
provides a web-based user interface in which scenarios may be created both top-down
and bottom-up. A walkthrough was given of both tracks that outline the stages a
user passes through while working on a case and creating and comparing scenarios.
Moreover, it was shown that the AVERs prototype satisfies the requirements stated
above. To start with, the prototype allows crime analysts to record how the evidence
supports the scenarios, while it is based on a rationally well-founded and natural
underlying reasoning model that provides a representational notation with sufficient
expressive power, but no more than needed. It is also possible to construct scenarios
and arguments both bottom-up and top-down. Additionally, argumentation schemes
were incorporated in AVERs and it maintains a permanent link between the original source documents and quotation nodes. In fact, besides the minimum required
functions AVERs also provides features that make it easier and more pleasant to use.
Evaluation AVERs was tested in a series of four empirical studies (cf. chapters 7 to
10) that all focused on different aspects of the implementation and answered research
questions 4 and 5. Two of these studies were valid according to the criteria defined
in chapter 3. In these experiments the effectiveness of specific features of AVERs was
assessed. These experiments were valid with respect to the design, because betweensubjects designs were used in which the participants were assigned to the conditions
randomly. Due to the limited number of available participants, the other two studies
had a more explorative nature, as no control group was used. However, since these
studies intended to explore whether the prototype is natural and useful to crime
analysts and did not attempt to prove claims about the effectiveness of AVERs, this
is not a major problem.
In the first study, reported in chapter 7, the naturalness of the underlying reasoning model was tested. The results obtained suggest that to represent scenarios and
evidential arguments law students prefer the direction of the links as proposed by the
reasoning model. More specifically, to represent information about events they indeed
prefer the explanatory direction, while for information about evidence they prefer the
indicative direction. Additionally, if these directions are reversed, more interpretation errors are made. These results thus suggest that the reasoning model agrees
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with the intuitions of potential users of the software and that it is natural. Subsequently, the second study (see chapter 8) investigated the usefulness of AVERs using
the thinking-aloud method. An advantage of following a thinking-aloud protocol is
that only a small number of participants is needed for the study to be informative.
This is an important advantage due to the fact that only five crime analysts had time
to participate in this study. The results show that crime analysts find the features
incorporated in AVERs that allow them to create and compare scenarios both useful
and important. In particular they appreciate the features that make them more aware
of the unsupported elements of scenarios and that allow them to critically examine
scenarios. Furthermore, the small number of errors made by the analysts suggests
that the underlying concepts are natural to them, whilst enabling them to produce
diagrams that comply with their intuitions and intentions.
To answer the remaining two research questions, two valid experiments were conducted that tested whether crime analysts are able to effectively handle large cases
and communicate their results with AVERs. Regarding research question 4 (how can
the visualization tool facilitate crime analysts in effectively analyzing large cases?), in
chapter 9 abstraction and elaboration techniques were proposed that were intended to
make it easier and more pleasant to work with graphical visualizations of large cases.
Subsequently, these techniques were implemented in AVERs and an experiment was
conducted to compare the performance of crime analysts who use these methods to the
performance of analysts who use simpler methods. This experiment showed that the
former indeed outperform the latter in that they produce sounder analyses. With respect to other performance measures only nonsignificant results were found, although
the large effect sizes that were found indicate that the small sample might have led to
failure to detect a significant effect. Therefore, a replication of the experiment with
a larger number of participants is needed to verify whether the proposed techniques
really allow crime analysts to analyze large cases more effectively and efficiently than
when using simpler techniques.
With respect to research question 5 (how can the visualization tool facilitate crime
analysts in effectively communicating the results of their analyses?), three representations (a graph, matrix, and text representation) were implemented in AVERs to
allow crime analysts to view a case in different ways (see chapter 10). These representations were then compared to decide which of them best supports the reader in
retrieving information from a case. Contrary to the preceding experiment, in this experiment the participants had to interpret premade diagrams; they did not construct
their own diagrams. This is relevant, because as argued in chapter 7 construction and
interpretation are two substantially different tasks. The results suggest that none of
the representations is overall better than the others with respect to interpretation.
However, the results do indicate that, depending on the subtask that the user wants
to perform, different representations may be more effective. Therefore, in order for
crime analysts to be able to effectively communicate their results to the other parties
involved in an investigation, they should be able to present their results in multiple
representations. Analysts can then choose which representation they use, depending
on the type of information they want to focus the receivers’ attention on.
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In sum, the evaluation thus confirms that, in accordance with the research aim,
this thesis has succeeded in describing a design and implementation of a sensemaking
tool AVERs that is rationally well-founded, natural, usable, useful, and effective.

11.2 Contribution
This thesis contributes to the field of sensemaking systems in at least three ways.
Firstly, it is for the first time that sensemaking software is developed that combines the
visualization of both scenarios and arguments. Additionally, this software is based on
a plausible theory of reasoning in crime analysis. Regarding this theory, it was shown
how an adapted version of the theory of reasoning with evidence developed by Bex
(2009b) can be implemented in a working system, while the naturalness and usefulness
of this theory was confirmed through empirical studies. Finally, the prototype system
presented here was thoroughly tested and evaluated, while in current research on
sensemaking systems experimental results on usability and effects of use are relatively
sparse. To this aim, guidelines for valid experiments on the effectiveness of such
systems were proposed and followed in two of the reported empirical studies.
This thesis also contributes to the field of AI and law in the sense that it describes
how a theoretical model from this field can be implemented in a practical and useful software tool and how it can be tested through empirical studies. The argument
diagramming part of AVERs serves as an addition to the existing body of argument
diagramming software. This prototype contributes to this body of research in three
ways: firstly, it provides a full integration of argumentation schemes and secondly,
it is based on a rationally well-founded logical model and a sound representational
notation. Thirdly, possible solutions to the problem of working with large graphs
have been proposed and tested. Experiments showed that abstraction and elaboration techniques may enable users of sensemaking software to effectively construct
graphs of large cases, while multiple representations may support them in effectively
interpreting large cases. The lessons learned from these experiments are relevant to
other, more generic, sensemaking and argument diagramming tools. For instance,
it was suggested that simple zooming and panning methods are insufficient to effectively visualize large cases. In this sense, many of the current state-of-art argument
diagramming tools may be improved by incorporating the abstraction techniques proposed in chapter 9, as most of them currently only provide zooming. Moreover, it was
shown that for different tasks, different representations may be more effective. For
the construction task graph representations seem to be effective, but when the cases
have to be interpreted other representations may be more suitable. Therefore, generic
argument diagramming software should offer multiple representations and should allow the user to switch freely depending on his task or the information he wants to
access.

