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1. Introduction 

This dissertation positions itself within two closely related domains, that of 
geographic information (GI) science and that of cartography. Cartography is 
described by the International Cartographic Association (ICA) as “the art, 
science and technology of making and using maps” (ICA 2003), which makes it 
as old as the oldest maps. GI science, on the other hand, is a relatively new 
domain which emerged at the beginning of the 1990s (Goodchild 1992, 
Goodchild 2010, Egenhofer et al. 2016) as certain researchers increasingly 
began to view geographic information systems (GIS) as more than just a tool or 
a system. There was an emerging idea of a science behind the systems 
(Goodchild 1990).  

When defined today, many authors (e.g., Mark 2003, Goodchild 2010) quote 
the bylaws of the University Consortium for Geographic Information Science 
(UCGIS 2012) stating that GI science is “the development and use of theories, 
methods, technology, and data for understanding geographic processes, 
relationships, and patterns.” Another definition closer to what this dissertation 
is about, provided the term representation is understood in a broad meaning, is 
offered by Raper (2000, 2009). It declares that GI science is about the theory of 
spatio-temporal (S-T) representation and forms the theoretical framework for 
the whole domain. Raper (2009, p. 1) also notes that whereas the aims of GI 
science are widely understood “many distinct and incompatible methodologies 
are used within it.” In part this is due to the fact that GI science, as a research 
domain, is still quite young. Mainly it is however due to the fact that GI science 
is a truly multidisciplinary research domain with a tradition of applying theories 
from other domains to its own problems. This is exactly what this dissertation 
is about, but instead of increasing the ambiguity within the domain the aim is 
to make things clearer. 

Understanding how and why maps work is one of the critical issues within 
Cartography and GI science (MacEachren 1995). Whether we deal with maps 
that are static or interactive, topographic or thematic, the question is more 
about understanding human cognition and reasoning than understanding the 
techniques of mapmaking. The progress of understanding human reasoning 
with maps and similar abstract representations has however been slow and 
misunderstandings still exist, something that is noted both within and outside 
of the two aforementioned domains. To explain this several authors point to the 
lack of an accepted theoretical framework through which to investigate and 
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understand this kind of reasoning (e.g., Liu et al. 2008, Arias-Hernandez et al. 
2012, Patterson et al. 2014, MacEachren 2015). 

The ambitious aim of this dissertation is to increase the understanding of 
human reasoning with maps and other visualizations of S-T data from the point 
of view of exploratory visual S-T analysis. By applying the prevailing theories on 
human cognition and reasoning from the domains of cognitive science and 
psychology, by studying reasoning in S-T analysis tasks, and by putting special 
focus on the role of spatial and temporal relations, an improved understanding 
and a generally accepted theoretical framework can be achieved. This kind of 
theoretical framework will then provide us with a solid base from which to 
derive guidelines and rules for the creation of representations, tools, and ways 
of working which better support human cognition and reasoning in various 
aspects of S-T analysis.  

1.1 Background and Motivation 

The original motivation for this research reaches back to my Master’s thesis.1 It 
attempted to develop ways to make the results of S-T analysis transparent by 
visualizing the reasoning and the knowledge used by an analyst, thus 
documenting and enabling access to the reasoning process for persons external 
to it. Traditionally in all kinds of analysis the focus has been entirely on the 
outcomes of the analysis and not on the reasoning that led to them. In many 
cases this might be satisfactory, but sometimes the reasoning itself needs to be 
studied, e.g., in order to trace and verify the results. One such domain is crisis 
management, which has been studied extensively within the Geoinformatics 
Research Group at the Department of Built Environment in the Aalto University 
(e.g., Virrantaus et al. 2009, Korpi & Ahonen-Rainio 2010, Seppänen & 
Virrantaus 2010, Nikander et al. 2012, Mäkelä & Virrantaus 2013, Luokkala & 
Virrantaus 2014). 

The need to trace and verify analysis results is a need for provenance. Research 
dedicated to supporting provenance focuses on different ways to describe and 
record the history of changes and advances made throughout an analysis 
process for the benefit of both the analyst, or analysts, and persons external to 
the analysis (Ragan et al. 2016). Traditionally the research community has 
separated between analytical provenance, focusing on the analyst’s reasoning 
processes (see, e.g., Pike et al. 2009b, North et al. 2011, Xu et al. 2015), and data 
provenance, focusing on the computational workflow of the analysis (see, e.g., 
Simmhan et al. 2005, Davidson & Freire 2008, Freire et al. 2008). The latter is 
also known as data lineage (see, e.g., Bose & Frew 2005). Recently, Ragan et al. 
(2016) presented an organizational framework of provenance types and 
purposes relevant to this dissertation. Of the types listed the research presented 
in this dissertation is especially related to that of provenance of insight, covering 
“cognitive outcomes and information derived from the analysis process,” and 
provenance of rationale, covering “the reasoning behind decisions, hypotheses, 

                                                            
1 Hall A (2011) Knowledge Visualization in Spatial Analysis. Aalto University. Available: 
http://builtenv.aalto.fi/en/research/geoinformatics/geoinformatics_and_cartography/thesis/ 
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and interactions” (Ragan et al. 2016, p. 35). Of the purposes of provenance listed 
this research relates to those of recall, replication, collaborative communication, 
and perhaps most strongly, presentation, which is described as the 
communication of “how an analysis was conducted, how the findings were 
determined, or how the data justifies a conclusion” (Ragan et al. 2016, p. 36). 

Many studies exist on these types and purposes of provenance. Gotz and Zhou 
(2009) approached the problem of recording the process and rationale by which 
an insight is derived by defining a taxonomy of actions, which included the 
analyst’s intent with that action. Pike et al. (2009a) aimed mainly at solving 
problems of collaborative work and developed an application suite that allowed 
for the capture and annotation of visual outputs used in an analysis process, to 
which a similar solution is also provided by Willett et al. (2011). Lipford et al. 
(2010) explored whether a tool that visualized the steps of visual analysis based 
on interaction logs could aid users in recalling their reasoning process. 
Storytelling and narrative visualization (see, e.g., Gershon & Page 2001, Segel 
& Heer 2010, Kosara & Mackinlay 2013) are closely related to the purpose of 
presentation, but tend to focus more on communication with the general public. 
There are also similar studies found within GI science. Tomaszewski and 
MacEachren (2006) considered the spatial context of analysis with the goal of 
supporting group work, and Robinson (2011) studied the process of analysis 
conducted by a single analyst with particular attention on spatial information, 
and developed a framework to be used when creating new tools for supporting 
reasoning. There is however a need for more research on the provenance of 
insight and rationale that is firmly based on theories of cognitive science and that 
recognizes the unique challenges and opportunities posed by spatial and 
temporal data. 

The research that led to this thesis later expanded to the domain of map 
animation and agent-based modeling. Map animation has in recent years 
become increasingly popular as a way to represent time in geovisualization 
(Harrower & Fabrikant 2008). Unlike static maps that have to use space to 
represent time map animation can use time itself to represent time. Studies of 
the effectiveness of animated versus static maps have however produced mixed 
results (Lowe 1999, Slocum et al. 2001, Tversky et al. 2002, Griffin et al. 2006, 
Harrower & Fabrikant 2008, Aigner et al. 2011, Fish et al. 2011, Kriglstein et al. 
2014). Among the drawbacks listed about map animations are that it is not 
possible to view the entire visualization at a glance, that the cognitive load on 
short-term memory is greatly increased, and that change blindness (Simons & 
Rensink 2005) becomes a factor. Therefore, this part of the research looked at 
ways in which to improve the effectiveness of map animations. 

In agent-based modeling (Siegfried 2014) one of the biggest challenges is the 
acquisition of domain knowledge. This task is both arduous and time-
consuming, resulting in applications that often are technically advanced but 
poor in terms of substance (Crooks et al. 2008). One way to collect domain 
knowledge is through interviews with domain experts, where knowledge is 
constructed in the interaction between the interviewer and the interviewee 
(Kvale 2007). For this to work well, the interviewee needs to be able to express 
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their knowledge verbally, and the interviewer and the interviewee need to be 
able to understand each other. This is however not always the case. E.g., in the 
PEKA research project, where a spatial agent-based model (ABM) was 
developed and where a part of the research behind this dissertation was carried 
out, communication was a problem. This part of the research therefore looked 
at ways in which this communication could be facilitated using visualizations.  

Although the research topics of this thesis might seem somewhat different and 
unrelated, they are in fact closely related. The red thread throughout all this is 
twofold: (1) the wish to facilitate human reasoning with S-T information, both 
in human-computer interaction and in interhuman communication through the 
use of different kinds of visualizations, and (2) the understanding that this has 
to be done based on a firm understanding of human cognition and reasoning. It 
is worth noting that already Thomas and Cook (2005) pointed out that we need 
to refine our understanding of the human reasoning processes, and that they 
recommended we should develop knowledge representations to capture, store, 
and reuse the knowledge used in the entire analysis process. Later Arias-
Hernandez et al. (2012) observed that there is still a lack of research on these 
processes. 

1.2 Overview of the Dissertation 

The research process that led to this dissertation consisted of three phases, 
named First Look, Deepened Understanding, and Application in Figure 1. The 
first phase provided a preliminary study on the research problem, which at that 
particular stage was related to the question of provenance of insight and 
rationale in spatial analysis. Here the focus of the research was to develop ways 
in which a reasoning process could be communicated through visualizations. To 
achieve this a study of what reasoning in spatial analysis is, was conducted. This 
phase resulted in Publication I. 

 

 

Figure 1. The research process consisted of three phases: first look, deepened understanding, 
and application. It also had two paths: analysis and communication, the former studying 
human-computer interaction and the latter interhuman communication. 

In the second phase the scope of the research was expanded to S-T analysis. The 
review of human reasoning was extended both in general to provide a deeper 
understanding of the topic, and specifically to cover issues related to time and 
temporal data. At this stage special focus was laid on the important role of 
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spatial and temporal relations to our reasoning, which had been realized already 
in the first phase of the research. The research of the second phase also 
considered how the role of spatial and temporal relations should be considered 
when providing provenance of insight and rationale. This phase resulted in 
Publication II. 

In the third phase the findings of the two previous phases were applied to the 
domains of map animation and agent-based modeling. Regarding map 
animation, sonification and classification were considered as two ways in which 
to facilitate the analysis of S-T information. This research resulted in 
Publications III and IV. Regarding agent-based modeling, visualizations in the 
form of node-link diagrams were considered as a way to facilitate the acquisition 
and communication of domain knowledge. This research resulted in Publication 
V. 

As can be seen in Figure 1, the research process had two paths: one named 
Analysis and one named Communication. These are closely intertwined, but the 
main difference is that the former is about human-computer interaction, while 
the latter is about interhuman communication. 

1.2.1 Objectives and Scope 

The objective of this dissertation is to increase our understanding of human 
reasoning in S-T analysis, while paying special attention to the role of spatial 
and temporal relations in this reasoning. The increased understanding will then 
be transformed into a human reasoning framework for spatio-temporal analysis. 
This dissertation recognizes that human reasoning is universal, and that the 
principal difference between reasoning in different domains is in contents, not 
in processes (Johnson-Laird 2006). Still, S-T analysis does differ from other 
kinds of analysis. Spatial data is special (Anselin 1989, Longley et al. 2011), and 
so is temporal, posing special challenges for all disciplines related to 
visualization and analysis of temporal data (Andrienko et al. 2010, Kriglstein et 
al. 2014). Although human cognition and reasoning have been studied 
extensively in domains such as psychology, cognitive science, and neuroscience, 
and in more application-oriented domains of study, such as information 
visualization (IV) and visual analytics (VA), there is a need for research that 
looks in depth at the theoretical findings and applies them to reasoning about 
spatial and temporal data using maps and similar visualizations. 

The two main theories of cognitive science that this dissertation builds upon, 
the dual-process theory and the mental model theory of reasoning, are both 
controversial (see, e.g., Johnson-Laird 2006, Evans & Stanovich 2013). 
However, as Patterson et al. states (2014, p. 44, 49-50), “there does seem to be 
substantial support for the role of mental models in human reasoning” (citing 
Byrne & Johnson-Laird 2009, Johnson-Laird 2010), mental models provide “a 
framework upon which expertise is built” (citing Chi et al. 1981, Lesgold et al. 
1988, Feltovich et al. 1992), and the dual-process theory “offers a reasonable 
organizing structure” for human cognition. Based on these statements, further 
research seems likely to confirm these theories rather than contradict them. 
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The second objective of this dissertation is to use the increased understanding 
of human reasoning in S-T analysis to guide both the visual communication of 
reasoning in S-T analysis, a topic related to that of provenance, and the design 
of new representations and tools for S-T analysis. In order to guide the visual 
communication of reasoning, this dissertation draws on theories from domains 
such as knowledge visualization (KV) and knowledge representation (KR). The 
myriad of node-link representations developed for knowledge construction and 
sharing, of which Eppler (2006) lists many, worked as a particular source of 
inspiration in this phase of the research.  

When trying to guide the design of new representations and tools for S-T 
analysis, this dissertation positions itself within a tradition of science that, at 
the moment, can be considered as belonging to the domain of VA. VA studies 
human-computer interaction and is an effort to couple human intelligence and 
computing in an optimal way, through the use of visualizations. VA often deals 
with large and complex sets of data which have both spatial and temporal 
components, but without realizing the unique challenges and possibilities posed 
by this fact. These data sets are also known as Big Data, one of the number one 
buzzwords at the moment, which is surrounded by many misconceptions 
(Labrinidis & Jagadish 2012, Jagadish 2015). VA is also the major research 
domain addressing the topic of provenance. 

1.2.2 Research Questions 

During the research that led to this dissertation seven different research 
questions (RQ) were considered. These are presented in Figure 2, which also 
relates them to the five different publications and the three different phases of 
this dissertation. Publication I answers to RQ 1 and RQ 2: What is reasoning in 
spatial analysis? How can this reasoning be communicated through 
visualizations? Publication II, where the research was extended to S-T analysis, 
answers to RQ 3 and RQ 4: What is reasoning in S-T analysis? What is the role 
of spatial and temporal relations in S-T reasoning? In these phases, First Look 
and Deepened Understanding, the two research paths, Analysis and 
Communication, are still closely intertwined. 

 

 

Figure 2. The seven RQs considered in this dissertation arranged by publication, research phase 
and research path. 
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In the Application phase, the two research paths split. There, two RQs were 
studied on the analysis path. In Publication III the question was: How can 
sonification facilitate reasoning with map animations? In Publication IV the 
question was: How can intensity-based classification facilitate reasoning with 
map animations? On the communication path, one RQ was studied in 
Publication V: How can visualizations aid in interhuman domain knowledge 
acquisition for ABMs? These questions are named RQ 5, RQ 6, and RQ 7 in 
Figure 2. 

Next, the reasons for choosing sonification and intensity-based classification 
as subjects of study are explained and the idea of using visualizations in 
interhuman domain knowledge acquisition is described in more detail. 

Sonification in Map Animation 
Sonification was chosen as a subject of study as several authors (Fairbairn et al. 
2001, MacEachren & Kraak 2001, Slocum et al. 2001) have pointed to the need 
for multimodal approaches in interface design. If properly designed, these kinds 
of interfaces are expected to function better than unimodal interfaces as they 
enable our senses “to function better by exploiting the redundancies and 
complementarities provided by multiple sensory modalities” (Alais et al. 2010, 
p. 3).  

Sound is especially well suited for making map animations multimodal as both 
sound and animation are inherently temporal phenomena. The use of sound in 
animations is also motivated by findings in cognitive science and related 
disciplines: sound can reduce split attention as it enables us to benefit from our 
innate dual-channel capabilities to both hear and see at the same time, it can 
reduce cognitive overload if used to  reduce the amount of information that 
needs to be processed visually, and it can be utilized to make users more 
cognitively active by having them make connections between visual and 
auditory stimuli (Mayer 2005, Harrower 2007). 

Sonification has been studied in relation to spatial data since Krygier (1994) 
proposed a set of abstract sound variables for the representation of spatial data 
analogous to Bertin’s (1967) graphic variables. It has been studied in relation to 
a wide range of applications, e.g., virtual environments (e.g., Fröhlich et al. 
1999), mapping for the visually impaired (e.g., Zhao et al. 2008), and systems 
for the exploration of geospatial data (e.g., Harding et al. 2002). Recent 
examples of sonification include the use of sound to enhance the map use 
experience (Laakso & Sarjakoski 2010) and to represent uncertainty in data 
(Bearman & Lovett 2010), a topic discussed even earlier by Fisher (1994).  

Very little research has been done on using abstract sound in map animations. 
Krygier (1994) reported two applications, one where loudness was used to add 
additional information to a map animation and one where pitch was used to 
replace the time bar, i.e., the temporal legend, in a map animation. More 
recently, several authors have suggested that map animations could benefit 
from these kinds of audio-temporal legends (Kraak et al. 1997, Slocum et al. 
2001, Midtbø 2001, Harrower 2007, Harrower & Fabrikant 2008). This is also 
supported by findings in neuroscience indicating that hearing shapes our 
perception of time (e.g., Heming & Brown 2005, Kowalska & Szelag 2006, 
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Bolognini et al. 2012). However, no systematic testing of the use of audio-
temporal legends can be found in the literature. The possibility of using audio-
temporal legends in map animations was therefore included in this part of the 
research as a particularly interesting prospect of applying sonification to map 
animations. 

Intensity-Based Classification for Map Animations 
Classification, meaning the systematic grouping of data based on one or more 
characteristics (Kraak & Ormeling 2010), was chosen as a subject of study for 
two reasons. Firstly, maps with a large number of objects are known to burden 
users’ cognitive processes (Bunch & Lloyd 2006), and classification is one well-
known way in which to reduce this burden. Secondly, classification can facilitate 
reaching insight with maps (Kraak & Ormeling 2010). 

The use of classification in map animation also has the potential to facilitate 
temporal chunking, the grouping of events into larger units based on their 
meaning or learned associations (Miller 1956, Patterson et al. 2014). 
Animations represent information in continuous time while our mental models 
of events form goal-directed sequences of discrete steps (Zacks et al. 2001). 
Classification can leverage this discrepancy by making quantitative information 
qualitative and by partitioning the data into suitable chunks. Classification thus 
forms the content and format of visualization closer to that of our mental models 
of such content, as recommended by Tversky et al. (2002). Making 
visualizations that facilitate chunking and aid reasoning with mental models is 
also recommended by Patterson et al. (2014). 

The intensity-based classification method used in this dissertation classifies 
data based on changes in its intensity into three different categories consisting 
of periods of increasing, decreasing, and stable occurrence of events. The idea is 
that explicitly visualizing the changing intensity of events by using different 
colors should facilitate our reasoning in two ways. By facilitating temporal 
chunking the burden on the user’s cognition should decrease, and by visually 
increasing the perceptual salience of the intensity of events reaching insight 
about this aspect of the data is made easier. The idea of making certain 
information more perceptually salient by using graphic design principles is 
discussed by Fabrikant and Goldsberry (2005) as one way of overcoming the 
drawbacks of map animation. 

Domain Knowledge Acquisition for Agent-Based Models 
Domain knowledge acquisition for ABMs is sometimes a matter of 
communication (e.g., Saqalli et al. 2010) and as such related to the topic of 
visual communication of reasoning in S-T analysis, ultimately being just a 
question of facilitating understanding. The goal was to develop diagrams that 
could be used as a communication tool by modeling experts and domain experts 
in the process of designing an ABM. The goal was not to develop a standardized 
and rigid way of visualizing these aspects but to demonstrate a flexible and 
straightforward approach to the problem. These diagrams would work both as 
a way for modeling experts to gain domain knowledge from domain experts and 
as a means to making the system architecture and the operational logic of the 
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model accessible to the potential users, i.e., the non-modeling experts, enabling 
them to verify the model. Furthermore, special attention was paid to the S-T 
aspects of ABMs and research on spatial and temporal relations from the 
domain of GI science was utilized. 

This study responded to one of the key challenges in agent-based modeling for 
geo-spatial simulation identified by Crooks et al. (2008, p. 420), namely how to 
“communicate and share agent-based models with all those who we seek to 
influence and whom we believe that such modeling will inform.” It is also related 
to the need for methods of conveying model structure and key model parameters 
(Crooks & Heppenstall 2012). 

Two existing approaches to communicating ABMs should be mentioned: the 
overview, design concepts, and details (ODD) protocol (Grimm et al. 2006, 
Grimm et al. 2010) and the diagrams of the Unified Modeling Language (UML, 
Fowler 2003). Although both are commendable research efforts, they are 
significantly different from the goal of this study. ODD is an effort to standardize 
published descriptions of ABMs with the goal of enabling reproduction. It is 
supposed to be made and read by ABM experts and is thus not an easy and 
straightforward knowledge acquisition tool suitable for the use of people 
unfamiliar with ABM. UML is a family of standardized graphic notations used 
for describing and designing primarily object-oriented software systems that 
have been proposed for describing ABMs graphically (e.g., Bersini 2012, Siebers 
& Onggo 2014). As Grimm et al. (2006) observe, it is quite complex and not 
particularly easy to develop or understand, and thus not suitable for our 
purpose. The updated ODD protocol (Grimm et al. 2010) even recommends not 
using UML diagrams to describe model structure in order to make the ODD 
independent of how models are implemented.  

The UML approach can be contrasted with that of the rich picture diagram 
(RPD, see, e.g., Lewis 1992, Monk & Howard 1998, Sutrisna & Barrett 2007) of 
the soft systems methodology (Checkland 1981, Checkland & Scholes 1990). 
RPD is a tool for understanding, recording, and reasoning about a specific 
problem or domain that has no strict rules of creation and that does not 
necessarily have any value outside of the situation of creation. It is the opposite 
of UML diagrams. What we wanted to achieve positioned itself between these 
two approaches, being semi-structured but still straightforward enough to 
facilitate shared understanding between people of different backgrounds. 

1.2.3 Application of Methods 

This dissertation concerns the application of three different research methods 
distributed over the three research phases as illustrated in Figure 3. As can be 
seen, the first and second phases applied literature reviews and case studies as 
research methods. In the third phase user-testing was also applied. In total, 
there were three case studies and two user tests, which are described in more 
detail in Section 3. Here, the nature of these three methods and their application 
in this dissertation is only briefly introduced. 

The nature of the research done in the first and second phase can be described 
as nonempirical and it continues the long tradition within GI science of applying 
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theories from other domains to its own problems. The approach taken was 
iterative of its nature: first, an extensive literature review was conducted, and 
then the findings were verified through case studies. In this instance, a case 
study is defined as investigating “a unit of human activity embedded in the real 
world” in order to “answer specific research questions” (Gillham 2000, p. 1). 

 

 

Figure 3. A diagram explaining how the three research methods, literature review, case study, 
and user-testing, were applied during the three research phases that led to this dissertation. 

In Publication I, the literature review focused on theories of reasoning and 
findings in the domains of VA and KV, while the case study was one of spatial 
analysis. In Publication II, where the case study was one of S-T analysis, the 
literature review focused on S-T reasoning and findings in the domain of KR. At 
this stage introspection, the examination of one's own conscious thoughts 
(Schwitzgebel 2014), and reverse engineering, the taking apart of something, 
e.g., a machine, in order to try to figure out what the parts are for and what they 
do to make the machine work (Pinker 2009), were applied in the case study. 

The third phase was more application-oriented. In Publications III and IV, the 
literature review concentrated on sonification and map animation, while in 
Publication V it concentrated on KV diagrams and ABMs. In Publications III 
and IV user tests were conducted in the domain of S-T analysis. These tests were 
more controlled experiments informed by psychology, compared to actual 
usability evaluations, a distinction discussed by Plaisant (2004). In Publication 
V, a case study was conducted in the domain of agent-based modeling. 

1.3 Structure of the Dissertation 

The rest of this dissertation summary is divided into five sections. Section 2 
gives a thorough theoretical foundation on which the rest of this dissertation 
stands. It consists mostly of the findings of the literature review conducted in 
relation to writing the five publications included in this dissertation, but it also 
covers parts not included in the publications. Section 3, Methods, introduces 
the three case studies and the two user tests conducted as a part of this research. 
Section 4 presents the results of this dissertation, i.e., the answers to the 
research questions. Section 5 gives a short conclusion and discusses the 
theoretical and practical implications of the results, their reliability and validity, 
and proposes some topics for further research.  
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2. Theoretical Foundation 

This section presents the theoretical foundation of the dissertation. Figure 4 
illustrates the approach taken. As visualizations are an essential part of this 
dissertation, the first part of this section looks at the different roles of 
visualization in GI science. As S-T analysis is not considered its own domain of 
research, this part also covers the main related domains of research that can be 
considered influential for this dissertation. 

The rest of this section concerns cognitive science and S-T analysis. Cognitive 
science is addressed from the point of view of distributed cognition, with a 
special focus on anything relevant to the topic of S-T analysis. S-T analysis is 
defined and described from the point of view of this dissertation. The VA take 
on analysis is also presented, as it has had a quite formative influence on a large 
part of the research on cognition in S-T analysis. 

Each subchapter is accompanied by a concept map that gives the overall 
structure and relates the most important concept of that section to each other. 

 

 

Figure 4. The subject matter of this dissertation, S-T analysis, visualization, reasoning, and 
communication, is examined in relation to recent findings in the domain of cognitive science. 
As the foundation we have space and time that make up our geographic reality. 



Theoretical Foundation 

12 

2.1 The Role of Visualization in GI Science 

Visualization is here defined as a graphic (as opposed to textual, numerical or 
verbal) representation of data. Demšar (2009) uses the same definition but 
without mentioning numerical representations. Their power lies in their ability 
to enhance the performance of our mind. In the words of Norman (1993) 
visualizations are external aids, or cognitive artifacts, that support our cognitive 
abilities. With visualizations, we can utilize our ability for spatial reasoning 
regardless of if the problem domain is spatial or not. By being applicable to 
mental assessment and rearrangement they contribute to understanding, 
inference, and insight (Tversky 2014, see also Tversky 2005). According to the 
Congruence Principle “the content and format of the graphic should correspond 
to the content and format of the concepts to be conveyed” for the graphic to be 
beneficial (Tversky et al. 2002, p. 247). 

The natural way to represent spatial information is through maps, as they 
depict the actual physical arrangement of an environment. They therefore differ 
significantly from other visuospatial entities, such as diagrams, and 
consequently their comprehension, memorization, and usage requires a unique 
set of cognitive processes (Taylor 2005). Maps facilitate spatial thinking in 
several ways, e.g., they enable us to create more abstract conceptualizations of 
space and they are superior in revealing spatial relations (Uttal 2000). On a 
map, locations are remembered in relation to other locations, a practice of which 
the perceptual process of separating figure from ground is prerequisite (Tversky 
1981). Temporal data, on the other hand, is challenging for all disciplines related 
to data visualization and analysis (Andrienko et al. 2011, Kriglstein et al. 2014), 
in part because there are limits to the spatialization of time (Galton 2011). Time 
cannot be represented as intuitively as space by maps. 

Two distinct but related uses of visualization, analysis and communication, 
can be identified in what is now called GI science. Next, these two uses of 
visualization are presented from a cartographic perspective, followed by the five 
domains of research that stand out in the history of what is now called GI 
science. These are scientific visualization, IV, geovisualization, VA, and 
geovisual analytics (GVA). They are all examples of visualization for analysis 
and Figure 5 places them on a timeline. Lastly, two related domains of research 
relevant to this dissertation are presented. These are KV, related to the use of 
visualization for communication, and sonification, closely related to IV. Figure 
6 visualizes the structure of this section as a concept map. 

2.1.1 Visualization for Analysis and Communication 

Visualization refers to two distinct but related activities, analysis and 
communication, both of which are relevant to GI science. The use of 
visualization within these activities can be explained through the terms visual 
thinking and visual communication (DiBiase et al. 1992). Visual thinking is what 
analysts engage in when analyzing existing data using graphic methods in order 
to produce new knowledge. This kind of visualization can implicitly convey 
innumerable data relations to the analyst, relations whose importance could not 
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be known beforehand and which could not be made explicit in any other way. 
As Demšar (2009, p. 41) puts it, visualizations “reveal knowledge in the data 
which is not detectable by current computational methods, but which can easily 
be identified by the human visual system.” In visual communication the intent 
is to communicate existing knowledge in a graphic form. The primary goal of a 
visualization is then to facilitate the transfer of knowledge between people. 
Examples of this are reference maps and thematic maps. In short: “visual 
thinking is exploratory; visual communication is explanatory” (DiBiase et al. 
1992, p. 202). 

 

 

Figure 5. An approximate timeline that shows the various research domains that are connected 
to visualization in GI science and the sources to which they can be traced. 
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Figure 6. Section 2.1 visualized as a concept map. Sharp rectangles represent subsections and 
rounded rectangles are important concepts from the text. 

Later, MacEachren (1994), building in part on the analysis and communication 
duality, introduced a conceptualization of map based visualization grounded on 
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different kinds of map use (see also: MacEachren & Kraak 1997). Figure 7 
presents this conceptualization as a three-dimensional space defined by three 
map use continua: from private to public, from revealing unknowns to 
presenting knowns, and from high to low interaction. There are no clear 
boundaries in this space, but two extremes can be identified: the two corners 
named analysis and communication in Figure 7. MacEachren (1994) named 
these visualization and communication. In general, analysis is private, reveals 
unknowns and includes high levels of interaction with the map, while 
communication is public, presents knowns and includes low amounts of 
interaction with the map. These two components are present, to different 
degrees, in all kinds of map use. Communication research has a long tradition 
in cartography, while the analysis aspect gained research attention only in the 
1990s, inspired by scientific visualization and IV. 

 

 

Figure 7. A conceptualization of map based visualization grounded on three map use continua: 
from private to public, from revealing unknowns to presenting knowns, and from high to low 
interaction (based on MacEachren 1994). 

2.1.2 Domains of Research 

This section presents the origins and definitions of five domains of research that 
have been important for GI science. Scientific visualization and IV, the former 
being the precursor of the latter, are introduced first, followed by the three 
remaining domains. These are geovisualization, followed by VA and GVA.  

Information Visualization and Scientific Visualization 
According to Card et al. (1999) work in graphic representations of data dates 
approximately back to the time of Playfair’s Commercial and Political Atlas 
published in 1786. Later influential works in this line of research are Bertin 
(1967) and Tufte (1983). Visualization, as a domain within computer science, 
has its origins in a special issue of Computer Graphics authored by McCormick 
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et al. (1987), where they introduced what has become known as scientific 
visualization, the goal of which was “to leverage existing scientific methods by 
providing … scientific insight through visual methods” (p. 3). With advances in 
computer graphics hardware, Card et al. (1999) continues, the user interface 
(UI) community saw the possibility of a new generation of UIs that would enable 
user interaction with large amounts of information. This resulted in a new 
research domain called IV, first mentioned by Robertson et al. (1989). 

IV is defined by Card et al. (1999, p. 6) as “the use of computer-supported, 
interactive, visual representations of abstract data to amplify cognition.” They 
put strong emphasis on the use of visualizations as cognitive amplifiers and state 
that appropriate visualizations can both extend and amplify human cognitive 
abilities. Nowadays scientific visualization usually stands for visualization of 
data with a natural geometric structure, while IV is a broader term, standing for 
the visualization of any type of data (Demšar 2009). According to Munzner 
(2008) a rule of thumb to separate the two is that if the spatial representation 
is chosen, it is IV, and if the spatial representation is given, it is scientific 
visualization. 

Geovisualization 
In what is now called GI science, the development that led to IV resulted in a 
new way of treating maps as interactive spatial information tools (see, e.g., 
MacEachren & Taylor 1994). Research in this discipline can be traced back all 
the way to Bertin (1967), but writings such as that by MacEachren (1994) clearly 
marked the beginning of a new era for this field of research. What was first 
referred to as cartographic visualization (MacEachren & Ganter 1990), and later 
as geographic visualization (MacEachren 1994), is now known as 
geovisualization. It can be defined as the use of visual representations to make 
spatial contexts and problems visible (MacEachren et al. 1999). It incorporates 
“theory, methods, and tools for visual exploration, analysis, synthesis, and 
presentation of geospatial data” (MacEachren & Kraak 2001, p. 3). 
Geovisualization builds on cartography and geographic techniques for 
representing data and integrates these traditions with principles from scientific 
visualization, IV and exploratory data analysis (EDA, Demšar 2009). The ICA 
established its Commission on Visualization and Virtual Environments in 1995 
and in 2007 changed its name to Commission on GeoVisualization (Kraak 
2008). In addition to the main challenge of IV, the visualization of large volumes 
of multidimensional data, geovisualization particularly address the problem of 
“preserving the richness and special characteristics of geospatial data” (Demšar 
2009, p. 44). 

Visual Analytics  
VA can be described as a post-9/11 technoscientific endeavor (Arias-Hernandez 
et al. 2012). The term has been in use since 2004, when a VA research agenda 
was drafted at the request of the US Department of Homeland Security by 
visualization researchers from academia, industry, and government 
laboratories. The research agenda was later synthesized in the book 
Illuminating the Path (Thomas & Cook 2005). The value of the research agenda 



Theoretical Foundation 

16 

did not lie in its ideas, which were not new, but rather in the attempt at gathering 
the relevant research that had been conducted within different disciplines and 
in the attempt to give new stimuli to this research (Andrienko et al. 2010). As 
such it is the second coming of IV (Chen 2013).  

VA was originally defined as “the science of analytical reasoning facilitated by 
interactive visual interfaces” by Thomas and Cook (2005, p. 4) and they went 
on specifying that VA tools and techniques are used “to synthesize information 
and derive insight from massive, dynamic, ambiguous, and often conflicting 
data.” Later, Keim et al. (2008, p. 157) refined the definition, stating that “visual 
analytics combines automated analysis techniques with interactive 
visualizations for an effective understanding, reasoning and decision making on 
the basis of very large and complex data sets.” These datasets often have both 
spatial and temporal components. VA research is similar to an effort to combine 
human intelligence and computational analysis in an optimal way. This is 
captured in Figure 8, which illustrates the VA process as a combination of visual 
data exploration and automated data analysis. VA has primarily two lines of 
research: developing representations and tools that support human reasoning 
by computational, visual, and interactive means, and studying human reasoning 
in its interaction with VA tools. 

 

 

Figure 8. The VA process visualized as a combination of visual data exploration and automated 
data analysis (based on Keim et al. 2008, Keim et al. 2010). 

Compared with IV, VA takes a more holistic approach on visual problem solving. 
While IV can be said to focus on visualizations, VA looks at the interaction 
between humans and computers during the whole analysis process with 
particular focus on the visual interfaces through which this interaction happens. 
Arias-Hernandez (2011, p. 610) has possibly the best description, by writing 
“visual analytics can be thought of as a cognitive science-aware engineering 
discipline whose goal is to apply findings from research in human cognitive 
performance to the design and evaluation of technologies for presenting and 
interacting with information.” 
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Geovisual Analytics 
In the GI science domain VA was transformed into GVA (Kraak 2008), also 
called geospatial visual analytics (Andrienko et al. 2011). The most cited article 
on the topic defines “geovisual analytics for spatial decision support” as “the 
research area that looks for ways to provide computer support to solving space-
related decision problems through enhancing human capabilities to analyze, 
envision, reason, and deliberate” (Andrienko et al. 2007, p 847). Simply put, the 
scholars of GVA emphasize that the special nature of geographic spaces requires 
special research attention. A related domain is spatial cognitive engineering, the 
goal of which is to “design spatial information systems and services based on 
the principles of human communication and reasoning” (Raubal 2010). 

In 2015, the above mentioned ICA Commission on GeoVisualization changed 
its name to Commission on Visual Analytics (ICA 2016a) and the commission’s 
2015-2019 terms of reference (ICA 2016b) uses the term “visual analytics in 
cartography” and “cartographic visual analytics” instead of GVA. The choice of 
not using the term GVA is an attempt at getting more attention from VA and 
related research domains.  

2.1.3 Related Domains of Research 

This section introduces two domains of research that, although somewhat 
different, are relevant to this dissertation. They are KV, which is about the use 
of visualization for communication, and sonification, which is closely related to 
IV.  