11.3 A wider scope of applicability
The sensemaking tool AVERs has specially been developed for the crime analysis
domain. In this regard, it should be noted that this tool may not only be beneficial
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for crime analysis professionals but also for students of crime analysis, who are still
learning to perform rational and objective analyses. When they use AVERs during
their training, it may be easier for them to learn how to create multiple scenarios and
they may learn it faster. They also receive support in comparing these scenarios and
the critical questions guide them in critically examining their underlying assumptions,
while AVERs also makes them aware of gaps in their analyses. Since this software
encourages them to adhere to a standard of rational reasoning, they learn how to
perform high quality analyses. Further, they learn the meaning of the concepts that
play an important role in the crime analysis process, because they have to employ
these concepts in an appropriate way. Future research will have to prove whether
AVERs indeed provides these advantages to students of crime analysis.
Additionally, AVERs may not only be of use in the investigative phase of criminal
cases, in which crime analyses are performed, but also in the decision-making phase.
Pennington and Hastie (1991, 1992) found that in the Anglo-American legal system
jurors also construct scenarios that explain the evidence and then choose the scenario
that best covers the evidence. It is expected that in civil law jurisdictions, in which
the factual decisions are made by judges, a similar reasoning process is employed.
Therefore, AVERs may also be used by judges to make their reasons for convictions
explicit. They may use it to systematically represent the different plausible scenarios
in a case, record how the evidence put forward in the case relates to these scenarios,
and explore the consequences of accepting the truth of certain pieces of evidence. As
they use AVERs to structure a case, it provides them with an overview of the case, the
different scenarios in the case, and the strong and weak points of the scenarios, while
the judges can at any time switch to another tab to assess the quality of the different
scenarios. Thus, AVERs may make the decision-making process easier for judges.
Also attorneys may use AVERs, for instance, to prepare for trial. They can visualize
their own scenario and the scenario of the opposing party and identify weaknesses in
both of them. They can then decide on their strategy in court and strengthen their
own case by anticipating on possible counterarguments and attacking the opponent’s
case on its weakest point. Although these possible applications seem promising, it still
has to be tested in practice whether AVERs is indeed useful to judges and attorneys.
Furthermore, since the design of AVERs followed various general requirements
that also hold for other tasks in the sensemaking domain, the software may be applicable to more domains than just crime analysis. For instance, since the domains of
crime analysis and intelligence analysis are closely related (as discussed in chapter 2),
AVERs may also be suitable for intelligence officers. In fact, it is expected that the
software may be applicable to any domain in which narrative or causal hypotheses are
created to explain observations, for instance, scientific inquiry or public inquiry. With
respect to scientific research, AVERs may support scientists in developing hypotheses
or theories that explain phenomena in the world. Moreover, they may be supported
in testing their hypotheses and in supporting their claims with arguments based on
observations. Similarly, AVERs may assist in writing or understanding (scientific)
essays. Scientists may use AVERs to visualize and outline the rhetorical structure of
their papers and to point out how their claims are related and supported by evidence.
They may also use AVERs to compose thorough literature reviews, and in particular,
to identify weak points in the research papers they have to review. In public inquiry,
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disastrous events that caused multiple deaths, such as plane crash investigations, are
reviewed by an inquiry team. Typically, such inquiry teams produce narrative reports
of their findings (Brown, 2000). Therefore, AVERs may be of use to such teams.
Because of its web-based implementation, AVERs may also be useful for collaborative sensemaking, an application that has not been considered in this thesis. It
allows multiple users to work on different cases at the same time. Moreover, it encourages argument interchange, as it ensures that all cases are available online, so
that the users can easily share their analyses. In this way, AVERs’ database of cases
can also serve as a knowledge repository for future reference.

11.4 Suggestions for future research
The main aim of the current project was to develop proof-of-concept software for crime
analysis and not to develop a fully functional software tool that is immediately usable
in practice. Thus, the aim of this project was not primarily software development,
but proved that the conceptual ideas for improving crime analysis are feasible by
implementing and testing them in a prototype system. This means that AVERs is not
yet suitable to be integrated in the daily practice of crime analysts. To make AVERs
usable in practice, the interface of the software should be improved, because although
in chapter 6 satisfactory results were reported on the usability of AVERs, in particular
with respect to its ease of use, some aspects of the interface are suboptimal in the
current implementation (some of these aspects will be described below). Additionally,
AVERs’ stability and speed need to be improved. Hence, while this thesis has shown
the feasibility of the proposed prototype, it should be developed further by software
developers before it can be adopted in the actual crime analysis process.
In the individual chapters, some further directions for future work were already
proposed. These suggestions include features that are currently missing in AVERs,
but that are important to crime analysts, and directions to improve the experimental
setup of some of the studies. Some of these directions will be discussed below.
Missing features In chapter 8 it was suggested that various features of which professional crime analysts claim that they are essential in software for crime analysis,
are missing from the current implementation of AVERs. Some of these features that
were pointed out by the crime analysts will now be discussed in more detail. Firstly, it
has to be investigated whether timed events can be implemented in AVERs, because
reasoning with times plays an important role in crime analyses. More importantly, it
has to be investigated how events can be ordered automatically and chronologically,
similar to the way in which time lines are generated by tools such as Analysts’ Notebook. At first sight, it seems easy to implement times by just extending the database
properties of nodes. However, automatically ordering events is not straightforward
and should receive special attention in future development of AVERs.
Secondly, crime analysts who used AVERs mentioned that story schemes should
be incorporated in it to make it even more useful to them. Such schemes represent
typical stories that often occur in criminal cases and are similar to scripts. Bex
(2009a,b) has modeled story schemes as ordered lists of events or types of events
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together with possible relations between these events. These relations can be either
causal or temporal and schemes can range from abstract to specific. As an example of
a specific scheme, Bex (2009a) defines a robbery scheme: a wants g – b owns g – a
wants to rob b – a has an opportunity to rob b – a robs b – a lost
g. In practice, crime analysts often construct scenarios based on patterns they often
saw in criminal cases, so based on knowledge of similar cases. If story schemes are
implemented in AVERs, analysts are supported in this process: they are encouraged
to develop multiple scenarios and they are enabled to do it more quickly. Such schemes
may be incorporated into AVERs in much the same way as argumentation schemes.
After all, a scenario is essentially a instantiated version of a story scheme, where the
variables are replaced by constants, just like an evidential argument is an instantiated
version of an argumentation scheme. However, first more research is needed to define
a useful set of schemes for common criminal cases. For example, in a case in which
a dead body is found, possible schemes include a suicide scheme, a murder scheme,
and a death-by-accident scheme. Similarly, specific argumentation schemes for crime
analysis (for instance, a scheme for testimonies of police officers) should be developed
in cooperation with experts in the field.
Thirdly, the initial design of AVERs specified several features that were not implemented in the eventual version. Design choices had to be made due to time constraints and limitations of the Graphviz package (that was used to draw the diagrams)
in combination with the web-based user interface. Desired features that could not be
implemented in AVERs due to these limitations include options to view and compare multiple scenario selections in a single screen and options to temporarily reduce
the size of the diagram. Unimplemented features, in regard to this last options are,
the possibility to summarize subscenarios into supernodes, functionality to highlight
paths to a certain node while the other branches are dimmed, and an overview window in the upper right corner of the screen, so that the entire contents of the case
is always at least schematically displayed in case the normal screen does not show
the complete case. To include these features into future versions of this system, it
should be considered to rewrite a considerable part of the code or to use another
graph-drawing algorithm. A second reason to switch to another algorithm is that
due to the limitations of the Graphviz package, the distinction between scenarios and
arguments could not be made as clear as desired. More specifically, in the schematic
representations given in chapter 6, scenarios are displayed in a horizontal line, while
evidential arguments are displayed in a vertical line; in this way they can be easily
distinguished by their orientation. However, these directions could not be displayed
as easily using Graphviz. Hence, this is an example of an aspect of the interface that
is suboptimal and needs improvement.
Fourthly, the initial idea in the current project was to build sensemaking software
that can be combined with existing evidence management software such as Analyst’s
Notebook (Bex et al., 2007a). The main idea was that the evidence is managed and
structured using such a tool, after which the sensemaking part of the analysis process
is performed in AVERs, while a connection is maintained between the visualizations
in AVERs and the other tool. However, a full integration with such software was
beyond the scope of this project and therefore, some basic evidence management
features were added to AVERs. In the future, it should be explored how AVERs can
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be combined and integrated with such existing software. If such an integration is
achieved, the evidence management features are no longer needed in AVERs.
Experimental limitations In chapter 3 it was established that valid experiments
on the effects of sensemaking software are relatively sparse. Therefore, a stepwise
research plan to conduct valid experiments was proposed. The most important recommendation in this plan is that, besides the treatment condition, at least one control
condition should be considered and that participants should be randomly assigned to
one of the conditions. It is recommended that future tests are as valid as possible,
but sometimes there are factors that restrict validity. For instance, in the evaluation
of AVERs it was not always possible to have a control group, due to the fact that not
many crime analysts were available to participate in the experiments. When only a
small number of people participates, it does not make sense to divide them into two
groups.
Earlier chapters already touched upon several limitations of the conducted studies
and experiments. As already explained above, in most experiments only a small
number of crime analysts or students participated. Therefore, two of the studies did
not use a control group and had an explorative nature. As a result, these studies
could not be used to make claims about the effectiveness of AVERs.
Additionally, since in two of the empirical studies law students participated instead
of crime analysts, the results obtained in these studies cannot be generalized to the
population of crime analysts. Thus, the conclusions drawn from their results do not
automatically hold for crime analysts. Therefore, it is proposed that additional studies
have to be conducted to show whether these conclusions also hold for crime analysts.
In the thinking-aloud study (cf. chapter 8) no statistical comparisons were made
due to the low number of participants that was available to participate in a 3-hour
session. This means that only the experiment on the effectiveness of abstraction and
elaboration methods, reported in chapter 9, followed a genuinely valid design with two
conditions in which crime analysts participated. However, due to time limitations,
in this experiment the training the analysts received to learn to use AVERs was
rather short, in particular compared to what is expected in a real training situation.
It is likely that to learn such complex and specialized software lengthy training is
required. For the same reason, the case that had to be analyzed was relatively simple:
the documents were at most one page long, and the participants received only five
documents. Real cases will involve more and more complex documents and will result
in even larger diagrams. At first sight this would seem to be a problem for the results
and conclusions presented above, where it was claimed that AVERs allows crime
analysts to effectively handle large cases. However, it is to be expected that when
analyzing larger cases, the proposed abstraction and elaboration methods provide
even greater advantages compared to simpler methods. Arguably, in this case the
differences between the two conditions may be even more apparent than the differences
found in the situation where analysts analyzed simple cases. Therefore, it is suggested
to replicate this experiment, and also the study reported in chapter 7 which has
the same limitations, using larger and more complex cases to verify whether these
differences indeed become larger. Another problem with the limited time that was
available is that the effect of AVERs in the long run could not be tested. It is surely
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possible that, due to its complex nature, AVERs’ learning curve is steep and that it is
more effective when the analysts have used it for some time and know and thoroughly
master all its possibilities. If this is the case, the effectiveness of AVERs is even larger
than measured in the experiments reported here in which crime analysts worked with
AVERs during a relatively short time.
Therefore, future research on AVERs should involve a workplace study in which
crime analysts are allowed to analyze a real case using AVERs in their own everyday
environment and in cooperation with the other software tools they often use. Before
they participate, they will have to attend a training session in which all features of
AVERs are thoroughly explained and in which the underlying concepts are clarified.
Such a study provides an additional test bed for the usefulness of AVERs. Additionally, an experiment should be conducted to make a genuine comparison between
the effectiveness of AVERs and the effectiveness of conventional methods to analyze
cases (Analyst’s Notebook, analysis quadrants, mind mapping software). In this way
it can be tested whether AVERs indeed improves the quality of crime analyses and
whether it produces higher quality analyses than conventional methods. This experiment should follow the research plan proposed in subsection 3.4.3. This means that
two groups of crime analysts, randomly assigned to conditions, should be asked to
analyze a controlled test case. The first group will use AVERs, while the second group
will use a conventional tool. The quality of their analyses will then be assessed by
crime analysis experts based on their experience. In this assessment the criteria presented here (completeness, soundness, and structure) can be used. The effectiveness
and usefulness of the proof-of-concept sensemaking system for crime analysis called
AVERs were already explored in this thesis, the proposed empirical studies may serve
as an addition to the evidence provided.
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A.1 Testimony witness
On Tuesday night, me and my husband Peter de Boer went to visit an old acquaintance, Ricardo Seedorf. We arrived at his apartment around ten to eight and after
Ricardo opened the door, we entered the house to collect some of our belongings.
Five minutes later, we just collected our belongings and were about to leave, my
husband got into a fight with Ricardo about money that we lent to him. Upon
this, they argued, after which Ricardo suddenly pulled a gun. It all went so fast,
before I knew it and before I could do something, he shot my husband. My husband
immediately fell to the floor and was bleeding from his head. I think that he died
immediately. Ricardo was standing next to him, so he was hit from a short distance.