Knowledge Visualization 
The transfer of knowledge between people is not a straightforward task. In the 
same way as information is converted into knowledge once processed and 
integrated into an existing knowledge structure, knowledge becomes 
information once it is articulated and explicated to a physical carrier. KV, 
defined as the domain that “designates all (interactive) graphic means that can 
be used to develop or convey insights, experiences, methods, or skills” (Eppler 
2013, p. 4), addresses this problem. KV studies communication with 
visualizations that aim at facilitating the transfer and creation of knowledge 
(Burkhard 2005). 

The term KV originates from learning and instructional science (Keller & 
Tergan 2005) and is closely connected to knowledge management (KM, Eppler 
& Burkhard 2005). Compared to IV, which typically solves problems of complex 
information structures focusing on human-computer interaction, KV is 
“intrinsically connected to the problem of knowledge transfer in social 
structures,” i.e., interhuman communication, with an emphasis on the 
relationship between knowledge and humans (Novak & Wurst 2005, p. 95). An 
example of an early simple KV tool is the concept map, a graphic method for 
organizing and representing knowledge that was introduced in 1972 as a means 
of representing children’s knowledge about scientific concepts (Cañas et al. 
2005, Novak & Cañas 2006). A more recent and advanced example is the tube 
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map visualization by Burkhard and Meier (2005), which visualizes the progress 
of a long-term project using the tube map as a metaphor. 

Sonification 
Using sound to convey information is known as sonification, “the auditory 
counterpart of data visualization” (Reuter et al. 1990, p. 405). It is not 
visualization, but similar in spirit, and therefore presented here. The domain 
addresses the “transformation of data relations into perceived relations in an 
acoustic signal for the purposes of facilitating communication or interpretation” 
(Kramer et al. 2010, p. 4). Sonification is in general applied using multimodal 
approaches, where the different modalities – auditory, visual, and tactile – 
either supplement each other or provide independent information (Kramer et 
al. 2010). These multimodal approaches benefit from the fact that our senses 
work together to produce a representation of the external world that exceeds 
that of a singular sense, by exploiting redundancies and complementarities 
provided by the different senses (Alais et al. 2010). 

2.2 Cognitive Science 

Understanding human cognition is central to any domain that tries to augment 
human cognition through the use of visualization, such as IV and VA. In practice 
developing this understanding has however mainly been considered the 
responsibility of cognitive scientists (Liu et al. 2008). The main theoretical 
foundation in cognitive science, defined as “the interdisciplinary study of mind 
and intelligence, embracing philosophy, psychology, artificial intelligence, 
neuroscience, linguistics, and anthropology,” is that “thinking can best be 
understood in terms of representational structures in the mind and 
computational procedures that operate on those structures” (Thagard 2014).  

Figure 9 gives the structure of this section as a concept map. Initially 
distributed cognition is introduced and discussed, then a human cognition 
framework building on the dynamic interplay between bottom-up and top-
down processing is presented. This framework identifies and relates the 
different mechanisms of human cognition to each other and builds on theory 
about reasoning with mental models, presented in the following section. Finally, 
special attention is paid on reasoning about space and time. 

2.2.1 Distributed Cognition  

The distributed cognition framework, developed in cognitive science since the 
mid-1980s, has the potential to serve as a theoretical framework for both the 
study of representation and interaction with visualizations (Liu et al. 2008) and 
for human-computer interaction in general (Hollan et al. 2000). The framework 
has also been suggested for use in GI science (Dykes et al. 2005, MacEachren 
2015). The main tenet of distributed cognition is that human cognition is not 
limited to internal states of the brain, instead it should be treated as emerging 
from the tight coupling of processes related to internal (i.e., mental) and 
external (i.e., physical) representations (Scaife & Rogers 1996, Arias-Hernandez 
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et al. 2012). These external representations can be implemented by both 
artifacts and other humans. According to this paradigm an understanding of 
human cognition cannot be limited to internal representations, but also needs 
to consider interactions between humans and between humans and artifacts.  
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Figure 9. Section 2.2 visualized as a concept map. Sharp rectangles represent subsections and 
rounded rectangles are important concepts from the text. 

Arias-Hernandez et al. (2012) distinguishes between two perspectives within 
the theories and models of distributed cognition. The anthropological 
perspective (Lave 1988, Hutchins 1995) takes as its unit of analysis a 
sociotechnical system in which cognitive processes are distributed between 
human and non-human agents. The system is regarded as a holistic unit and 
each of its components get equal attention. The cognitive science perspective, 
also known as external cognition (Scaife & Rogers 1996), is built on the concept 
of cognitive artifacts (Norman 1993). A cognitive artifact is an external aid 
invented by humans to overcome limits in our cognitive abilities. Graphic 
inventions of all sorts, such as maps and charts, make up one class of cognitive 
artifacts. Compared with the anthropological perspective, this approach takes 
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as its unit of analysis the more limited interaction between one human and a set 
of cognitive artifacts. 

Arias-Hernandez et al. (2012) observe that the IV and VA communities have 
adopted the cognitive science perspective and consequently this perspective has 
had the biggest impact on their research. It has also been the strongest influence 
on the sediment understandings of interactive, visual representations as 
cognitive amplifiers. This understanding was founded by Card et al. (1999, p. 6) 
and can even be found in their definition of IV (“the use of computer-supported, 
interactive, visual representations of abstract data to amplify cognition”). Arias-
Hernandez et al. (2012) criticizes this treatment of interactive, visual 
representations as cognitive amplifiers in the IV and VA communities and 
identifies two implications. Firstly, it has systematically downplayed internal 
representations and interaction in understandings of external cognition and, 
secondly, it has led to a widespread use of the in fact misleading notion that 
cognitive artifacts amplify cognition. What happens in distributed cognitive 
systems when cognitive artifacts are applied is that the cognitive tasks change 
to tasks that can be solved by perceptual and/or motor skills. Our working 
memory or internal processing speed is not increased when we, e.g., use maps 
or other visual representations, but rather the nature of the tasks change. This 
more reserved view of augmentation of cognition is widespread in the cognitive 
science community and is the view taken in the rest of this section. 

2.2.2 Human Cognition Framework 

This section gives an overview of human cognition through a human cognition 
framework developed for IV by Patterson et al. (2014). The theoretical 
perspective taken by the framework is that human cognition arises from a 
dynamic interplay between bottom-up and top-down processing. Bottom-up 
processing is used to describe the way in which visual stimulus, filtered by arrays 
of biological mechanisms called receptive fields, is affecting our mental 
experience. Top-down processing denotes the way in which our current mental 
state influences how bottom-up information is processed. 

This overview by Patterson et al. (2014) is based on what is called the dual-
systems theory, also known as the dual-process theory (see, e.g., Sloman 1996, 
Stanovich 2005, Evans 2008, Kahneman 2011). The dual-process theories 
postulate two separate systems for reasoning, one rapid autonomous intuitive 
system based on implicit pattern recognition and procedural long-term 
memory, and one analytical reasoning system, composed of working memory 
and long-term declarative memory. The cognitive processes of the intuitive 
system are fast, automatic, and unconscious, while the cognitive processes of 
the analytical system are slow, deliberative, and conscious. Both systems are 
reliant on both bottom-up and top-down processing. It is important to 
remember that although both the dual-systems theory and the human cognition 
framework are presented here as consisting of clearly separated systems with 
clearly identified working processes the truth is more complex. Things occur in 
parallel and not all interactions between cognitive mechanisms can be described 
in this thesis. 
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Figure 10 depicts the flow of information in human cognition, from stimulus 
through a semi-parallel series of cognitive mechanisms, to decision and 
response. External information enters the system through encoding, “the 
conversion of a visual image into a neural representation in human memory” 
(Patterson et al. 2014, p. 44). In many cases, these representations persist only 
briefly in the visuo-spatial temporary store, also referred to as visual short-term 
memory. The encoded stimulus may also activate pattern-recognition 
mechanisms and long-term memory. Encoding is also directly affected through 
the top-down influence of attention and working memory. 

 

 

Figure 10. An overview of human cognition based on Patterson et al. (2014). The flow of 
information is from left to right. Here, normal processing flow refers to the traditional view of 
a one-directed flow of information in human perception. The different cognitive mechanisms 
of human cognition depicted in the figure are discussed in the text. 

Attention can be defined as “the process of focusing cognitive resources on 
selected aspects of the environment while ignoring others” (Patterson et al. 
2014, p. 45). Exogenous attention, also called stimulus-driven (Egeth & Yantis 
1997), refers to the way that attention can be captured by a triggering stimulus 
in the visual field. There is a limited set of visual features that have this 
triggering effect and can be detected very rapidly (< 200-250 milliseconds), 
seemingly without attention (Healey & Enns 2012). Endogenous attention 
refers to the “volitional and active deployment of processing capacity to an 
external stimulus, or an internal state, in a goal-directed fashion” (Patterson et 
al. 2014, p. 45). Endogenous attention is one way in which the processing of a 
visualization is affected in a top-down manner. 

Working memory refers to a “dynamic form of conscious memory that 
provides an individual with the ability to perform complex mental operations” 
(Patterson et al. 2014, p. 46). The central executive is a core component of 
working memory and performs a number of important functions through 
endogenous attention, such as directing attention away from distractors and 
activating declarative long-term memory representations. The visuo-spatial 
temporary store is also a part of working memory. The capacity of working 
memory is very limited, with recent estimates putting it at four items (Cowan 
2001). However, through chunking the mental process of grouping elements 
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into larger units based on their meaning, the capacity of working memory is 
increased (Miller 1956). There is also evidence for what Patterson et al. (2014) 
call temporal chunking, i.e., the fact that people conceive events as goal-directed 
sequences of discrete steps (Zacks et al. 2001). 

The pattern recognition process works in parallel with the central executive of 
working memory. In this thesis, pattern recognition is defined as “the 
recognition of statistical regularities encountered in the environment” 
(Patterson et al. 2014, p. 46). The incoming statistical pattern (the bottom-up 
component) serves as a retrieval cue for representations in long-term 
procedural memory (the top-down component).  

Long-term memory, “the neural representation of information and knowledge 
that is relatively enduring” (Patterson et al. 2014, p. 46), is central to our 
internal cognitive processing. It can be divided into two separate memory 
systems: a declarative and a non-declarative (Squire 2004). Patterson et al. 
(2014) writes that the declarative memory system can be divided into semantic 
memory, for meaning and declarative knowledge, and an episodic memory, for 
events and behaviors. The non-declarative memory system consists of several 
subsystems, one of which is procedural memory. Long-term memory exerts top-
down influence on both working memory and pattern recognition and encoded 
information can become directly encoded in long-term memory owing to its 
emotional qualities. 

Decision making, “the process of selecting an option from the set of 
alternatives available for a given task” (Patterson et al. 2014, p. 46), is the final 
stage of the cognitive process. In accordance with the dual-systems theory, 
decisions can be of two types. If the decision is based on implicit pattern 
recognition, it is what is called an intuitive decision, and if it is based on 
conscious deliberation and supported by working-memory, it is what is called 
an analytical decision. This is illustrated in Figure 11. It can also be argued that 
pattern recognition is used in analytical reasoning, e.g., when inferences from 
one domain are applied in another domain based on resemblance between the 
two domains. This is, however, a different kind of pattern recognition. Decisions 
can also guide working memory, e.g., a decision might change certain goals or 
eliminate certain choices under consideration (Patterson et al. 2014).  

Decisions are also an important part of the interplay between human 
cognition and a visualization. A decision might result in a change to the 
visualization under scrutiny, such as zooming in. This change in the 
visualization begins the cognitive processing again. According to Patterson et al. 
(2014, p. 47), this iterative process, which describes how the goals and 
intentions of the user directly influence the information available for encoding, 
is the “crux of how top-down processes influence the information available to 
the encoding mechanisms.” 

2.2.3 Reasoning with Mental Models 

Reasoning is the process by which, through a set of mental processes, we derive 
inferences or conclusions from a set of premises (Samarapungavan 2009). 
There are two main types of reasoning, deduction and induction (Johnson-Laird 
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2006, Johnson-Laird & Khemlani 2014). Deductive reasoning is based only on 
the information given in the premises and on logic. Its conclusions hold in any 
kind of situation in which the premises hold, while inductive reasoning goes 
beyond the given information and rules out more possibilities than the premises 
do (Johnson-Laird 2006, Johnson-Laird & Khemlani 2014). This is possible 
because inductive reasoning depends on knowledge that is not given in the 
premises. Special cases of induction are abduction (Johnson-Laird & Khemlani 
2014), which introduces new ideas to explain something, and analogical 
reasoning (Bartha 2015), which is the transfer of inferences from one domain to 
another. Inductive reasoning is the cornerstone of human reasoning because we 
are only moderately good at deductive logic and we only make moderate use of 
it (Arthur 1994). When reasoning inductively we use the meaning of premises 
and our knowledge to construct mental models which contain less information 
than the complete models needed for deductive reasoning and thus impose 
fewer demands on our working memory (Johnson-Laird 2006). Figure 12 gives 
a schematic overview of inductive and deductive reasoning. For a discussion on 
the role of deduction, induction, and abduction in GI science, see Gahegan et al. 
(2000, 2001). 

 

 

Figure 11. On the left are highlighted the cognitive mechanisms of human cognition that are 
involved in an intuitive decision and on the right the mechanisms that are involved in an 
analytical decision according to the dual-systems theory (based on Patterson et al. 2014). 

Inductive reasoning is based on mental models, whereas mental models are 
representations of the world that we construct as a result of perceiving the world 
or understanding a description (Johnson-Laird 2006, Johnson-Laird 2010, 
Johnson-Laird & Khemlani 2014). They are constructed in working memory but 
are also a kind of knowledge representation in our long-term memory. In short, 
mental models represent what is common to a distinct set of possibilities and 
are iconic insofar as possible and represent only what is true and not what is 
false (unless assertions refer to falsity). Mental models being iconic means that 
they are based on the concept of resemblance. The parts and relations of the 
models (their structure) correspond to those of the situation they represent 
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(Johnson-Laird 2006, Johnson-Laird 2010, Khemlani et al. 2014). Iconic 
models can yield novel conclusions that do not correspond to any of the 
premises used in their construction. In the same way as maps implicitly convey 
innumerable spatial relations that were not explicitly added during their 
making, spatial relations that follow from premises emerge from these models. 
These models are however not images (Goodwin & Johnson-Laird 2005, Knauff 
2009), but rather abstract topological structures (Goodwin & Johnson-Laird 
2005, Knauff 2009, see also Reisberg & Heuer 2005).  
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Figure 12. A schematic overview of deductive and inductive reasoning. 

Conclusions drawn from mental models are not necessarily true. We have to 
search for alternative mental models and look for counterexamples to establish 
their validity. If a counterexample can be found, the conclusion is not a valid 
inference from the premises (Johnson-Laird 2006, Johnson-Laird 2010, 
Johnson-Laird & Khemlani 2014). A counterexample is a conclusion that is 
opposite to the original conclusion but based on the same premises, i.e., it 
establishes that the original conclusion is false in at least one possibility 
consistent with the premises. Reasoning with mental models is a continuous 
process of updating the confidence or strength of a belief (Rips 1990). We learn 
which mental models work and discard those that do not. A model is clung to 
not because it is correct, but because it has worked in the past. It must 
accumulate a record of failure before it is worth discarding (Arthur 1994). 
Through experience, we build expertise and form mental models that are 
superior to those of novice. A good example of this is master-level chess players’ 
superior ability to perceive structure among chess pieces (e.g., De Groot 1965, 
Ferrari et al. 2006). 

According to Sloman (2009) the best mental models are those that pick out 
invariants, the properties that reliably signal information and do not change 
across instances or across time. By picking out the invariants of a problem we 
can match the information of a stimulus reliably with an appropriate mental 
model in long-term memory in order to solve the problem. Sloman (2009) 
argues that we should not look for invariants in the constantly changing physical 
world, but in the causal processes that govern change. He argues that our mental 
models often have a causal structure and that their task is to explain what 
generated the perceived sensory input. These kind of causal models are also 
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iconic, as their structure resembles the causal structure we perceive in the real 
world. 

Inductive and deductive reasoning are generally considered to be performed 
by the analytical reasoning system (Evans 2011). Patterson et al. (2014, p. 49) 
do not differentiate between inductive and deductive reasoning, but talk about 
reasoning more generally as the “ability to draw inferences and conclusions in 
order to solve problems.” In their human cognition framework reasoning 
corresponds to what they call an analytical decision, involving an “interaction 
among knowledge representations in long-term memory as they become 
activated in working memory, under the control of the Central Executive of 
working memory” (Patterson et al. 2014, p. 49). However, an intuitive decision 
can also be seen as a result of inductive reasoning. The difference is that as the 
intuitive system has no access to working memory, it can only represent one 
mental model at a time, and is thus not capable of looking for counterexamples 
(Johnson-Laird & Khemlani 2014). These inductions are based on experience 
and heuristics and are therefore biased by nature. The processes of the intuitive 
system are however fast and effortless and thus often preferred by our brain 
over the more reliable reasoning processes of the analytical reasoning system. 

2.2.4 Spatial and Temporal Reasoning 

Spatial and temporal reasoning is defined here as reasoning about space and 
time. Of these, spatial reasoning appears to take the primary role in our 
cognition (Boroditsky 2000, Filipovic & Jaszczolt 2012), being one of the most 
common and basic forms of human intelligence (Egenhofer & Mark 1995, 
Levinson 2003, Pinker 2009). We lend our inferential machinery for space and 
motion to other concepts, such as possession, circumstances, and time. Several 
reasons as to why concepts of space seem to be primary have been suggested. 
Tversky (2014) wonders if it might be because space can be viewed and time not, 
implying the importance of vision for our cognition, but also the fact that we 
have no specific biological system that senses time (Merchant et al. 2013). 
Levinson (2003) argues that it might be because the primal spatial functions of 
the hippocampus has in humans been invaded by other functions, which would 
account for this primacy of spatial reasoning. Galton (2011, p. 695) points out 
that “time, as a fundamental and inalienable feature of our experience, will 
ultimately resist our attempts to explain it in terms of anything else.” Time is 
transient and it cannot be described through spatial metaphors. 

The primacy of space can also be seen in how we conceptualize our world. 
Galton (2001, p. 182) writes that we conceptualize it as being full of mobiles, 
meaning “objects and matter occupying different positions at different times” 
and that by contrast we do not conceptualize the history of the world as 
consisting of events “occupying different times in different places.” According 
to Couclelis (1992), the distinction between field-based and object-based views 
is fundamental to the way we think about spatial concepts but she also points 
out that our spatial cognition is flexible and dynamic by its nature and uses both 
views in parallel. According to Mennis et al. (2000), the object-based view 
reflects our innate preference for grouping our knowledge into categories. It is 
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a way in which we as humans simplify the world around us. These categories 
contain entities that are somehow conceptually considered similar or treated in 
a similar way. Goodchild et al. (2007, p. 241) state that “humans clearly perceive 
the world around them as populated by discrete objects, to which they give 
names and ascribe behaviours”, but also notes that other properties of the 
environment are perceived as continuously varying fields, e.g., noise. Finally, 
Freksa (2013) points out from a KR viewpoint that the basic entities are 
cognitively objects which can be decomposed into parts or aggregated into 
configurations, while geometrically the basic entities are points that can be 
aggregated to lines, areas, objects, and more complex structures. 

The temporal equivalence to the conceptual distinction between fields and 
objects is on one hand between states and processes, and events on the other 
(Galton 2001). An event, the temporal equivalence to an object, has a definite 
beginning and end, it is a single unitary happening. They are usually 
conceptualized as instances of an event type. Event occurrences can be counted, 
and events are in that respect analogous to objects. A state or process is 
something ongoing, capable of continuation, such as being at work (state) or 
driving (process). Many events can be thought of as transitions between states, 
which opens up for causal reasoning. Galton (2001) writes: “Objects are 
primarily spatial because we think of the object as existing as a whole at each 
time during its history: it has spatial parts but not temporal parts; whereas 
events are primarily temporal because we do regard them as having temporal 
parts (though it is less clear that we complementarily deny them spatial parts, 
although we certainly sometimes do – another asymmetry between space and 
time).” See Hawley (2010) for a discussion on temporal parts. 

According to Piaget’s theory of spatial development (Piaget & Inhelder 1956) 
children learn to reason about topological spatial properties first (when well 
under one year of age), followed by projective spatial properties (direction) and 
finally metric spatial properties. Among others, Freundschuh and Blades (2013) 
and Tversky (2014) have presented research in favor of Piaget’s theory. Partly 
owing to this theory, there is a widely-held belief that topology is the cognitively 
most important spatial relation (Klippel et al. 2013) and that topology matters 
and metrics refine (Egenhofer & Mark 1995, Mark 2005). These beliefs are more 
often based on the intuition of the researchers than on empirical data (Knauff 
et al. 1997) and there is evidence both in favor of (e.g., Knauff et al. 1997) and 
against (e.g., Klippel 2012, Klippel et al. 2013). 

Reasoning about space and time can also be studied from the dichotomy 
between quantitative and qualitative concepts. Here, quantitative refers to 
something that is measurable and expressible as a numerical quantity, while 
qualitative refers to something that concerns a quality, i.e., an inherent or 
distinguishing characteristic, a property. Simply said quantitative reasoning is 
reasoning with numerical quantities and qualitative reasoning is reasoning with 
properties. Human reasoning is mainly qualitative and in a spatial context it 
works by qualitative categorical terms such as near and far (e.g., Kosslyn et al. 
1992, Egenhofer & Mark 1995, Cohn & Hazarika 2001, Mark 2005, Renz & 
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Nebel 2007, Galton 2009), and before and after in a temporal context (Galton 
2009). 

Central to spatial and temporal reasoning is the concept of frame of reference, 
which can be defined as the way in which a figure is located in relation to a 
ground. Levinson (2003, see also Tversky 2005) points out that gravity usually 
gives us a universal solution for the vertical axis, but for the horizontal there is 
no equivalent simple solution. He concludes that there are three main linguistic 
frames of reference: intrinsic, relative and absolute. Intrinsic frames of 
reference are object-centered coordinate systems, where the coordinates are 
determined by the sidedness or facets of the ground, e.g., “He is in front of the 
house.” Relative frames of reference presuppose a viewpoint and a figure and 
ground distinct from it, where the coordinates assign directions to figure and 
ground from the viewpoint, e.g., “He is to the left of the house.” Absolute frames 
of reference refer to fixed directions, with the use of up and down being an 
obvious example of such. However, many languages extensively apply such 
absolute frames of reference to the horizontal by using arbitrary fixed bearings 
that can be related to compass bearings. One example would be “He is north of 
the house.” 

Vision, through which we mainly perceive space, works by means of two major 
cognitive systems (Goodale & Milner 1992, Kosslyn et al. 1992, Knauff 2009) 
called the what and where systems. The what system, also known as the ventral 
stream, encodes object properties and is mainly involved in object identification 
and recognition. The where system, also known as the dorsal stream, encodes 
spatial properties and processes an object's spatial location. Both systems can 
be further divided into subsystems and Kosslyn et al. (1992) argue that the 
system for spatial properties is divided into at least different systems for 
categorical and coordinate representations of spatial relations. They argue that 
metric coordinate representations are used for guiding action, e.g., moving the 
eyes or reaching, and that qualitative categorical representations, which assign 
a range of positions to an equivalence class, e.g., above/below, are used for 
identifying an object or a scene. The coordinate representations seem to be 
encapsulated and not accessible to the system used to categorize information. 
More recent findings also indicate the existence of a when system of visual 
perception related to the timing of events (Battelli et al. 2007). Space and time 
are however not processed separately in the brain, but influenced by each other 
(Burr & Morrone 2006). 

2.3 Spatio-Temporal Analysis 

This section starts out by defining and describing S-T analysis, after which it 
introduces the triad and pyramid frameworks through which S-T analysis can 
be conceptualized. Building on these frameworks, the three data types of S-T 
analysis are presented. The next section defines the concepts of data, 
information, and knowledge. Finally, the way that analysis is dealt with in VA is 
reviewed. Figure 13 gives the structure of this section as a concept map. 
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Figure 13. Section 2.3 visualized as a concept map. Sharp rectangles represent subsections and 
rounded rectangles are important concepts from the text. 

2.3.1 Spatio-Temporal Analysis Defined 

S-T analysis is about understanding geographic processes, relationships, and 
patterns and is as such at the heart of GI science and Cartography. It is vaguely 
defined in the literature but can be understood through the definitions of 
analysis and spatial analysis. Analysis is the process of breaking something into 
its components to gain a better understanding of it (Beaney 2014). Spatial 
analysis, on the other hand, is defined by Longley et al. (2011) as covering a set 
of methods whose results change when the locations of the objects being 
analyzed change, or in other words whose results are spatially dependent and 
spatially varying. O'Sullivan and Unwin (2003, p. 23) define it as “the study of 
techniques and methods to enable the representation, description, 
measurement, comparison, and generation of spatial patterns” and mention 
especially exploratory, descriptive, and statistical techniques. A slightly more 
general definition is offered by Fotheringham and Rogerson (2009), who define 
spatial analysis as analysis where the spatial component of observed data is used 
to better understand the processes that generated the data.  

Thus, in a narrow sense S-T analysis covers a set of methods, whose results 
change when the space-time locations of the objects being analyzed change, or 
in other words whose results are spatially and temporally dependent and 
spatially and temporally varying. In a more general sense, S-T analysis is 
analysis where the spatial and temporal components of observed data are used 
to better understand the processes that generated the data, or in other words, 
the process of breaking something into its spatial and temporal components in 
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order to gain a better understanding of it. Due to the nature of spatial data, 
visualization, in addition to computational methods, is central to S-T analysis. 

An S-T analysis task can be precisely specified beforehand, e.g., to confirm or 
reject a certain hypothesis, or it can be of a more exploratory nature, without 
any pre-defined hypothesis, e.g., to find and explain previously unknown 
patterns. The latter classifies under EDA, the goal of which is to simply explore 
the data without any clear ideas about the outcome of the analysis, usually 
through interactive and visual methods (Hand et al. 2001). Exploratory spatial 
data analysis (ESDA), a subdomain of EDA, is an effort to adapt EDA to the 
special demands of spatial data (e.g., Unwin & Unwin 1998, Anselin 1999). 

2.3.2 The Triad and Pyramid Frameworks 

S-T analysis can be conceptualized through the triad framework (Peuquet 1994) 
and the pyramid framework (Mennis et al. 2000), which can be found in Figure 
14. The triad framework emphasizes the three basic kinds of questions in S-T 
analysis, where – when – what, while the pyramid framework building on the 
triad framework considers the subject matter of S-T analysis as being composed 
of spatial, temporal, and thematic components. Similar frameworks, focusing 
on where – when – what, have been proposed by Yuan (1999, 2001). Common 
to all of these frameworks is that they take a space-with-time approach to spatial 
analysis, instead of a pure space-time approach (see Raper 2000, Galton 2004 
for more on this topic). These frameworks were originally developed as 
frameworks for geographic database representation that tried to integrate 
object and field based representations. The tradition of looking at 
spatiotemporal analysis as composed of spatial, temporal, and thematic 
components go further back in time (e.g., Berry 1964, Sinton 1978, Nyerges 
1991). 

 

 

Figure 14. The triad framework on the left and the pyramid framework on the right (based on 
Peuquet 1994, Mennis et al. 2000). The triad framework forms the bottom of the pyramid 
framework. 

These frameworks build on the notion of space and time as inseparable. This is 
a fact that GI science researchers have acknowledged for some time (e.g., 
Peuquet 1994, Peuquet 2001, Andrienko et al. 2010), but to implement this fully 
in an S-T representation system has proven difficult (e.g., Galton 2001, Peuquet 
2001, Galton 2004, O Sullivan 2005). Due to the geographic and cartographic 
heritage, with paper maps being the original medium, theories have tended to 
focus only on spatial aspects of reality, or on spatial aspects ahead of temporal 
aspects. Another reason for the lack of an effective S-T representation system is 
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that our conceptualization of the world is asymmetric in relation to space and 
time (Galton 2001, Galton 2004). The technical issues of the frameworks 
mentioned here are out of the scope of this research but the way that space and 
time are conceptualized in them is of relevance. 

Viewed through the pyramid framework it is clear that S-T analysis operates 
with spatial, temporal, and thematic components of data. Here, spatial data is 
regarded as data identifying locations in space, temporal data as data identifying 
locations in time, and any data not identifying a location in space or time is 
regarded as thematic data. Spatial and temporal data is always defined in 
relation to some frame of reference, which can be absolute (e.g., a raster, 
Cartesian coordinates, or a calendar) or relative (e.g., order in time or space). 
Typically thematic data is a property that can be sensed, measured, and assigned 
a qualitative or quantitative value (Mennis et al. 2000). Temperature is a typical 
example. Unlike temporal and spatial data, thematic data is N-dimensional.  

Spatial and temporal relations relate entities in space and time to each other. 
They do not exist in the real world but in representations of the real world (Mark 
& Frank 1989). One approach is to take points as the basic entities in space, 
which then can be aggregated to lines, areas, objects, and more complex 
structures (see, e.g., Freksa 2013). The basic entities in time, then, are also 
points which can be aggregated to intervals and more complex structures. 
Spatial and temporal relations can be seen as either metric or topological. 
Topological relations are defined as those properties of geometric figures that 
are invariant under continuous deformation (McDonnell & Kemp 1996) and 
describe such things as adjacency, connectivity, containment, and overlap. 
Simple topological relations are Boolean properties while metric relations, such 
as distance and direction, are defined in relation to some frame of reference 
(Mark 2005). Mathematically a Boolean domain is a set consisting of exactly 
two elements, true or false, while in a metric case there is an infinite continuum 
of possible values between any two entities. E.g., two polygons either overlap or 
do not overlap, while the possible values for the distance between two points are 
infinite. Topological relations are qualitative, while metric relations can be given 
in both qualitative and quantitative terms. 

The answer to the where question is always a location. This is however a 
relation and not a property, as nothing has an intrinsic location (Huttenlocher 
& Lourenco 2007, Kuhn 2012). Location descriptions always express spatial 
relations between objects to be located and a chosen ground. These can be 
distance and direction relations, e.g., locating an object in relation to a 
coordinate system or landmark, or they can be of topological nature, e.g., 
locating an object in a region or in a street network. The temporal analogue of 
this, the answer to the when question, is a location in time (a moment in time). 
This is of course also a relation and not a property. Locating a moment to a 
chosen ground can be done using distance and direction relations, e.g., one 
week from now, or by topological relations, e.g., on Monday. 
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2.3.3 Data – Information – Knowledge 

Data, information, and knowledge are in this dissertation approached from a 
KM perspective. KM is about the use of knowledge in organizations and 
according to Nonaka and Peltokorpi (2006) KM scholars largely agree on the 
meaning of data and information but tend to disagree on the meaning of 
knowledge. They differentiate between objective and subjective views on 
knowledge. According to the objective view, knowledge is objective and exists 
separately and independently of humans. According to the subjective view, 
knowledge is contextual and subjective, it is a subjective interpretation rather 
than an objective representation.  

This dissertation takes a subjective view and defines knowledge as 
information that has been cognitively processed and integrated into an existing 
human knowledge structure, information as data given meaning through 
interpretation, and data as symbols or isolated and non-interpreted facts (as in 
Keller & Tergan 2005). Data is derived from observation or measurement and 
information represents data in a meaningful pattern (Nonaka & Peltokorpi 
2006). S-T analysis is in this way the analysis of S-T data through various 
information representations, such as visualizations that transform data into 
information. When interpreted by an analyst, this information becomes 
knowledge, which can only exist inside our brains. 

Nonaka and Peltokorpi (2006) write that knowledge is commonly divided into 
explicit and tacit knowledge, following Polanyi’s (1966) distinction. Explicit 
knowledge can easily be expressed and shared, while tacit knowledge is highly 
personal and hard to formalize and verbalize. Acquiring tacit knowledge 
requires a shared cognitive and social context (Novak & Wurst 2005). Ryle’s 
(1949) distinction between declarative knowledge-that and practical 
knowledge-how is also frequently used (Nonaka & Peltokorpi 2006). Fantl 
(2014) gives an overview of the issues related to this distinction from a 
philosophical viewpoint. Finally, we can also distinguish S-T knowledge as its 
own category, e.g., Galton (2009) uses the term to denote spatial and temporal 
aspects of knowledge. 

As defined in this thesis knowledge becomes exclusively human, but as used 
in the domain of KR it becomes something that can also belong to a computer. 
KR, meaning the quest for explicit symbolic representations of knowledge 
suitable for use by computers, is a subdomain of artificial intelligence 
originating from when it became apparent that in order to make a computer 
intelligent giving it the capacity for pure reasoning was not enough; it also 
needed knowledge about the world with which it interacts (Galton 2009). 
Finding solutions for reasoning about spatial and temporal relations is an 
essential part of KR research.  

Symbolic representations for reasoning about space are essentially about 
finding ways to represent continuous properties of the world by discrete systems 
of symbols, i.e., representing quantitative properties qualitatively (Cohn & 
Hazarika 2001). They go under many different names: qualitative reasoning 
(Cohn & Hazarika 2001, Renz & Nebel 2007), formal models (Mark 2005), 
spatial (and temporal) calculi (Freksa 2013), naive geography (Egenhofer & 
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Mark 1995), and qualitative calculi (Klippel et al. 2013). For time the most 
influential is Interval Calculus (Allen 1984) and for space the two most 
influential are Region Connection Calculus (RCC, Randell et al. 1992) and the 
9-intersection model (Egenhofer 1991). These are topological calculi. Other 
types of calculi that have been developed include measurement calculi, 
orientation and direction calculi, position calculi, and calculi for size and shape 
(Galton 2009, Freksa 2013). 

2.3.4 The Visual Analytics Take on Analysis 

Symptomatic for the VA research agenda (Thomas & Cook 2005) is that it 
introduces several new terms as a part of trying to stimulate the new domain, 
instead of using already established ones available in related domains, such as 
cognitive science and psychology. This is especially true for the description of 
the analysis process. Nonetheless, this description is valuable as an example of 
the approach usually taken in engineering. Here some of the terms used in the 
VA research agenda, and some other terms related to how reasoning is 
approached in VA, are introduced. 

The VA process has been described through the terms sensemaking, 
sensemaking process, and sensemaking loop. Sensemaking in this context is the 
“process through which an individual makes sense” (Blandford et al. 2014, p. 
255), i.e., constructs understanding and reaches insight. The sensemaking 
process, called the analytical reasoning process by Thomas and Cook (2005), is 
described by Pirolli and Card (2005) as being iterative and having four main 
steps: (1) information gathering, (2) re-representation of the information, (3) 
developing of insight through the manipulation of representations, and (4) 
creation of some kind of product or action that is based on the insight. The 
representations in stage 2 are not necessarily physical, but might also exist in 
the head of the analyst. The sensemaking process is organized into a foraging 
loop and a sensemaking loop (Pirolli & Card 2005). The foraging loop involves 
gathering, searching, and filtering relevant information, while the sensemaking 
loop models the stages an analyst goes through when progressively making 
sense of a dataset (Endert et al. 2011), such as generating hypothesis and 
searching for evidence. Figure 15 is one conceptualization of the sensemaking 
process. Patterson et al. (2014) point out that the idea of the sensemaking 
process is similar to the theories regarding reasoning with mental models. For 
a discussion on mental models related to the use of external interactive 
visualization systems, see Liu and Stasko (2010). 

Thomas and Cook (2005) describe the sensemaking process using the terms 
“reasoning artifacts” and “chains of reasoning”. Reasoning artifacts are tangible 
pieces of information identified or created by an analyst in the sensemaking 
process, decisive in reaching a specific conclusion. They can be visualizations 
created during the analysis process or patterns identified on a map, and they are 
crucial in reaching conclusions. Using these reasoning artifacts, Thomas and 
Cook (2005) write, the analyst builds mental chains of reasoning that articulate 
and defend the conclusions made. These reasoning artifacts remind very much 
of the concept of cognitive artifacts central to the theory of distributed cognition. 
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Figure 15. A conceptualization that tries to unify the iterative sensemaking process with the 
sensemaking and the foraging loops. When gathering information, the analyst goes through 
the foraging loop, and while developing insight through the manipulation of both mental and 
physical representations, the analyst goes through the sensemaking loop (based on Thomas 
& Cook 2005, Pirolli & Card 2005, Endert et al. 2011). 