A.2 Testimony officers
On Tuesday, June 12, around 20:05, we were driving on the public highway near Assen
when a shooting was reported. According to the call to the emergency number 112
a man was fatally shot. We immediately proceeded to the given address, where we
arrived at 20:30.
The front door of the house was open, so we entered. In the hall, a man who
declared to be Mr. Seedorf, occupant of the house, was awaiting us.
Following his directions we proceeded to the living room, where we found a man
and a women. The man was lying motionless on the floor. The woman declared to
be Mrs. De Boer and identified the victim as her husband, Mr. De Boer. Almost
immediately she pointed out Mr. Seedorf as the culprit.
When we took a closer look at the victim, we saw that he was lying in a puddle
of blood. This blood on the floor was not yet clotted. We secured the front and the
back of the house for the purpose of a crime scene investigation.
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A.3 Report special investigation team
On June 12 a shooting occurred in the residence of Ricardo Seedorf in which Peter
de Boer was killed by a shot in his head. The following actions were taken:
• The residence of R. Seedorf was searched with no positive results.
• The crime scene investigator determined that there was no gun at the crime
scene.
• Mr. Seedorf was body-search at the crime scene. No gun was found in his
possession.
• No bullet casings were found at the crime scene.

A.4 Testimony suspect
Tuesday night, I was at home, when around 19:50 Mr. and Mrs. De Boer came by to
collect their belongings. I already put out their stuff, so that they could leave quickly.
They were just about to leave the house, when Mr. De Boer confronted me with the
small amount of money he lent me some time ago. We had an argument, because
he thought that it was time to pay him back, while I assumed that I did not have
to. Before I knew it, Mrs. De Boer pulled a small gun from her purse. This gun was
clearly some type of “ladies gun” that does not eject bullet casings. A mutual friend
recently told me that her husband bought that for her, because the store were she
works had recently been robbed.
Automatically, I hit her hand, which caused the gun to go off. Mr. De Boer was hit
in the head. I immediately ran outside, to the nearest pay phone on the Koningsplein,
to call the emergency number. I arrived at the phone booth around 8 o’clock to find
it occupied. I asked the woman who was calling to end her conversation and to call
112; she did that.
After this, I went home and waited in the hall for the police to arrive. They arrived
at 20:30, I met them in the hall and showed them the living room. They entered the
living room and examined the body of Mr. De Boer. When I entered the living room,
Mrs. De Boer immediately pointed at me and said that I was the one who shot her
husband. The police then searched me and took a sample of my hands. I told them
that I was innocent and asked them to search Mrs. De Boer and to test her hands for
powder, but they refused to do so. Then I was brought to the police station.