These chains of reasoning remind of the concept of narrative, understood as 
something that guide a person’s organization of knowledge into meaningful 
structures and patterns. Eccles et al. (2008) write that in order to make sense of 
and organize our knowledge, we create causally structured narratives that guide 
the organization of insights into meaningful structures and patterns. This is 
because we as humans are essentially storytellers (Fisher 1984) and we 
understand the world around us through causal relations (Sloman 2009). A 
causal relation is simply a relation between two events, where the second event, 
the effect, is a consequence of the first event, the cause. 

The term insight is frequently used in VA contexts. In the literature it has been 
used with two parallel meanings: as a term for a moment of enlightenment, 
mainly in cognitive science, and as a term for an advancement in knowledge, 
mainly in the visualization community (Chang et al. 2009). In the second 
meaning insight can be defined as an “individual observation about the data” 
being “a unit of discovery” (Saraiya et al. 2005, p. 444). However, as Dove & 
Jones (2012) point out, to best understand the nature of insights it is important 
to bear in mind both meanings. An insight can thus be seen as consisting of two 
tightly coupled parts: the insight experience, as described in cognitive science, 
and the product of this experience, as described in the visualization community. 

In a recent effort to create a knowledge generation model for VA (Sacha et al. 
2014), the sensemaking loop was divided into three sub loops named the 
exploration loop, verification loop, and knowledge generation loop. This 
knowledge generation model is given in Figure 16. The three loops of the model 
describe different levels of thinking: the exploration loop concerns analyst 
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interaction with a VA system, the verification loop concerns how exploration is 
guided and how hypothesis is formed, and the knowledge generation loop 
concerns the generation of new knowledge and how knowledge guide 
hypothesis formation. The model is based on the VA process model by Keim et 
al. (2008, 2010) and claims to tie together a diverse set of frameworks related 
to knowledge generation in VA, such as the information visualization pipeline 
(Card et al. 1999), the knowledge discovery process in databases (Fayyad et al. 
1996), the economic model of visualization (Van Wijk 2005), and the addition 
made to it by Green et al. (2009), in addition to the aforementioned 
sensemaking process (Pirolli & Card 2005). 

 

 

Figure 16. The knowledge generation model for VA based on Sacha et al. (2014). On the left is 
the computer side and on the right is the human side, which consists of an exploration loop, 
a verification loop and a knowledge generation loop. 
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3. Methods 

This section presents in more detail the three case studies and the two user tests 
that were part of this research. The aim is to clarify the similarities and 
differences between them and to position them in regard to the larger context 
of S-T analysis. Table 1 gives an overview, listing the contexts they were carried 
out in and the research questions and publications to which they relate. 

Table 1. An overview of the three case studies and the two user tests that were part of the 
research behind this dissertation showing their context and how they are linked to the research 
questions and the publications of this dissertation. 

 Context Research Question Publication 
Case Study I Off-road mobility analysis RQ 1 & RQ 2 I 
Case Study II Map animation of nuclear detonations RQ 3 & RQ 4 II 
Case Study III Agent-based modeling in urban planning RQ 7 V 
User Test I Map animation of nuclear detonations RQ 5 III 
User Test II Map animation of geese migration RQ 6 IV 

 

3.1 Case Study I – Off-Road Mobility Analysis 

Case Study I was carried out in a context of a spatial analysis process based on 
the concepts of exploratory analysis and VA. It utilized a prototype software 
which implemented the analysis process on cross-country mobility analysis. 
Both the analysis process and the prototype software was developed by 
Nikander et al. (2012) and concerned what is generally called a suitability or 
favorability problem. The aim of the case study was to study the reasoning 
carried out by an analyst using the prototype software at a specific phase of the 
analysis process and to develop a way to communicate this reasoning through 
visualizations to provide insight provenance. The chosen analysis phase 
required reasoning about complex spatial phenomena using spatial 
representations and was thus representative to spatial analysis in general.  

The analysis process was developed especially for use in civilian crisis 
management, which put certain demands on it (Virrantaus et al. 2009). Two of 
these demands will be described here. Civilian crisis management can involve 
numerous different organizations that do not trust each other’s analysis results. 
One of the main reasons for this lack of trust is that typically the analysis 
processes are not revealed to other parties, making it impossible to study the 
reasoning behind the analysis results. Another feature of civilian crisis 
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management is that it is not possible to know beforehand exactly what kinds of 
data will be available or what kind of problems need solving. Together these 
demands meant that for the analysis process to be accepted by civilian crisis 
management organizations it needed to be neutral, leaving the reasoning to the 
analyst, and general, so that it could be used in different situations with any 
available data. 

As a consequence the prototype was designed to take various source data sets 
in the form of gridded map layers as its input, and to create an output using 
clustering based on similarity. The prototype treats each grid cell as an object 
with multiple attribute values and calculates similarity as a distance in multi-
dimensional space. The suitability problem is then solved by combining similar 
locations into clusters using k-means (MacQueen 1967) and DBSCAN (Ester et 
al. 1996) clustering methods. The assumption here is that similar areas are 
equally suitable for any purpose, in our case off-road mobility. The clustering 
methods are neutral in the sense that they do not themselves solve the suitability 
problem. Instead, this was the task of the analyst, who needed to interpret and 
classify the clusters according to their suitability into three mobility classes – 
GO, GO SLOW, or NO GO – and it was the reasoning carried out at this phase 
of the analysis process that was the topic of the case study. 

The classification was done using two kinds of visualizations: a parallel 
coordinate plot (PCP) visualizing the thematic characteristics of the clusters and 
a map visualizing the spatial characteristics of the clusters. Figure 17 shows what 
it looked like in the prototype. In the upper part of the window are the map and 
the PCP. The different clusters are visualized using different colors and the user 
can select individual clusters or pixels for highlighting and more detailed 
analysis. In this case, three input data layers have been used – slope, soil type, 
and amount of vegetation – and they are represented by the three first vertical 
axes of the PCP, where the y-axis gives the mobility value of each input data 
layer. The fourth axis is the cluster number. In the lower part of the output 
interpretation window, a functionality for assigning suitability labels to the 
clusters can be found on the left, and on the right there are details about the 
cluster, e.g., the centroid of each cluster and all data vectors belonging to each 
cluster. For more details on the analysis process and the prototype software, see 
Nikander et al. (2012) and Nikander (2012). 

3.2 Case Study II – Map Animation of Nuclear Detonations 

Case Study II was carried out in a context of S-T analysis of events using map 
animation. The aim of the case study was to explore the link between the 
visualized spatial and temporal relations, and the insights made by an analyst 
watching them. The approach taken to this problem was that of distributed 
cognition. The case study applied reverse engineering and introspection on four 
insights made by an analyst (the author) watching a simple map animation of 
events. In this process, special focus was laid on the qualitative categorical 
representations that spatial and temporal relations were given once they had 
been perceived, and on the role that thematic information and the analyst’s 
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knowledge played in the reasoning behind the insights. The analyst’s narrative 
was also examined. 

 

 

Figure 17. The analysis task studied in the case study was carried out with this kind of UI. In the 
top-left corner is the map and in the top-right corner is the PCP. Here cluster 5 is highlighted, 
reflected by the pink color on the map and in the PCP. (Nikander 2012) 

The map animation used in the case study was a multimedia artwork named 
1945-1998 (Hashimoto 2003) showing the time and location of every known 
nuclear detonation2 (except those announced by North Korea). It was chosen 
because it is well-known and freely available on the web (see references for the 
internet address). In the animation the spatial aspect of the data is 
communicated through a world map and the temporal aspect through the fact 
that it is an animation (every second is one month), through beeps (one beep for 
every month, a different beep for the start of every year), and through textual 
information. As time goes by, the detonations appear and disappear as points 
on the map. The points are color-coded to show to which country they belong 
to. The total and countrywise cumulative number of detonations are also given 
at every moment in time. Figure 18 is a screenshot of the animation. 

3.3 Case Study III – Agent-Based Modeling in Urban Planning 

Case Study III, which had the aim to develop diagrams that could be used as a 
communication tool by modeling experts and domain experts in the process of 
designing an ABM, was carried out in a project where a spatial ABM for the 
simulation of urban planning was developed. The project was well suited as a 
case study because in the project, which included both city planners and 
architects as well as GI scientists and computer scientists, communication was 
hampered in two ways. Firstly, the principles of planning that the model needed 
to apply, those used by urban planners in their daily work, were a highly tacit 
form of knowledge (Nonaka et al. 2000), and secondly, the different 

                                                            
2 Data available at http://inis.iaea.org/search/search.aspx?orig_q=RN:31060372 
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backgrounds of the members of the project proved to be equally problematic. 
Acquiring this kind of tacit knowledge requires a shared cognitive and social 
context (Novak & Wurst 2005), and in this case specifically the designing 
background of the urban planners and the engineering background of the 
modeling experts proved to be a difficult combination. This resulted in a project 
where two groups with different cultural and educational backgrounds, 
mindsets, concepts, and problem approaches tried to communicate with each 
other about a very difficult topic. 

 

 

Figure 18. A screenshot of the map animation. Time is displayed in the upper right-hand corner 
down to the accuracy of a month, and in the lower right-hand corner the cumulative number 
of detonations performed can be found. The numbers next to the flags represent the 
cumulative numbers of detonations sorted by country. The blue detonations are more recent 
than the red, which is illustrated by the brightness of the color. (Hashimoto 2003) 

The ABM developed in the project was intended to help urban planners in the 
initial stages of designing a new residential area by giving them quick and easy 
answers about the consequences of certain planning decisions. By changing 
certain parameter values in the model the planner would be able to perform 
sensitivity checks on their plans. More specifically the finalized model simulated 
the placement of houses, meaning the types of apartments needed in those 
houses, and the number of parking places needed for each house. The model 
used empirical data on apartment sizes, household sizes, car ownership, and the 
apartment size preferences of households from a real city and combined them 
with certain given boundary values, such as the distances allowed between 
buildings and buildings and roads. The model produced buildings that have an 
apartment size distribution and a number of parking places that matched the 
empirical distribution, i.e., the real demand, and that were reasonably located 
in the environment. 

The model was developed at Aalto University by Jyrki Vanamo, based on 
previous work by Jussi Nikander and Anna Gorodetskaya, and was 
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implemented with the GAMA platform,3 allowing the construction of spatially 
explicit ABMs, and empirical data on the city of Helsinki from Statistics 
Finland.4 A screenshot of the UI of the model is found in Figure 19. To the left 
is a map showing the environment. The lines are the road network, the gray 
circles are buildings, the smaller green, yellow, and red circles are different 
kinds of apartments, and the blue circles are households. To the right various 
numerical data is visualized: the distribution of apartments, the distribution of 
households, the amount of people and cars, the percentage of populated 
apartments, and the target percentage. 

 

 

Figure 19. A screenshot of the UI of the ABM that was developed. On the left is a map showing 
the active and passive entities of the model, and on the right are various numerical data on 
the simulation. (Publication V) 

The model used a semi-random approach when generating apartment and 
household agents. For apartments, the number of rooms was randomly 
generated but the size of the apartment was based on the empirical data, e.g., 
the size of a one-room apartment was allowed to vary between a minimum and 
maximum value based on the actual distribution of the sizes of one-room 
apartments in Helsinki. In the same way, the model generated different kinds 
of households (the size was allowed to vary from one to five or more persons) 
on the basis of the actual distribution of households in Helsinki. Each household 
was also given 0–3 cars and an apartment size preference based on the size of 
the household and on the empirical distribution of car ownership and 
apartment sizes for households in Helsinki. In this way, each household agent 
got its own unique profile. The model placed various apartments into the 
environment, but only those that met the needs of the households remained 
when the simulation was over. 
                                                            

3 Available at https://code.google.com/p/gama-platform/. 
4 Data available at http://tilastokeskus.fi/index_en.html 
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Finally, to evaluate how well the diagrams succeeded in their goal a small 
survey was conducted among the non-modeling experts of the project where the 
ABM was developed (these were mostly members of the project management 
group). Strictly speaking the survey consisted of only two questions: the 
respondents were asked to describe their understanding and ability to discuss 
the ABM before and after the diagrams were introduced. The survey was sent 
out to nine people out of whom seven answered. Of these, four where architects, 
two had undergone a similar or higher level of technical education, and one was 
a lawyer. None of them had experience of using or designing ABMs. 

3.4 User Test I – Map Animation of Nuclear Detonations 

User Test I is reported in Publication III. The aim of the user test was to 
investigate if sound enhances the usability of map animation in an exploratory 
analysis context, or more exactly, if audio-enhancing a map animation 
facilitated the analytical reasoning of an analyst. The test also specifically 
studied if the audio enhancement had a different effect on the perception of 
spatial and temporal relations and if the effect of the audio enhancement was 
related to the amount of information in the animation. The hypothesis was that 
correctly added sound would facilitate analytical reasoning by map animation, 
especially regarding temporal relations. 

The internet-based test had a primary quantitative part evaluating user 
performance and a secondary qualitative part evaluating user experience, 
according to the scenario-based approach described by Lam et al. (2012). These 
were both scenarios for understanding visualizations. Next, the study design 
and stimuli, the tasks, and the participants are introduced. For a more detailed 
description of the test, see Publication III. 

3.4.1 Study Design and Stimuli 

The test applied a three-variable mixed design with audio (sound vs. no sound) 
as a between-group variable and task (spatial vs. temporal), and event frequency 
(low vs. high, i.e., the number of events in the animation) as within-group 
variables. See Figure 20 for a visualization of the study design. The dependent 
variable was the test participants’ task performance (accuracy). Four map 
animations, with durations of about 20 seconds each, were used as stimuli. They 
were unmodified clips from the multimedia artwork named 1945-1998 
(Hashimoto 2003) and used courtesy of the artist Isao Hashimoto. The original 
artwork had a duration of 14 minutes and 24 seconds and was also used in Case 
Study II.  

As introduced in Section 3.2, the animation applied sound in several different 
ways. It had an audio temporal legend applying two kinds of metronomic beeps, 
one signaling each second months passing by and another one signaling every 
twelfth second a change of year. In addition every detonation was accompanied 
by a beep. The beeps also included thematic information, as the pitch of the beep 
had a subtle difference for each country. In the test an additional legend was 
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shown alongside the animations that named the colors and the countries they 
represented. 
 

 

Figure 20. The study design visualized as a cube. (Modified from Publication III) 

The sound group saw the map animations with sound and the no-sound group 
saw them without sound. The length of the map animations and how they relate 
to the within-group variables can be found in Table 2. The numbers in the first 
column indicate the order in which the participants saw them. The table also 
states the number of events (detonations) occurring and the number of 
countries performing detonations in each animation. By alternating animations 
with spatial and temporal tasks the learning effect was minimized, and as the 
test went on by going from a few to many events the difficulty increased. The 
start and stop times in the table refer to the time in the original artwork. The 
size of the animations used in the test was 640 x 480 pixels. 

Table 2. The four map animations used in the test. (Publication III) 

Animation Task Event freq. Events Start Stop Duration Countries 
1 spatial low 35 2:57 3:18 21 s 3 
3 temporal low 46 3:18 3:39 21 s 3 
2 spatial high 278 4:34 4:56 22 s 4 
4 temporal high 122 6:00 6:20 20 s 5 

 

3.4.2 Procedure and Tasks 

The participants were asked to thoroughly watch each map animation twice and, 
depending on the animation, to focus on either where or when events took place 
(different focus on different animations) and on the color of the events. In 
addition the participants were told to imagine they were an analyst and about 
to analyze the data for the first time. After each animation the participant had 
to answer “true”, “false”, or “can’t tell” to a set of statements concerning spatial 
or temporal relations on the map animation (e.g., “Detonations took place in 
Africa”). The research questions were answered by comparing the numbers of 
correct, incorrect, and can’t tell answers between the participants watching the 
animations with sound and those watching the animations without sound. 

Each animation was followed by six statements presented in a random order. 
As the test included four different animations this totaled in 24 statements for 
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each participant. The statements, along with their correct answers, can be found 
in Table 3. The goal was to make the statements as similar as possible between 
the animations with the same task variables. The statements refer to the 
detonations only by color, not by country. 

Table 3. The statements, along with their correct answers. (Publication III) 

  
Statements Correct    

answer 
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1 
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All detonations were north of the equator FALSE 
Detonations took place in Africa FALSE 
Blue detonations took place both in the sea and on land TRUE 
The violet detonations all took place roughly in the same location TRUE 
The detonations in North America were concentrated to the western parts TRUE 
All detonations in Australia were violet TRUE 

A
ni

m
at

io
n 

2 
   

   
 

te
m
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ra

l-l
ow

 

The last violet detonation took place after the blue detonations TRUE 
The beginning of January was detonation-free TRUE 
Blue and violet detonations never took place at the same time FALSE 
The violet detonations took place within an interval of two seconds FALSE 
There were clearly more red detonations in the first half than the second half of the 
animation FALSE 

The longest period with continuous detonations was longer than one second TRUE 

A
ni
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All detonations were north of the equator TRUE 
Detonations took place in Africa TRUE 
Green detonations took place both in Africa and in the Pacific Ocean  FALSE 
The violet detonations all took place roughly in the same location TRUE 
The detonations in Africa were concentrated to the western parts TRUE 
All detonations in North America were blue FALSE 
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All yellow detonation took place before the green detonations TRUE 
The beginning of January was detonation-free  TRUE 
Yellow and green detonations never took place at the same time TRUE 
The yellow detonations took place within an interval of three seconds FALSE 
There were clearly more blue detonations in the second half than in the first half of 
the animation FALSE 

The longest period without any detonations was shorter than two seconds  TRUE 

 
After this quantitative part the participants had to answer a couple of qualitative 
questions. First, the participants were asked for general comments (“Have you 
any comments about the animations? Was it easy to answer the questions or 
was it difficult?”), then there were four questions regarding the use of sound in 
map animations (both in general and in the animations used in the test). After 
this there were some wrap-up questions about how the test had gone, including 
an explicit request for the participant to state if there had been any technical 
problems or if the instructions had not been followed correctly. The participants 
were also asked if the animations were familiar from before and if they had 
benefited from previous knowledge about the topic of the animations. Hence it 
was possible to control unsuccessful completions of the test and to check if 
anyone had benefited greatly by being too familiar with the animations or the 
theme of the animations. Lastly, some background information on age, sex, 
years of GIS experience, and level of education was gathered and a version of 
the Ishihara Color Vision Test was performed. 



Methods 

43 

3.4.3 Participants 

Participants were gathered through the e-mail lists of the Commission of Use 
and User Issues and the Commission on Cognitive Visualization of the ICA and 
through personal contacts. In total 24 participants took part in the test. These 
were randomly assigned to either the group watching the animations with sound 
or to the group watching the animations without sound. After both the 
quantitative and qualitative results had been studied the results of four 
participants were discarded from the analysis. Three of them stated they had 
not followed the instructions correctly and one performed remarkably worse 
than everyone else and was therefore considered as an outlier. 

The remaining 20 participants were coincidentally equally divided between 
the two groups. Out of them 10 were men and 9 women, and one did not state 
their sex. The youngest participant was 25 years old and the oldest was 77 years 
old, with the median age at 32.5. There were no decisive differences between the 
groups when it came to sex and age distribution. All the participants except one 
had a Master’s or Doctoral degree and all except one had three or more years of 
GIS experience. Everyone passed the Ishihara Color Vision Test and none got 
any compensation for taking part in the test. 

3.5 User Test II – Map Animation of Geese Migration 

User Test II is reported in Publication IV. The aim of the user test was to 
investigate whether intensity-based classification of point-type events in a map 
animation facilitates analytical reasoning. The hypothesis was that explicitly 
visualizing the changing intensity of events should facilitate reasoning. In the 
user test an animation applying intensity-based classification was compared 
with an animation containing unclassified data. These are referred to as the 
classified and the unclassified animation. 

The internet-based test had a primary part evaluating user performance and a 
secondary part evaluating user experience, according to the scenario-based 
approach described by Lam et al. (2012). These were both scenarios for 
understanding visualizations. Next, the study design and stimuli, the tasks, and 
the participants are introduced. For more details on the test, see Publication IV. 

3.5.1 Study Design and Stimuli 

The test applied a two-variable mixed design with animation type (classified vs. 
unclassified) as within-group variable, and animation order (classified first vs. 
unclassified first) as between-group variable. Table 4 describes the study design. 
The dependent variable was the extent and contents of the test participants’ 
descriptions of the data visualized in the animations. The two map animations 
used as stimuli, the classified and the unclassified, were both created especially 
for this test. They visualized data from the Tiira information service of Birdlife 
Finland,5 consisting of all observations of grey and black geese (genera Anser 
and Branta) reported by voluntary bird observers in Finland in 2011, as point-
                                                            

5 Accessed through http://www.gbif.org/dataset/be2af664-2990-4153-99b5-d92bbd8cdb0e 
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type events on a map. As the data consisted of observations of geese rather than 
actual occurrence of geese, the events were spatially concentrated towards the 
more densely populated areas, where there are more bird observers, and 
temporally concentrated towards spring, when the bird observers are more 
active.  

Table 4. The study design. 

 Animation viewing order 
Group I Classified Unclassified 
Group II Unclassified Classified 

 

The two animations were both 60 seconds long with a change rate of 0,164 
seconds. After appearing on the map, the events stayed visible for 1.15 seconds, 
which corresponded to a period of 7 days. The animations presented the same 
data but applied different color schemes to it. In the classified animation the 
events were colored according to the classification, but in the unclassified 
animation the events were colored according to a color scheme that changed 
smoothly over time, from yellow in January, through orange, red, and purple, 
to blue in December. 

The idea of the classified map was to take both the spatial and temporal 
characteristics of the data into consideration. The temporal characteristics were 
covered by classifying the data, based on changes in its intensity, into three 
different classes consisting of periods of increasing, decreasing, and stable 
occurrence of events. The spatial characteristics were covered by dividing the 
study area into different meaningful regions for which the classification was 
done separately. In this case, a meaningful division of the study area meant a 
division into five latitudinal zones of 2° each, in order to capture the longitudinal 
migrational behavior of geese in Finland. A color blind friendly bipolar color 
scheme was selected using colorbrewer.org (Harrower & Brewer 2003), with 
neutral grey representing steady periods, and the complementary colors orange 
and purple representing increasing and decreasing periods respectively.  

For this test, the classification was done manually based on the histograms of 
the observations of each zone without any exact definition of what counted as 
increasing, decreasing, and stable occurrence of events. Seven different periods 
of intensity were identified in most of the zones. Here they are given in their 
temporal order: (1) A steady low-intensity period at the beginning of the year, 
(2) a strong increasing and (3) decreasing period due to the spring migration, 
(4) a steady low-intensity summer period, (5) weaker increasing and (6) 
decreasing periods caused by the autumn migration, and (7) a steady low-
intensity winter period. These seven periods can be seen in Figure 21, in which 
the histograms of Zone 1 and Zone 2, the two southernmost latitudinal zones, 
are visualized according to how they were classified. 

In Figure 22, three pairs of corresponding screenshots of the classified 
animation in the upper row, and the unclassified animation in the lower row, 
are presented. In the middle of March the occurrence of events is low and 
steady. In the middle of April the increase of events has reached the north 
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(except the northernmost zone), but at the same time the amount of events is 
already decreasing in the southern part of the country. In the middle of May the 
amount of events is decreasing throughout the whole country. In the 
unclassified animation the flow of time is illustrated by the changing color of the 
dots. The change in the amount of events, however, is only visible by the 
changing amount of dots. 

 

 

Figure 21. The histograms of Zone 1 and Zone 2, the two southernmost latitudinal zones, 
showing the amount of events during the 1-year time period covered by the dataset. The 
histograms are colored according to the classification into periods of increasing (orange), 
decreasing (purple), and stable occurrence of events (grey). (Publication IV) 

 

 

Figure 22. Three pairs of corresponding screenshots of the classified animation in the upper row, 
and the unclassified animation in the lower row. All screenshots are from the middle of the 
month. Basemap from ESRI. (Publication IV) 
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3.5.2 Procedure and Tasks 

In the primary part of the test the participants were first introduced to the data 
and the principles of the animation they were about to watch before being 
allowed to watch it one or two times. The participants were then asked to 
describe the behavior of the geese in their own words based on the animation 
they had just seen and to evaluate some claims about the presented data as true 
or false. After this, the same process was repeated with the second animation. 
However, due to an unforeseen error in the design of the test the results of the 
users’ evaluation of the true-false claims were biased and could not be used. 

The participants’ descriptions of the behavior of the geese were analyzed in 
two ways: a word count was performed to measure their extent and protocol 
analysis (McGuiness & Ross 2003) was performed to measure the contents of 
the descriptions. In the descriptions collected in the user test three different 
categories, each consisting of three different subcategories, were recognized. 
These are shown in Table 5. The encoding of the protocols was first performed 
separately by two researchers, after which they were merged into one. 

Table 5. The categories and subcategories used in the protocol analysis. The examples are 
translated from Finnish. (Modified from Publication IV) 

Category Subcategory Example 

Existence 
Appearance or disappearance “migration starts” 
Amount “a few birds” 
Location “in Northern Finland” 

Movement 
Direction “to the north” 
Route “following the shoreline” 
Duration or speed “rapidly moving flocks” 

Time 
Relative “first…then” 
Absolute “during the summer” 
Animation “during the seconds 12-35” 

 
In the secondary part of the test a list of claims concerning usability and 
pleasantness was presented to the users and for each claim they were asked to 
mark which animation complied best. The participants then had a chance to give 
their opinion on both of the animations in their own words, and were asked 
whether the animations gave them new information and what kind of 
phenomenon each animation might suit best. 

3.5.3 Participants 

The participants were experts in the domain of the visualized phenomenon in 
question. They were gathered through a mailing list of Birdlife Finland, a parent 
organization of ornithological societies in Finland, and were all experienced bird 
observers. In total, the test had 45 participants, who were randomly divided into 
two groups. Due to very short or missing descriptions of the behavior of the 
geese 23 participants were left out of the analysis, leaving 22 participants evenly 
distributed between the groups. There were three females and eight males in 
both groups. The most common age group was 60-69 in Group 1 and 50-59 in 
Group 2. One of the users in Group 1 was color-blind, but the answers of this 
user did not vary greatly compared to the others in the group and were therefore 
included in the analysis.  
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4. Results 

The results are organized into three parts that each answer one or several 
research questions, according to the structure shown in Figure 23. The first part, 
Section 4.1, Understanding Reasoning, gives the answer to RQ 1, RQ 3, and RQ 
4. It gives an overview of what S-T analysis and reasoning in it is through 
offering a synthesis of the literature review. Additionally, it accounts for the role 
of spatial and temporal relations in this reasoning, based mainly on the findings 
in Case Studies I and II. It also presents the main theoretical outcome of this 
dissertation: a human reasoning framework for S-T analysis. This framework is 
the unification of the findings made during the whole research process as a 
whole, particularly integrating the findings of the literature review with the 
findings of Case Studies I and II. 

The second part, Section 4.2, Visualizing Reasoning, gives the answer to RQ 2 
through presenting four guidelines. These guidelines are the main practical 
outcome of this dissertation and are based on the framework presented in the 
first part. To make the guidelines more concrete, some example visualizations 
from Case Studies I and II are presented. The third part, Section 4.3, Facilitating 
Reasoning, gives the answer to RQ 5, RQ 6, and RQ 7. These results are based 
on User Test I, which applied sonification, User Test II, which applied 
classification, and Case Study III, which centered on ABM. The results are based 
on Publications I-V as referred to in the text. 

 

 

Figure 23. The results are organized into three parts: Understanding Reasoning, Visualizing 
Reasoning, and Facilitating Reasoning. Each part gives the answer to one or more research 
questions as indicated in the figure. 
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4.1 Understanding Reasoning 

This section has three parts. Section 4.1.1 is a general overview of reasoning in 
S-T analysis and Section 4.1.2 describes the role of spatial and temporal 
relations in this reasoning. These results are based mainly on the findings in 
Publications I and II. In Section 4.1.3 a human reasoning framework for S-T 
analysis is presented. This framework identifies the different mechanisms of 
human cognition and relates them to each other.  

4.1.1 Reasoning in Spatio-Temporal Analysis 

Reasoning in S-T analysis is inductive, as is human reasoning in general (Arthur 
1994, Johnson-Laird 2006, Johnson-Laird & Khemlani 2014), because our 
ability for deductive reasoning is heavily constricted and not applicable to 
reasoning about complex S-T problems. Inductive reasoning depends not only 
on information given in the premises. It utilizes knowledge acquired earlier in 
perhaps completely different contexts. This knowledge is the expertise of the S-
T analyst.  

Reasoning in S-T analysis is a dynamic interplay of bottom-up and top-down 
processes, as is human reasoning in general (Patterson et al. 2014). In S-T 
analysis bottom-up processes, where spatial and temporal relations play an 
essential role, account for how the generally visual stimulus affects our 
reasoning, while top-down processes account for how our current mental state 
and the acquired expertise influence the way that the stimulus is processed. 

Inductive reasoning relies on the use of mental models (Johnson-Laird 2006). 
They are constructed in our working memory and based on the meaning of 
premises and knowledge, but are also a kind of knowledge representation in our 
long-term memory. These mental models have an abstract topological structure 
that corresponds to the structure of what they represent (Goodwin & Johnson-
Laird 2005, Knauff 2009), i.e., they are iconic (Johnson-Laird 2006, Johnson-
Laird 2010, Khemlani et al. 2014). 

In S-T analysis causal relations, alongside spatial and temporal ones, are 
essential. Through bottom-up and top-down processes determining how 
perceived stimulus and knowledge in long-term memory affect our reasoning 
mental models conveying these relations are formed. By applying our ability for 
spatial reasoning on these models we infer new relations that were not explicitly 
added to them during their formation. This way we reach new conclusions and 
come to insight about the data being analyzed. To connect to the vocabulary 
used by Thomas and Cook (2005): reasoning artifacts are tangible pieces of 
information located in some stimuli that have a decisive role in the mental 
models used for reasoning, while chains of reasoning are equivalent to mental 
models, or sequences of mental models, where focus is laid on the causal 
relation between stimuli and insight. 

Reasoning in S-T analysis is mainly qualitative, as is human reasoning in 
general (Kosslyn et al. 1992, Egenhofer & Mark 1995, Galton 2009). This can be 
seen, e.g., in our innate preference for grouping our knowledge into categories 
and in the qualitative categorical representations we use for identifying an 
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object or a scene. Furthermore, reasoning with mental models is primarily 
qualitative, as the topological structure of these models render them such rather 
than quantitative. In S-T analysis one way in which stimulus is qualitatively 
categorized is into normal behavior and anomalies. This categorization 
depends on bottom-up and top-down processes, accounting for the general 
impression of the perceived stimulus and knowledge about the phenomena in 
question. It is often the anomalies that are interesting, but finding them 
depends on knowing what is normal. 

Reasoning in S-T analysis is accompanied by the creation of a narrative. 
Narratives guide the organization of knowledge into meaningful structures and 
patterns (Eccles et al. 2008). In S-T analysis narratives primarily guide the 
organization of insights into existing knowledge structures, but also work as 
mediators between the bottom-up and top-down processes. The perceived 
stimulus activates certain narratives from long-term memory but at the same 
time narratives activated in working memory affect attention and the encoding 
of stimuli. A narrative activated in working memory makes our attention more 
sensitive to stimulus relating to that narrative. 

Reasoning in S-T analysis is also dependent on the frame of reference used 
when representing the data. Locations are usually remembered relative to other 
locations through the process of separating figure from ground (Tversky 1981, 
Levinson 2003). When reasoning in S-T analysis, we put the data being analyzed 
into spatial and temporal context by locating it in relation to some absolute 
frame of reference or, more often, to other figures. Which figures are included 
in addition to the analyzed data is therefore of importance. In other words, what 
additional data, what kind of background map, or what kind of temporal 
reference frame used is of importance to the reasoning. 

4.1.2 The Role of Spatial and Temporal Relations 

S-T analysis operates with spatial, temporal, and thematic components of data, 
and the task of the S-T analyst can be interpreted as finding the meaningful 
relations inside and between these three data components. Of these data 
components three-dimensional space and one-dimensional time, i.e., our 
geographic reality, are given and governed by nature. They are predictable and 
the invariants of S-T analysis. The thematic component is on the other hand not 
predictable and its contents and dimensionality can vary infinitely depending 
on the data and purpose of the analysis. 

As space and time are predictable, the relations that can be found within these 
dimensions are also predictable. Here, building on the distinction into metric 
and topological relations, a classification into three basic types of relations is 
suggested: distance, direction, and relations of topology. In the dimension of 
space these relations form a set of three basic types that cannot be broken down 
to simpler relations and that do not duplicate the meaning of any other relation. 
This has also been discussed by Nystuen (1968) as fundamental spatial concepts 
in the domain of geography. The same set can be formed in the dimension of 
time, although here the fundamental difference between distance and direction 
is less evident, as it is possible to derive positive and negative distance values 
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that indicate direction using a directed frame of reference in a one-dimensional 
environment. 

These basic types of relations do not exist in the real world but in our 
representations of it (Mark & Frank 1989), and depending on the type of 
representation they relate somewhat different entities to each other (Freksa 
2013). Cognitively, the basic entities are objects in space and events in time. 
These can be decomposed into smaller parts or aggregated into larger 
configurations, i.e., new objects and events. Geometrically, the basic entities are 
points. In space they can be aggregated to lines, areas, objects, and more 
complex structures, and in time they can be aggregated to intervals, events, and 
more complex structures. Cognitively, what constitutes a basic entity is flexible, 
as each part or aggregation that an object is decomposed or aggregated into, is 
like an object on its own. Geometrically, the basic entity is always a point. 
Distance, direction, and relations of topology are basic in regard to these entities 
as they require only a minimum amount of entities to be defined, i.e., two points, 
objects or events.  

The approach taken in this dissertation is that the basic relations are inherent 
in the data being analyzed and perceived and cognitively encoded by the analyst 
from the stimulus. They also play an essential role as activators of long-term 
memory and pattern recognition, and are decisive in the mental models used 
when reasoning. As such, they are part of the bottom-up effects on our mental 
experience.  

The Framework of Spatio-Temporal Concepts 
The framework of spatio-temporal concepts (the STC framework) provides an 
understanding of the role played by the basic spatial and temporal relations 
when reaching insights in S-T analysis. The framework, Figure 24, was first 
introduced in Publication II and is built on the previously presented view of S-
T analysis. The framework has a three-level hierarchical structure of S-T 
concepts. These concepts are the building blocks of insight. In the words of 
Thomas and Cook (2005), they are the reasoning artifacts, or tangible pieces of 
information, identified or created by an analyst in the sensemaking process, 
decisive in reaching a specific conclusion. In general these concepts are S-T 
properties of the data perceived and cognitively processed, consciously or 
unconsciously, by the analyst. As building blocks of a specific insight, they are 
the properties of some specific data that has been given a qualitative categorical 
mental representation and plays an important role in the creation of that 
insight. 

The three-level hierarchical structure of the framework consists of basic, 
compound, and labeled concepts. Basic concepts are distance, direction, and 
relations of topology and they are the direct equivalences to the basic relations. 
On the next level are compound concepts. Contrary to the basic concepts, they 
need more than two points in space or time to apply and are in a way derived 
from and dividable into basic concepts. These are concepts such as intensity, 
size, shape, and distribution. The third level is called labeled concepts. These 
are basic and compound concepts enriched with thematic information or 
knowledge not inherent in the data. E.g., the distribution of a set of points on a 
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map is a compound concept, while the distribution of the subset of points that 
have a certain thematic value is a labeled concept. These concepts are processed 
as mental models or as parts of mental models in our working memory. 