208

REPORT FORENSIC LAB

A.5 Report forensic lab
Materials received
201. Sample taken from R. Seedorf’s right hand

A

202. Sample taken from R. Seedorf’s left hand
203. Sample taken from P. de Boer’s head
Test for gunpowder
The samples [201, 202 en 203] were tested for gunpowder.
Conclusion
In the samples [201, 202 en 203] no gunpowder was found.
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Case summaries

B.1 Case 1
The murder of Sjaak Gerwig (high scenario complexity, high evidence complexity)
This case describes a shortened version of a cold case: the murder of Sjaak Gerwig1 .
It has many scenario lines and only a few pieces of solid evidence. This means that it
has a high scenario complexity (more than two lines) and a high evidence complexity
(the few pieces of evidence all support multiple scenario lines and events). In the case
used in the experiment, only a few of the possible scenario lines were represented.
In this case, Sjaak went missing after he visited his girlfriend and walked down
the street to go home. The police received several reports that he was seen in Utrecht
during the next two days, but these reports could not be verified. A few days later
Sjaak was found floating in a ditch. His skull was cracked with a blunt instrument
that could not be identified.

B.2 Case 2
A pickpocket (low scenario complexity, high evidence complexity)
This is a fictitious case about a pickpocket that tries to steal someone’s wallet in
a convenience store. It contains three testimonies: of the pickpocket, the victim, and
the storekeeper. There are two scenario lines (the scenario of the pickpocket and of
the victim). As a result, this case has a low scenario complexity, but a high evidence
complexity, because much of the evidence supports more than one event.
In this case, a women who is shopping feels someone touching her purse, turns
around, and sees a man standing with her wallet in her hands. She assumes he stole
it, but he claims she dropped it from her purse and he picked it up from the floor.
The observations of the storekeeper support both scenarios, that is, she saw the man
standing nearby the woman and bending over, but did not actually see him grabbing
the wallet.
1 Some of the evidence found in this case can be found on www.politieonderzoeken.nl;
accessed on September 1st, 2009.
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B.3 Case 3
The murder of J. Snijders (high scenario complexity, low evidence complexity)
All documents in this case are included in Dolmand et al. (2003). For the purpose
of this experiment, a selection was made from these documents. As the scenarios
in this case are complex, the scenario complexity is high. For the purpose of this
experiment, the complexity of the evidence was kept simple.
The case deals with the burglary of Mr. Snijders. A group of burglars heard the
rumor that he has a large amount of valuables hidden in his house. They break in
and try to force him to tell where the valuables are hidden. Eventually, Mr. Snijders
is killed, either because of the interrogation or because one of the burglars lost his
calm.

B.4 Case 4
Money missing from the register (low scenario complexity, low evidence
complexity)
This is a fictitious case in which money has gone missing from the till. The case
contains the two scenario of the two parties concerned. Hence, scenario complexity is
low. Evidence is kept low as well in order to obtain a simple case.
The following events happened in this case: when the store owner leaves the shop,
the cashier helps a customer. At the end of the day, the cash register is short a
certain amount of money. The owner suspects that the check-out girl stole it, but
she claims that the customer took his own change from the till and must have taken
more without her noticing it.
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van Gog, T., Paas, F., van Merriënboer, J. J. G., and Witte, P. (2005). Uncovering
the problem-solving process: Cued retrospective reporting versus concurrent and
retrospective reporting. Journal of Experimental Psychology Applied, 11 (4), 237–
244.

218

BIBLIOGRAPHY

Gordon, T. F. (2007). Visualizing Carneades argument graphs. Law, Probability and
Risk, 6 (1–4), 109–117.
Gordon, T. F. and Karacapilidis, N. (1997). The Zeno argumentation framework.
In Proceedings of the Sixth International Conference on Artificial Intelligence and
Law, (pp. 10–18). New York, NY: ACM Press.
Gordon, T. F. and Walton, D. N. (2006). The Carneades argumentation framework:
Using presumptions and exceptions to model critical questions. In P. E. Dunne and
T. J. M. Bench-Capon (Eds.), Computational Models of Argument. Proceedings of
COMMA 2006, Vol. 144 of Frontiers in Artificial Intelligence and Applications, (pp.
195–207). Amsterdam, The Netherlands: IOS Press.
Gottlieb, S., Arenberg, S., and Singh, R. (1994). Crime Analysis: From First Report
to Final Arrest. Montclair, CA: Alpha Publishing.
Gotz, D., Zhou, M. X., and Wen, Z. (2006). A study of information gathering and
result processing in intelligence analysis. In ACM IUI 2006 Workshop on Intelligent
User Interfaces for Intelligence Analysis. Sydney, Australia.
Gross, S. R. (1996). The risks of death: Why erroneous convictions are common in
capital cases. Buffalo Law Review, 44, 469–500.
Grossen, B. and Carnine, D. (1990). Diagramming a logic strategy: Effects on difficult
problem types and transfer. Learning Disability Quarterly, 13 (3), 168–182.
Gudjonsson, G. H. (2005). Disputed confessions and miscarriages of justice in britain:
expert psychological and psychiatric evidence in the court of appeal. Manitoba Law
Journal, 31, 489–522.
van den Haak, M. J., de Jong, M. D. T., and Schellens, P. J. (2003). Retrospective
vs. concurrent think-aloud protocols: Testing the usability of an online library
catalogue. Behaviour & Information Technology, 22 (5), 339–351.
van den Haak, M. J., de Jong, M. D. T., and Schellens, P. J. (2004). Employing
think-aloud protocols and constructive interaction to test the usability of online
library catalogues: A methodological comparison. Interacting with Computers,
16 (6), 1153–1170.
Harrell, M. (2005a). Using argument diagramming software in the classroom. Teaching
Philosophy, 28 (2), 163–177.
Harrell, M. (2005b). Using argument diagrams to improve critical thinking skills in
80-100 What Philosophy Is. Technical Report CMU-PHIL-176, Carnegie Mellon
University, Pitssburgh, PA.
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1

Summary

Criminal investigation is a difficult and laborious process that is prone to error as
teams of investigators may be subject to tunnel vision, groupthink, and confirmation
bias. As a result, miscarriages of justice may ensue. To overcome these problems, in
the Dutch law enforcement organization, crime analysis has recently gained interest
and crime analysts have been given a more important role. According to their new
task description, it is now the task of crime analysts to critically evaluate the investigation that is going on. They have to make sense of the vast amount of evidence
available in a case by generating plausible scenarios about what might have happened.
Subsequently, they have to assess the quality of their scenarios and choose the best
alternative. Due to the difficulty of this process, a great need exists for software that
supports crime analysts in their task.
Various support tools currently exist that allow analysts to structure and visualize
the evidence into schemas and that provide them with an overview of the evidence
in a case. However, these tools do not allow them to record scenarios and their
relation to the evidence and as a result the most important part of the analysis
process remains in the analysts’ minds. Therefore, analysts may benefit from socalled sensemaking systems that allow them to make their reasoning process explicit
by visualizing scenarios and the reasons why these scenarios are supported by the
evidence. Nevertheless, such sensemaking tools for crime analysis are relatively sparse
and often do not incorporate a logical model of reasoning with evidence in the context
of crime analysis. This thesis aims to fill this gap by proposing sensemaking software
that has specifically been designed for crime analysis.
The main purpose of such sensemaking software for crime analysis is to support
analysts in constructing multiple scenarios, preferably a full set of scenarios, which
are based on the evidence. After all, the most important task of crime analysts is
to generate multiple alternative scenarios and to choose among them. However, due
to various biases analysts tend to fixate on the confirmation of a single scenario and
fail to generate or seriously consider other plausible scenarios. To overcome these
biases, crime analysts should be supported in generating and evaluating multiple
scenarios and in deciding which scenario is best supported by evidence or least refuted
by evidence. This can be achieved by allowing them to record how their scenarios
are supported or attacked by the evidence. Therefore, the sensemaking software
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proposed in this thesis provides a combination of the visualization of both scenarios
and arguments.
It is argued that such software should be based on a logical theory of the reasoning
that takes place in crime analysis such that it encourages a standard of rational reasoning and errors may be reduced. This model should be both rationally well-founded
and natural. Therefore, a model has been proposed that combines two main trends
in reasoning with evidence: an argument-based and a story-based approach. According to this combined model, scenarios are represented as causal networks of events,
while evidential arguments are arguments based on the evidential data in the case.
Such arguments are based on argumentation schemes that often come with critical
questions. These questions make the analysts more aware of possible sources of doubt
and encourage them to critically examine the evidence. Evidential arguments can be
used to support or attack scenarios with the available evidence. In this way, the reasoning model allows the analysts to reason about scenarios and to critically examine
them. Moreover, this model defines criteria based on which alternative scenarios can
be compared. Using inference to the best explanation, analysts can check whether
their scenarios explain everything that they need to explain, and they can compare
their scenarios by measuring how many observations and how many defeated propositions are explained by them. A general rule of thumb is that the more observations
and the fewer defeated propositions are explained by a certain scenario the better the
scenario is. In this thesis, it is argued that this reasoning model is natural to crime
analysts, because it resembles the way in which crime analysts usually perform analyses. More specifically, the story-based element of the combined model corresponds
with the practice of constructing hypotheses and scenarios, while the argument-based
component corresponds with the practice of mapping out the pros and cons of these
scenarios.
To implement this model in a sensemaking tool for crime analysis, it was translated into an ontology that defines the tool’s representational notation and allows for
the representation of both evidential arguments and scenarios. This ontology distinguishes three types of nodes and two types of relations. Explanatory relations that
instantiate causal defeasible inference rules are used to connect events into scenarios,
while indicative relations that instantiate evidential defeasible inference rules (which
are often based on argumentation schemes) are used to connect the evidence to the
event through arguments. The proof-of-concept application called AVERs (Argument
Visualization for Evidential Reasoning based on stories) implements this ontology and
allows analysts to create visual representations of scenarios and evidential arguments
through a web interface. Following the reasoning model and the ontology, AVERs
allows analysts to support or attack their scenarios with the available evidence and
to compare multiple scenarios.
In a series of empirical studies, the naturalness, usefulness, and effectiveness of
this prototype have been evaluated. With respect to the naturalness of the underlying reasoning model, the results obtained suggest that to represent information about
events students prefer the explanatory direction, while for information about evidence
they prefer the indicative direction. This is in correspondence with the directions proposed by the reasoning model. Moreover, the results show that if these directions are
reversed, more interpretation errors are made. Thus, the reasoning model agrees with
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the intuitions of potential users of the software and in this respect is natural to them.
Regarding the usefulness of AVERs, the results show that crime analysts find the
features that allow them to create and compare scenarios both useful and important.
They particularly appreciate the features that make them more aware of the unsupported elements of scenarios and that allow them to critically examine the scenario.
These are features that are missing from current software tools for crime analysis
and the main features that were proposed in this project to improve such software.
Furthermore, the small number of errors made by the analysts suggests that the underlying concepts are natural to them, and enable them to produce visualizations that
comply with their intuitions and intentions.
Finally, two aspects of the effectiveness of AVERs were examined, as two requirements for effectiveness were formulated. Firstly, AVERs should support crime
analysts in effectively managing and analyzing large cases, because visualizing large
amounts of information is problematic. As soon as the size of the cases increases,
the visualizations become more complex and harder to handle. To overcome this
problem, abstraction and elaboration techniques were implemented in AVERs. The
experimental results showed that these techniques allow crime analysts to produce
sounder analyses than when using simpler techniques. However, a replication of the
experiment with a larger number of participants is needed to verify whether the proposed techniques really allow crime analysts to effectively and efficiently analyze large
cases. Secondly, the analysts should be supported in effectively communicating their
results to other parties in the investigation. After all, the work of crime analysts does
not stand on its own; their analysis serves as an input for the team of investigators
working on a case. To this aid AVERs was modified in such a way that it is possible
to represent the ontology in three modalities: a graph representation, a matrix representation, and a text representation. The experimental results suggest that none
of the representations is overall better than the others with respect to the interpretation of a case. In other words, there are no differences in the effectiveness with
which readers can retrieve information from one of the representations. However, the
results do indicate that, depending on the subtask that the readers want to perform,
different representations may be more effective. Therefore, in order for crime analysts
to be able to effectively communicate their results to the other parties involved in an
investigation, they should be able to present their results in multiple representation
formats. Analysts can then choose which representation they use, depending on the
type of information they want to focus the receivers’ attention on.
In this thesis, five criteria for a sensemaking tool for crime analysis have been
proposed: it should be rationally well-founded, natural, useful, usable, and effective.
The evaluation performed on the proof-of-concept application AVERs confirms that
this thesis has succeeded in providing a design and implementation of a sensemaking
tool that fulfills all five criteria. As a result, this application can satisfy the desires
of crime analysts, while it may ensure that rational analyses are performed. By providing crime analysts with a more developed version of this demonstrator prototype,
hopefully in the future biases in the crime analysis process may be avoided.
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Samenvatting