 

 

Figure 24. The STC framework builds on the basic relations in space and time and consists of 
three levels: basic, compound and labeled concepts. (Modified from Publication II) 

Two Illustrative Examples 
To illustrate the idea of S-T concepts as the building blocks of insights, let us 
consider the dissection of two insights made by an analyst watching a simple 
map animation in Case Study II. As detailed in Section 3.2, the map animation 
was a multimedia artwork showing the time and location of every known nuclear 
detonation, except those announced by North Korea, as point-type events on a 
world map.  

Insight I started with the discovery that during a certain time period in the 
animation detonations occurred in S-T clusters. Based on this, and using 
knowledge about, among other concepts, product development, the analyst 
reached the insight that there is an iterative testing process going on. In Figure 
25 this insight is dissected according to the STC framework. The basic relations 
the insight builds upon are spatial and temporal distance. The analyst noticed 
anomalous spatial and temporal distances (basic concepts) between certain 
detonations, which he categorized qualitatively as short in relation to the other 
distances in the data. In this case the detonations close to each other in space 
were coincidentally also close to each other in time. Hence, as these detonations 
were quite numerous, the analyst became aware of an anomalous intensity (a 
compound concept) in space and time. Further inspection revealed that these 
detonations were thematically the same, thus creating a cluster (a labeled 
concept). 

Insight II started with the discovery that during one time period in the 
animation there is an interval with no detonations at the beginning of each year. 
Based on this and by using knowledge about the custom of being on vacation 
during the Christmas holidays the analyst reached the insight of this empty 
interval being a kind of holiday effect. In Figure 26 this insight is dissected 
according to the STC framework. The basic relations that it builds upon are 
temporal topology and temporal distance. The analyst repeatedly identified an 
anomaly in the shape of an unusually long interval where there were no 
detonations occurring (a basic concept). These empty intervals all happened 
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during January (reference frame information). Consequently, there are two 
temporal intervals, one being perceived as anomalous because it contains no 
detonations, and one being defined through the calendar system (January), 
which repeatedly coincides in time (a labeled concept). 

 

 

Figure 25. Insight I is here dissected into the basic concepts distance and interval, the compound 
concept intensity, and the labeled concept cluster. The underlined words are the qualitative 
categorical representation given to the concepts as they are cognitively processed. Italics 
indicate thematic information. (Modified from Publication II) 

 

 

Figure 26. Insight II is here dissected into the basic concepts interval and coincidence, 
information originating from the temporal reference frame (January), and the labeled concept 
repeatedly coinciding intervals. The underlined word is a qualitative categorical 
representation given to the basic concept interval as it was cognitively processed. (Modified 
from Publication II) 

As seen from these two examples, the STC framework can provide an 
understanding of the role played by the basic spatial and temporal relations 
when reaching insights in S-T analysis. The diagrams presented in this section, 
Figure 25 and Figure 26, illustrate how insights are made up of several smaller 
insights, or S-T concepts, which in turn are based on basic relations in space or 
time. Although the diagrams have a bottom-up structure they do not indicate 
that bottom-up processes would have been more central than top-down 
processes. For more details on these insights and their dissection, see 
Publication II. 
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4.1.3 Human Reasoning Framework for S-T Analysis 

This section presents a human reasoning framework for S-T analysis that 
identifies and relates the different cognitive mechanisms of human cognition to 
each other. The framework is to a large extent the result of the amalgamation of 
the STC framework and the human cognition framework by Patterson et al. 
(2014). The framework is depicted in Figure 27 and details the flow of 
information in human reasoning from stimulus to response. To reflect the fact 
that reasoning is a dynamic interplay of bottom-up and top-down processes, the 
framework has a vertical structure explicitly differentiating between top-down 
influence and normal processing flow, which refers to the traditional view of a 
one-directed flow of information in human perception. The framework only 
covers the analytical reasoning system as postulated by the dual-systems theory, 
not the intuitive system. 

 

 

Figure 27. An overview of the human reasoning framework for S-T analysis. The framework only 
covers the analytical reasoning system. The flow of information starts with a stimulus and 
ends in a decision. Normal processing flow refers here to the traditional view of a one-directed 
flow of information in human perception. The components depicted in the diagram are 
explained in the text. The notation is inspired by Patterson et al. (2014). 

External information enters human reasoning through encoding, which 
converts the stimuli into a neural representation in human memory. In S-T 
analysis space and time and the relations therein, being invariants, are always 
present in the encoded stimulus. E.g., when using a map, innumerable spatial 
relations are implicitly conveyed to the analyst, regardless of what aspect of the 
data is under analysis. This special feature of S-T analysis is emphasized in the 
framework, which explicitly lists basic spatial and temporal relations as a major 
part of the encoded information. As also reference information and thematic 
information play a major role for reasoning in S-T analysis they are included in 
the framework as aspects of the encoded stimulus. The neural representation 
that results from encoding needs however to be interpreted using, amongst 
other things, knowledge from long-term memory, before thematic information 
or reference information can be extracted. In this way thematic information 
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differs from the basic spatial and temporal relations, which are automatically 
conveyed. Based on the goals and demands of the present analysis task, the 
analyst may direct his attention to certain features of the stimulus, thus 
exposing the encoding of the top-down influence of attention and working 
memory. It is also important to remember the influence of exogenous, stimulus-
driven, attention on the encoding process, although it is not explicitly depicted 
in Figure 27. 

The actual analytical reasoning takes place in working memory. There, the 
encoded information is iteratively processed as mental models on several levels 
of abstraction, as illustrated by the STC framework. In Figure 27 the level of 
abstraction of the concepts increases from bottom to top. As mentioned earlier, 
the concepts are given a qualitative categorical representation, which might be 
complex or as simple as short or long. This categorization is based on the 
perceived information and on previous knowledge about this kind of 
information, depicted in Figure 27 through the arrows indicating top-down 
influence from long-term memory and normal processing flow from encoding. 
This processing might result in an insight, understood as a changed mental 
model, i.e., new knowledge, which is then stored in long-term memory and 
which might result in a decision. The narrative, which guides the organization 
of new knowledge into meaningful structures and patterns, is also created in 
working memory. Its creation is based on previous knowledge, a top-down 
process, and the perceived information, a bottom-up process. 

As concluded, reasoning in S-T analysis is inductive and based on knowledge. 
This knowledge is situated in long-term memory and depicted at the top of 
Figure 27. The knowledge is, at least in part, stored in the form of iconic mental 
models that have an abstract topological structure that corresponds to the 
structure of what it represents. Causality is often central in these models. Once 
one of these mental models is activated and accessible to working memory it 
influences our encoding processes by guiding our attention. These mental 
models can also be activated directly by encoded stimulus, depicted by the arrow 
from encoding to long-term memory in Figure 27. 

The final stage of reasoning is a decision, which might result in a response. 
Decisions can also guide working memory, e.g., by changing certain goals or 
eliminating certain choices under consideration. A response might be directed 
towards the representation of data, resulting in a change of stimulus. This then 
restarts the cognitive processing, perhaps resulting in a changed mental model 
in working memory or the activation of a new mental model from long-term 
memory. This stimulus-response loop is the iterative manipulation of physical 
and mental representations of information that leads to insight, as described in 
the sensemaking process by Pirolli and Card (2005).  

4.2 Visualizing Reasoning 

Based on the understanding of reasoning in S-T analysis presented in Section 
4.1, it is possible to deduce guidelines for how to create visualizations that 
communicate the reasoning of S-T analysis. These guidelines are presented in 
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Section 4.2.1. In Section 4.2.2 there are two examples of visualizations that 
communicate reasoning, to illustrate what kinds of visualizations these 
guidelines might result in.  

4.2.1 Communicating Reasoning through Visualizations 

For a visualization to communicate the reasoning of S-T analysis it is necessary 
that it communicates not only the cognitive outcomes, such as insights and 
other forms of analytical findings, but the whole cognitive process that led to 
these outcomes. Here four guidelines for the creation of these kinds of 
visualizations are presented. They are directly derived from the human 
reasoning framework for S-T analysis depicted in Figure 27 and each guideline 
relates to one of the four components in the framework, as indicated below.  

(1) Decisive tangible pieces of information – relates to encoding 
The visualizations need to communicate the decisive tangible pieces of 
information that were identified in the stimulus and on which the reasoning was 
based. This is the encoded information that becomes part of our mental models. 
This communication entails the inclusion of the original physical representation 
or some simplified representation of it. In doing so, there needs to be a special 
focus on the decisive spatial and temporal relations identified in the data by the 
analyst. Important thematic information and the frame of reference also need 
to be taken into consideration at this stage.  

(2) Decisive S-T concepts – relates to reasoning 
The visualizations need to communicate the decisive S-T concepts and their 
qualitative categorical representations, i.e., the mental models iteratively 
processed in our working memory on several levels of abstraction. The 
qualitative categorical representations are needed in order to communicate how 
the analyst’s differentiation of S-T relations into normal behavior and anomalies 
affected the reasoning. If relevant, the origin of this classification should also be 
communicated, i.e., whether it is based on the perceived information or on 
previous knowledge about this kind of information. 

(3) Cognitive outcomes – relates to decision  
The visualizations need to communicate the cognitive outcomes, such as 
insights and other forms of analytical findings, as well as the narrative that 
guided the organization of these outcomes into existing knowledge structures. 
Regarding a specific insight, these visualizations will ideally communicate both 
the experience of having it as well as the product of that experience. Decisions 
made also need to be communicated if they are relevant. 

(4) Knowledge – relates to knowledge 
The visualizations need to communicate the knowledge used. Here knowledge 
does not only refer to the knowledge representations in long-term memory, 
partly in the form of mental models, but also to the mental models processed in 
working-memory during the process of reasoning. As these mental models have 
an abstract topological structure, the preference referring to the congruence 



Results 

56 

principle of Tversky et al. (2002) is that the visualizations should also have an 
abstract topological structure. When creating these abstract topological 
structures, the possible role of causality in these mental models, or chains of 
mental models, needs to be considered. 

The visualizations will take both the bottom-up and top-down aspects of the 
reasoning into consideration if they are constructed according to these 
guidelines. In this way they will capture the dynamic interplay between bottom-
up and top-down processing that constitute human reasoning.  

4.2.2 Example Visualizations 

In this section to illustrate the kind of visualizations that these guidelines might 
result in, two examples are presented. First, the context in which the example 
was created is introduced, after which the example is examined on the basis of 
the recommendations in the guidelines. 

Example I is taken from Case Study I that was reported in Publication I. In 
this case study a couple of mockups were created to illustrate what the UI of a 
software application for providing insight provenance for a certain analysis task 
could look like. The analysis task in question was that of classifying spatial 
clusters into the three mobility classes GO, GO SLOW, or NO GO. As reported 
by Section 3.1, the classification was done using two kinds of visualizations: a 
PCP visualizing the thematic characteristics of the clusters and a map 
visualizing the spatial characteristics of the clusters. Two concepts for visually 
communicating reasoning were developed in the case study. These were called 
sketches and causal graphs. For more details, see Publication I.  

The mockup chosen as Example I can be found in Figure 28. It visualizes the 
reasoning behind the decision of classifying this cluster as GO. The cluster is 
highlighted with a pink color on the map and in the PCP. The causal graph at 
the bottom of the figure illustrates that this cluster would be NO GO based on 
the soil and slope values, which according to the analyst are bad. A further 
inspection of the cluster’s spatial characteristics revealed however that it is a 
spatially small cluster that coincides with major roads. This made the analyst 
conclude that the bad slope values derive from the fact that this cluster consists 
of rock cuttings along the roads. The fact that this cluster coincides with major 
roads also makes the soil values irrelevant to the mobility analysis. In the 
mockup the box stating that the cluster is spatially small and coincides with 
roads is selected, it is highlighted with a pink border, and then the map this 
conclusion was based upon, showing the spatial characteristics of the cluster, is 
shown in the upper left corner of the mockup. On the map, the analyst has 
drawn sketches highlighting the information used for reaching this conclusion. 

The mockup effectuates the guidelines in several ways. Consistent with the 
first guideline, it communicates the decisive tangible pieces of information 
identified during the analysis process. This is done through sketches and 
constitutes the bottom-up component. In this example the sketches highlight 
the decisive spatial relations identified on the map used in the analysis, but the 
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sketching technique could have just as well been used to identify decisive spatial 
relations representing thematic information in the PCP. 

 

 

Figure 28. Example I: a mockup created to illustrate how the UI of a software application for 
insight provenance could look like. Upper row: map and PCP. Bottom row: causal graph. 
(Modified from Publication I) 

Consistent with the second guideline, the mockup communicates the decisive S-
T concepts and the qualitative categorical representations given to them. This is 
a top-down component. The analyst identified, among other things, a small 
cluster, a labeled concept in the STC framework, and bad values. These are 
significant anomalies in the data that affected the reasoning. The causal graph 
also explicitly states the analyst’s reason for making certain choices through 
written text. 

Consistent with the third guideline the mockup communicates the cognitive 
outcomes, such as insights and decisions. The decision was to classify this 
cluster as GO, and the insight that this cluster was consisting of rock cuttings 
led to this decision. The narrative is communicated through the written text in 
the causal graph and through the way that the boxes are connected to each other. 
The mockup tries to communicate both the analyst’s experience as well as the 
product of this experience. 

Consistent with the fourth guideline, the mockup communicates the 
knowledge used, which is another top-down component. This is done using the 
causal graph, an abstract topological structure that emphasizes the role of 
causality by showing how the reasoning has proceeded from a discovery to the 
next. The boxes of the graph explicate pieces of knowledge used and are 
analogous to the mental models used in the reasoning. The graph illustrates a 
chain of mental models being used rather than just one. 

Example II is one of the dissected insights from Case Study II reported in 
Publication II. It has already been introduced in Section 4.1.2, where it is 
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referred to as Insight II. Here it is presented again in Figure 29. The original 
purpose of this visualization was not to provide insight provenance as in the 
visualization in Example I, but eventually this is exactly what it did, which the 
following inspection will reveal.  

 

 

Figure 29. Example II, identical to Figure 26, is a visualization that communicates the reasoning 
behind the insight of a holiday effect being seen in the data as an interval with no detonations 
at the beginning of each year. (Modified from Publication II) 

Consistent with the first guideline, the visualization communicates the decisive 
basic spatial and temporal relations identified in the stimulus that became part 
of the mental models processed in working memory. These relations can be 
found in the bottom row of the visualization. The original physical 
representation where these relations were identified is however not included. If 
these were included in some way, the visualization would explain even more of 
the analyst’s reasoning. Reference frame information is visualized with its own 
type of box, meaning the visualization acknowledges the special role played by 
this kind of information. 

Consistent with the second guideline, the visualization communicates the 
decisive S-T concepts and the qualitative categorical representations given to 
them. Here the analyst identified an empty interval, a basic concept in the STC 
framework, which coincided with January, an entity in the frame of reference 
used. The interval being empty was the significant anomaly in this case. Based 
on these insights the analyst formed the labelled concept of two intervals 
repeatedly coinciding in time. 

Consistent with the third guideline, the visualization communicates the 
cognitive outcome, i.e., the insight. In this case the insight was that two intervals 
of different origin repeatedly coincided in time in the data. Combined with 
knowledge about holidays and product development, the analyst formed a 
narrative explaining that the data contained a holiday effect in the form of an 
interval with no detonations at the beginning of each year. This is all readable 
from the visualization. 

By being consistent with the three first guidelines the visualization also 
communicates the knowledge used. This includes knowledge about the 
reference system, holidays, and product development. The abstract topological 
structure of the visualization shows how the reasoning consists of several 
smaller discoveries or insights. The boxes of the graph are analogous to the 
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mental models used in the reasoning. The graph illustrates that rather than one 
mental model, a chain of mental models was used. 

It should be noted that the visualizations take both the bottom-up and top-
down aspects of the reasoning into consideration. Its vertical structure reflects 
the top-down and bottom-up nature of human cognition, with the basic 
relations being the bottom-up component while the topmost concept is closely 
related to top-down processes. These diagrams communicate the insight made 
by the analyst, i.e., the changed mental model that represents new knowledge 
or understanding, but they also capture part of the experience of making these 
insights. In this way the diagrams acknowledge that an insight is both an 
experience and a product. 

4.3 Facilitating Reasoning 

Compared with the two previous sections, Understanding Reasoning and 
Visualizing Reasoning, this section presents less theoretical and more 
application-oriented results. The previous findings did however function as a 
basis for the studies reported here. Section 4.3.1 addresses the study in 
Publication III on how sonification can facilitate reasoning with map 
animations, section 4.3.2 presents the results from Publication IV on how 
intensity-based classification can facilitate reasoning with map animations, and 
section 4.3.3 describes how visualizations can aid in interhuman domain 
knowledge acquisition for ABMs based on Publication V. 

4.3.1 Sound as a Conveyor of Temporal Relations 

The hypothesis of the study reported in Publication III was that analytical 
reasoning with map animations can be facilitated by sonification. This 
hypothesis is supported by the findings in Section 4.1, Understanding 
Reasoning, as a facilitated perception of spatial and temporal relations made 
possible by representing information both visually and sonically would 
naturally facilitate analytical reasoning. As temporal relations can be heard but 
not directly seen in the kind of animation used in the study, the effect of 
sonification should be especially helpful regarding reasoning about temporal 
relations. 

The hypothesis was tested in User Test I, which consisted of a quantitative and 
a qualitative part as reported by Section 3.4. The results of the quantitative part 
indicate that adding sound to a map animation does not impair its usability in a 
VA context. This is true even when sound is used as in this case to code for 
several different types of information, causing the animation to become 
sonically overcrowded at times. Based on the user test it is however not possible 
to conclude that adding sound to a map animation would improve its usability 
in an analysis context, although the literature review done as part of the study 
and the opinions of the participants of the user test collected in the qualitative 
part indicate that this would be the case. The conclusion was that the study was 
not appropriately designed to measure what is set out to measure, rather than 
completely rejecting the hypothesis that sound can be used to enhance map 
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animations in an exploratory analysis context. This conclusion is also supported 
by the fact that all 17 participants that optioned to give general comments on the 
test in the qualitative part mentioned that the test was difficult. 