Rechercheonderzoek is een ingewikkeld en tijdrovend proces waarin gemakkelijk fouten gemaakt kunnen worden. Een van de redenen hiervoor is dat in een team van
rechercheurs tunnelvisie, groepsdenken en een confirmation bias voor kunnen komen.
Uiteindelijk kan dit zelfs leiden tot rechterlijke dwalingen. Om dit zoveel mogelijk
te voorkomen, hebben criminaliteitsanalisten recentelijk een belangrijkere rol gekregen in rechercheonderzoeken. Het is nu hun taak om het lopende onderzoek kritisch
te volgen en te evalueren. Zij zijn het die de grote hoeveelheden bewijs in een zaak
doorgronden en op basis daarvan plausibele scenario’s van wat er gebeurd zou kunnen
zijn construeren. Vervolgens moeten zij de kwaliteit van deze scenario’s beoordelen
en het beste scenario kiezen. Doordat dit een ingewikkeld proces is, bestaat er een
grote behoefte aan software dat analisten bij deze taak ondersteunt.
Er bestaan al diverse ondersteunende computerprogramma’s waarmee analisten
het bewijs in een zaak kunnen structureren en visualiseren. Hierdoor krijgen zij een
goed overzicht van al het bewijs in een zaak, maar met deze systemen kunnen zij geen
scenario’s vastleggen. Daardoor vindt het belangrijkste deel van het analyseproces
uitsluitend plaats in de hoofden van de analisten en zijn hun keuzes achteraf moeilijk
te begrijpen en controleren. Analisten kunnen daarom baat hebben bij sensemaking
systems waarmee zij hun denken in een zaak kunnen structureren en visualiseren.
Zo’n systeem kan bijvoorbeeld gebruikt worden om scenario’s en de redenen waarom
deze scenario’s ondersteund worden door het bewijs te visualiseren. Zulke systemen
voor criminaliteitsanalyse zijn echter nog relatief schaars en zijn vaak niet gebaseerd
op een onderliggende logische theorie van redeneren met bewijs zoals dat plaatsvindt
in de context van criminaliteitsanalyse. In dit proefschrift wordt getracht dit hiaat
te vullen door sensemaking software te beschrijven dat specifiek is ontwikkeld ter
ondersteuning van criminaliteitsanalyse.
Sensemaking systemen voor criminaliteitsanalyse zijn er vooral op gericht analisten te ondersteunen in het ontwikkelen van meerdere scenario’s die gebaseerd zijn op
het bewijs. De belangrijkste taak van analisten is immers het construeren en vergelijken van meerdere alternatieven om zo het beste scenario te kunnen kiezen. Door
verschillende biases zullen analisten in de praktijk hun aandacht echter te veel concentreren op één enkel scenario en het bevestigen ervan en daardoor zullen zij niet in
staat zijn om andere plausibele scenario’s te construeren en als serieus alternatief te
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overwegen. Om deze biases te voorkomen, moeten analisten niet alleen ondersteund
worden bij het construeren van meerdere scenario’s, maar ook bij het vergelijken ervan, met name bij het bepalen welk scenario het minst tegengesproken wordt. Dit
kan bereikt worden door hen te laten vastleggen hoe hun scenario’s ondersteund en
tegengesproken worden door redeneringen gebaseerd op het bewijs. In de sensemaking software zoals die wordt voorgesteld in dit proefschrift kunnen daarom zowel
scenario’s als redeneringen gevisualiseerd worden.
Zulke software moet gebaseerd zijn op een logische theorie van redeneren zoals dat
in criminaliteitsanalyse plaatsvindt. Hierdoor wordt een rationele manier van redeneren gestimuleerd en zouden analisten minder snel fouten moeten maken. Deze theorie
moet zowel rationeel goed gefundeerd als natuurlijk (begrijpelijk) zijn. In dit proefschrift wordt dan ook een theorie voorgesteld die twee stromingen in het onderzoek
naar theorieën over redeneren met bewijs combineert, namelijk en redeneringsgebaseerde benadering en een verhaalgebaseerde benadering. Deze gecombineerde theorie
representeert scenario’s als causale netwerken van gebeurtenissen die kunnen worden
ondersteund of weerlegd door redeneringen die gebaseerd zijn op het bewijs in de
zaak. Zulke redeneringen zijn gebaseerd op argumentatie schema’s die vaak een set
van kritische vragen bevatten. Door deze vragen worden analisten gewezen op mogelijke redenen voor twijfel en worden zij gestimuleerd het bewijs kritisch te beoordelen.
Door de combinatie van scenario’s en redeneringen is het mogelijk voor analisten om
te redeneren over scenario’s en om deze te beoordelen. Daarnaast definieert het model
criteria aan de hand waarvan verschillende scenario’s vergeleken kunnen worden. Zo
kunnen analisten toetsen of hun scenario’s daadwerkelijk alles verklaren wat ze zouden
moeten verklaren en kunnen zij hun scenario’s vergelijken door te kijken hoe goed ze
ondersteund of hoe ernstig ze tegengesproken worden door het bewijs. Een vuistregel
hierbij is dat hoe meer ondersteunde gebeurtenissen en hoe minder tegengesproken
gebeurtenissen een scenario bevat, hoe beter het scenario is. In dit proefschrift wordt
gesteld dat dit redeneermodel begrijpelijk is voor criminaliteitsanalisten, omdat het
aansluit bij de manier waarop zij gewoonlijk een zaak analyseren. Het verhaalgebaseerde element van het gecombineerde model komt immers overeen met de praktijk
van het construeren van hypothesen en scenario’s, terwijl de redeneringsgebaseerde
component overeenkomt met de praktijk van het in kaart brengen van de voors en
tegens van scenario’s.
Op basis van dit redeneermodel is een ontologie gedefinieerd die vervolgens is
geı̈mplementeerd in een sensemaking systeem voor criminaliteitsanalyse. Met deze
proof-of-concept applicatie genaamd AVERs kunnen analisten visuele representaties
van scenario’s en redeneringen creëren met behulp van een webinterface. Dit doen zij
door verschillende typen knopen met elkaar te verbinden door middel van relaties. De
ontologie onderscheidt hiertoe twee verschillende typen relaties: verklarende (explanatory) relaties worden gebruikt voor het verbinden van gebeurtenissen in scenario’s,
terwijl indicatieve (indicative) relaties worden gebruikt om deze gebeurtenissen te verbinden met het bewijs. Gebruikmakend van deze software kunnen analisten scenario’s
ondersteunen en tegenspreken met het beschikbare bewijs en verschillende scenario’s
met elkaar vergelijken.
De natuurlijkheid, bruikbaarheid en effectiviteit van dit prototype is getest in een
reeks van empirische onderzoeken. Een van deze onderzoeken toonde aan dat het re-
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deneermodel overeen komt met de intuı̈ties van potentiële gebruikers van de software
en dat het begrijpelijk is voor hen. In een ander onderzoek is de bruikbaarheid van
AVERs onderzocht. Hieruit bleek dat analisten met name de functies die hen wijzen
op ontbrekend bewijs en gebeurtenissen die nog niet ondersteund zijn nuttig en belangrijk vinden. Ook vinden zij de functies waarmee zij de scenario’s kritisch kunnen
onderzoeken nuttig en belangrijk. Het kleine aantal fouten dat gemaakt werd door de
analisten duidt erop dat de onderliggende concepten begrijpelijk zijn voor hen en hen
in staat stellen om visualisaties te produceren die overeenstemmen met hun intuı̈ties.
Daarnaast zijn er twee aspecten van de effectiviteit van AVERs bekeken. Ten eerste
is de effectiviteit waarmee analisten grote zaken kunnen analyseren getoetst. In dit
onderzoek zijn twee technieken om met grote zaken beter hanteerbaar te maken (elaboration en abstraction) in het systeem geı̈mplementeerd. De experimentele resultaten
tonen aan dat analisten die deze technieken gebruiken analyses van een betere kwaliteit maken (deze zijn correcter) dan analisten die simpelere technieken gebruiken. Het
is echter nodig om dit experiment te herhalen met een grotere groep proefpersonen
om te kunnen bevestigen of met deze technieken de analisten inderdaad in staat zijn
om grote zaken efficiënt en effectief te analyseren. Ten tweede is getoetst hoe goed
AVERs de analisten in staat stelt om effectief te communiceren over de resultaten
van hun analyses. Het werk van analisten staat immers niet op zichzelf en dient vaak
als input voor het team van rechercheurs dat aan een zaak werkt. AVERs is daarom
zo aangepast dat het mogelijk is om zaken op drie verschillende manieren weer te
geven, namelijk als een graaf, een matrix of een tekst. De experimentele resultaten
tonen aan dat om een zaak goed te kunnen interpreteren, geen van de representaties
geschikter is dan de anderen, maar dat afhankelijk van de specifieke subtaak die men
wil uitvoeren, verschillende representaties effectiever zijn dan anderen. Het wordt
daarom aanbevolen om alle drie de representatie aan te bieden. De analist kan dan
steeds de meest geschikte representatie kiezen, afhankelijk van het type informatie
dat hij onder de aandacht van de ontvangers wil brengen.
In dit proefschrift zijn vijf criteria vastgesteld waaraan sensemaking software voor
criminaliteitsanalyse moet voldoen: het moet rationeel goed gefundeerd, begrijpelijk
en natuurlijk, nuttig, bruikbaar en effectief zijn. De evaluatie van het proof-of-concept
prototype AVERs bevestigt dat het ontwerp en de implementatie van deze applicatie
aan alle vijf de criteria voldoet. Het voorziet zo niet alleen in de behoeften van
analisten, maar kan er ook voor zorgen dat er rationelere analyses worden uitgevoerd.
De verwachting is dat door zulke software te gebruiken, in de toekomst fouten in het
analyse proces voor een deel voorkomen kunnen worden.
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