One interesting trend identified in the results deserves to be mentioned, 
although it was not proven to be statistically significant: there seemed to be a 
difference in the benefit of adding sound, whether dealing with reasoning about 
temporal or with spatial relations. More precisely, for spatial tasks the added 
sound had a more positive influence on performance when there were few 
events, but for temporal tasks the trend was the opposite; here the added sound 
had a more positive influence when there were many events. For the spatial 
tasks this might be an indication of the sounds functioning as attention grabbers 
when there were few events, minimizing change blindness, and that this positive 
effect disappeared when there were many events. For temporal tasks the sounds 
might have functioned as a temporal reference frame, making it easier to relate 
the different events temporally to each other when there were many events. 

Two more observations are also worth mentioning, the first being that the 
participants’ performance was related to whether there were many or few events 
in the animation. For spatial tasks the participants performed better when there 
were few events. This was an expected result, as if there are few things 
happening they are easier to perceive and remember, compared to there being 
many things happening. This finding was also statistically significant ( ² test: 

² = 19.52, p < .01). For the temporal tasks the trend seemed to be the opposite: 
the participants performed better when there were many events. This finding 
was statistically significant for the set of temporal tasks that was done with 
added sounds ( ² test: ² = 7.04, p = .03). This seems to strengthen the 
previously mentioned trend, that for temporal tasks a positive effect of sound 
can mainly be found for animations with many events. 

The second observation was that participants performed better on spatial 
tasks than on temporal tasks ( ² test: ² = 192.18, p < .01). One reason for this 
was definitely that it was easier to locate and hence remember the events in 
relation to the spatial frame of reference, i.e., the world map, than it was to 
locate them in relation to the temporal frame of reference, i.e., the calendric 
system. The world map was always visible in the background while the temporal 
reference frame was communicated through numbers on the periphery and only 
through two different kinds of sounds. This is in line with the previous finding 
that reference information plays an important role in analytical reasoning of this 
kind (Publication II). 

4.3.2 Classification as a Facilitator for Temporal Chunking 

The hypothesis of the study reported in Publication IV was that intensity-based 
classification of point-type events in a map animation can facilitate analytical 
reasoning. As concluded in Section 2.3.2, temporal data is challenging for all 
disciplines related to data visualization and analysis. Explicitly visualizing the 
changing intensity of events, a compound concept in the STC framework, and 
thus facilitating the perception of this certain S-T concept should also facilitate 
reasoning. Furthermore, referring to the congruence principle of Tversky et al. 
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(2002), an animation that is already classified into temporal chunks, should 
convey information and facilitate reasoning better than an unclassified 
animation. 

The hypothesis was tested in User Test II, where an animation applying 
intensity-based classification was compared to an animation containing 
unclassified data. As detailed in Section 3.5, these are referred to as the 
classified and the unclassified animations. The results indicate that the 
classified animation facilitated reasoning especially if viewed after the 
unclassified animation. In general the participants preferred the classified 
animation over the unclassified one. 

The word count performed on the participants’ descriptions of the animated 
phenomenon shows that the classified animation generated more extensive 
descriptions. Table 6 and Table 7 give the results of the word count. As seen in 
Table 6, the length of the descriptions of the participants in Group I, who saw 
the classified animation first, decreased for all but one participant. For the 
differences the median change in amount of words was -9 and the median 
percentage change was -28. As seen in Table 7, the length of the descriptions of 
the participants in Group II, who saw the unclassified animation first, increased 
for all but two participants. In this instance the median change in amount of 
words was 8 and the median percentage change was 22. The differences are 
statistically significant for both Group I (paired t-test: DF = 10, t-value = 3.1, p 
< .02) and Group II (paired t-test: DF = 10, t-value = 2.5, p < .04). When the 
word counts are summed together, i.e., when Group I and Group II are treated 
as one, the result is 1043 for the classified animation and 717 for the unclassified 
animation. This difference is also statistically significant (two-sample t-test: DF 
= 42, t-value = 2.5, p < .02).  

It could have been assumed that the participants would have produced shorter 
descriptions after viewing the same data a second time and this was also what 
happened in Group I. However, in Group II, the opposite occurred: the 
participants not only wrote about the phenomenon again, but they also did it in 
a more extensive way. For the total word counts attained when the groups were 
treated as one, it could have been assumed that if the animations were equally 
intriguing the difference in length of the produced descriptions would have 
equaled out. This was however not the case. These two circumstances both 
indicate that the classified animation was more intriguing and motivating. The 
assumption being that a more intriguing and motivating animation is also more 
insightful. 

The protocol analysis performed on the participants’ descriptions of the 
animated phenomenon confirms and strengthens the results of the word count. 
Table 8 presents the results of the protocol analysis. Existence and time were 
described fairly often, while movement was not mentioned as frequent. More 
importantly, the difference in how often these categories were identified in the 
participants’ descriptions of the phenomenon reveals a clear trend. In Group I, 
who saw the classified animation first, the occurrence of all three categories 
dropped (-16 %, -18 %, and -24 % respectively). In Group II, who saw the 
classified animation second, the trend was the opposite. There, the occurrence 
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of all three categories increased (51 %, 55 %, and 71 % respectively). When 
treating Group I and Group II as one, and only comparing the two different 
animations with each other, the result is that the classified animation resulted 
in a 39 %, 40 %, and 52 % increase in descriptions of existence, movement, and 
time. This is illustrated in the bottom row of Table 8.  

Table 6. The results of the word count for the participants in Group I. 

Word count - Group I 

 1st animation 2nd animation Difference 

Classified Unclassified Words Percent 

Participant 1 37 11 -26 -70 % 

Participant 2 62 22 -40 -65 % 

Participant 3 34 18 -16 -47 % 

Participant 4 64 41 -23 -36 % 

Participant 5 42 27 -15 -36 % 

Participant 6 25 18 -7 -28 % 

Participant 7 44 35 -9 -20 % 

Participant 8 42 34 -8 -19 % 

Participant 9 45 39 -6 -13 % 

Participant 10 24 21 -3 -13 % 

Participant 11 12 25 13 108 % 

Sum 431 291   

 

Table 7. The results of the word count for the participants in Group II. 

Word count - Group II 

 1st animation 2nd animation Difference 

Unclassified Classified Words Percent 

Participant 12 22 54 32 145 % 

Participant 13 22 52 30 136 % 

Participant 14 66 135 69 105 % 

Participant 15 44 77 33 75 % 

Participant 16 51 63 12 24 % 

Participant 17 27 33 6 22 % 

Participant 18 45 53 8 18 % 

Participant 19 40 46 6 15 % 

Participant 20 44 47 3 7 % 

Participant 21 33 30 -3 -9 % 

Participant 22 32 22 -10 -31 % 

Sum 426 612   

 
Again, the assumption could have been that the three categories would have 
been mentioned fewer times after viewing the same data a second time. This 
was what happened in Group I but in Group II the opposite occurred: the 
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mentions of existence, movement and time increased by over 50 % each. This 
indicates that the classified animation, which enabled the participants to make 
more observations about existence, movement, and time, is the more insightful. 
Here, the assumption is that the more observations, the more insights gained. 

Table 8. The results of the protocol analysis for Group I and Group II. 

Protocol Analysis 

 Category 

Existence Movement Time 

Group I 
1st animation (classified) 80 11 67 
2nd animation (unclassified) 67 9 51 

Group II 
1st animation (unclassified) 106 11 56 
2nd animation (classified) 160 17 96 

Totals 
Unclassified animation 173 20 107 
Classified animation 240 28 163 

Group I 
Difference (2nd-1st) 

-13 -16 % -2 -18 % -16 -24 % 
Amount Percent 

Group II 
Difference (2nd-1st) 

54 51 % 6 55 % 40 71 % 
Amount Percent 

Totals 
Difference (classified-unclassified) 

67 39 % 8 40 % 56 52 % 
Amount Percent 

 
When asked for their preferences regarding the two animations, the participants 
in general preferred the classified animation. When asked to choose which one 
they preferred twelve chose the classified, six chose the unclassified, and four 
stated that there was no difference. When asked to choose which one was more 
informative, the numbers were 9-4 in favor of the classified animation, and 
when asked which one was more insightful, the numbers were 10-3 in favor of 
the classified animation. In both of these cases nine stated that there was no 
difference. 

4.3.3 Diagrams as a Communication Tool 

This section details the visualization approach that was developed in Case Study 
III and reported in Publication V. The visualization approach is supposed to be 
used in the interaction between domain and modeling experts in agent-based 
modeling to facilitate communication and domain knowledge acquisition. 
Ultimately, this is a question of facilitating understanding. First, the 
visualization approach is introduced, after which two example visualizations are 
given along with the results from the user survey that evaluated the visualization 
approach. 

Visualization Approach 
Understanding how an ABM works is ultimately about understanding how the 
behavior of agents, i.e., the active entities of the model, depend on their 
environment. Three components are of strategic importance: the percepts, 
actions, and objectives of each agent. Understanding how these three 
components relate to each other on the level of individual agents is key to 
understanding the behavior that emerges from the interaction in the model. A 
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schematic overview of how these components govern agent behavior can be 
found in Figure 30. 
 

 

Figure 30. A schematic overview of typical agent behavior: an agent perceives the active and 
passive entities in its environment (percepts) and on the basis of this and usually according 
to some condition-action rules, acts within the environment (actions) in order to meet its 
objectives. (Modified from Publication V) 

The argument put forward here is that this kind of understanding can be 
facilitated through three different diagrammatic approaches that together cover 
the necessary aspects of the model. Furthermore, as understanding an ABM 
essentially is about understanding relationships, the node-link diagram, 
showing relationships (links) between parts (nodes) is the most suitable 
diagram type. The three diagrammatic approaches are the conceptual structure, 
the simulation process, and the data model. 

The conceptual structure relates the conceptually important elements of the 
model to each other through their semantic, behavioral, spatial, and temporal 
relationships. The conceptually important elements are first and foremost the 
active and passive entities of the model, but also other elements of the model 
might come into question. Semantic relations are of at least two types, is-a and 
part-of, and they conceptually relate the entities of the model to each other. 
Behavioral relations describe the behavior of the agents in light of their 
objectives. Spatial and temporal relations describe how space and time are 
taken into consideration and especially how spatial and temporal relations 
affect the behavior of the agents. 

The simulation process covers how the agents act as the simulation progresses 
by explicitly visualizing the percepts, actions, and objectives of the agents and 
their relationships. In particular it maps the causal relations between percepts 
and actions. It also needs to include the start and stop conditions for the 
simulation, as well as information on how agents enter and exit the simulation. 
These kind of temporal relations are essential to understanding ABMs and the 
behavior and life-cycle of agents. 

The data model gives the conceptually important parameters, their values, and 
their interrelationships. Focus is put especially on agents’ parameters and their 
nature and origin. One option of the division of parameters according to their 
nature is input, derived, and output parameters. According to their origin, they 
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can be divided into user input, randomized input, or derived input. What a 
meaningful division is varies from case to case. The data model works as a 
supplement to the two earlier diagrams and can give a more detailed and explicit 
description of the agents’ objectives. It should be possible to trace the origin of 
each value that affects the output of the model through it.  

To summarize and simplify, the agents and their percepts, actions and goals, 
along with the passive entities of the model, will make up the nodes of the 
diagrams, while the links will visualize their behavioral, semantic, spatial, 
temporal, and causal relationships. The links need to be labelled in a way similar 
to how links in a concept map (see, e.g., Novak & Cañas 2006) are labelled. The 
topics covered by these five different types of relationships are all cognitively 
important concepts for us as humans when we try to make sense of the world 
around us, and are therefore well suited for our diagrams. As these diagrams 
will work as a communication tool between modeling experts and domain 
experts of varying domains, the relations should be expressed in the most 
intuitive and straightforward way possible. A standardized approach expressing 
relations in a very formal, perhaps mathematical way would be detrimental as 
it would have to be less human-oriented and less adaptable to different domains 
and cultures.  

Example Diagrams 
To illustrate what kind of visualizations these diagrammatic approaches might 
result in, two examples, Diagram I and Diagram II, from Case Study III are 
given. These represent the conceptual structure (Diagram I) and the simulation 
process (Diagram II) of a spatial ABM for the simulation of resulting solutions 
for the locations and compositions of new buildings in an area. More precisely, 
the model simulates the placement of buildings, including the types of 
apartments needed in those buildings and the number of parking places needed 
for each building. The model includes three types of agents, buildings, 
apartments, and households, and a simple environment consisting of a road 
network. For more details, see Publication V. 

Diagram I, visualizing the conceptual structure, includes the conceptually 
important entities of the model and their behavioral, semantic, and spatial 
relationships. The conceptually important entities are the agents – buildings, 
apartments, and households – and the road network, which is a passive entity. 
In addition to these, parking places and cars, implemented as attributes of 
agents, are also conceptually important entities of the model, as the number of 
parking places are part of the output of the model. The diagram can be found in 
Figure 31. 

The diagram builds on the agent-environment duality and uses orange and 
blue to amplify this. The semantic relations is-a and part-of clarify the 
differences between the three different types of entities in the model. By 
inspecting the diagram it is, e.g., evident that buildings are realized as agents 
and that parking places are implemented as attributes of buildings. 

From the behavioral relationships it is possible to gain an initial 
understanding of the agents’ behavior. They describe the objectives and needs 
of the agents. Both direct relationships, e.g., a household wants to be in an 
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apartment, and indirect relationships, e.g., a household with a car needs an 
apartment that is situated in a building with a free parking place, can be read 
from the diagram. Spatial relations visualize how space affects the interactions 
between the agents, such as when a building wants to have another building 
within 12-100 meters of its own location. As shown the spatiality in this model 
is quite simple, with the distance between buildings and the distance between 
buildings and roads actually alone defining the suitable locations for all three 
types of agents. 
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Figure 31. Diagram I visualizes the conceptual structure of the ABM used in Case Study III. 
(Publication V) 

Diagram II, visualizing the simulation process, is temporal of its nature and 
can be found in Figure 32. It includes the start and end conditions of the whole 
simulation as well as the lifespan of individual agents. It also shows the amount 
of new agents introduced to the simulation in each round (one building, 20 
apartments, and 10 households). It explicitly visualizes how the agents act as 
the simulation proceeds by visually separating each agent’s percepts (blue) and 
actions (green), and how these causally relate to the agents’ objective, which in 
this case is to become happy. A yellow tint is used for the boxes related to the 
happiness whereas the start and end points are visualized with green and red 
circles. The more detailed objectives of each agent type can also be read 
indirectly from this diagram by studying how different percepts affect their 
happiness. 

The textual descriptions of the links give the conditions that decide what kinds 
of actions follow from what kinds of percepts, if such conditions exist. If we take 
a closer look at, e.g., the building agent, we can see that each building each 
round of the simulation perceives, among other things, how close the closest 
building is. From the diagram it is apparent that if the closest building is less 
than 12 meters away, the building will move to a new location, and if it is more 
than 100 meters away its happiness will decrease with a randomized value 
between zero and ten. If the closest building is between 12 and 100 meters away 
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there will not be any direct consequences to the percept. The building agents’ 
other percepts have similar consequences as can be read from the diagram. 
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Figure 32. Diagram II visualizes the simulation process of the ABM used in Case Study III. Please 
refer to the digital version of this dissertation, or Publication V, for a version of this diagram 
in higher resolution. (Publication V) 

The diagram shows that the lifespan of an agent is decided by their happiness. 
At initialization each agent’s happiness is 100. In this model agents’ percepts 
either affect their happiness negatively or do not affect it at all. When an agent’s 
happiness drops below zero the agent exits the simulation. To counterbalance 
this, each agent’s happiness grows with a random value between zero and five 
each round (as stated in the diagram). This means that if all the agent’s percepts 
are satisfactory, i.e., they do not affect the happiness negatively, the agent’s 
happiness is allowed to increase each round, which means that the agent will 
not exit the simulation. 
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It is important to always include a legend in the diagrams, because when there 
are no formal rules for the making of the diagrams the meaning of different 
kinds of nodes and links will naturally vary. The earlier proposed guidelines for 
the creation of visualizations that communicate the reasoning of S-T analysis 
(Section 4.2.1) do not relate to these diagrams directly, but can be applied 
indirectly on the creation of these kinds of diagrams because both types of 
diagrams are ultimately created to facilitate reasoning. Several things can be 
concluded in the light of the earlier proposed guidelines.  

(1) The diagrams communicate the decisive tangible pieces of information, 
which are among other things the semantic, behavioral, and spatial relations 
between the entities of the model in Diagram I, and the conditions that decide 
what kinds of actions follow from what kinds of percepts in Diagram II. The 
diagrams also put special focus on spatial and temporal relations.  

(2) The diagrams communicate the decisive S-T concepts, or rather their 
equivalents, which are the active and passive entities of the model, i.e., the 
agents and the road network.  

(3) The diagrams communicate the narrative of the simulation through 
visualizing the percepts, actions, and goals of the agents. Here the desire for 
happiness, possessed by each agent, forms the narrative.  

(4) The diagrams use an abstract topological structure and put special weight 
on the role of causality.  

The diagrams also take both the bottom-up and top-down aspects of the model 
into consideration. Here the top-down component is the agent’s desire for 
happiness and in extension the behavior follows, while the bottom up 
component is the agents’ percepts, especially those of spatial nature, and in 
extension the actions that follows. 

An evaluation of the diagrams in the form of a survey addressed to the 
stakeholders of the project revealed that all seven respondents thought that the 
diagrams facilitated their understanding of the ABM and three explicitly 
mentioned that the diagrams facilitated their ability to discuss the ABM. 
However, the better you understand a topic the easier it is to discuss it, and 
therefore the conclusion is that the diagrams facilitated understanding and 
communication for all respondents. As one of the respondents put it: “Only after 
the diagrams were presented to the stakeholders was there a real discussion and 
even enthusiasm about the possibilities of the method.”6 
 

                                                            
6 Translated from Finnish by the first author. 
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5. Concluding Discussion 

The contribution of this dissertation is threefold. It gives an extensive 
description of human reasoning in S-T analysis, based on a thorough literature 
review of findings mainly in the domain of cognitive science. In this description, 
special focus is put on the role of spatial and temporal relations, as they are 
utterly important in S-T analysis. This first contribution of the dissertation is 
summarized in a human reasoning framework for S-T analysis. 

Based on this framework, four guidelines for the creation of visualizations that 
communicate the reasoning of S-T analysis are derived. This contribution is 
related to the issue of provenance and can be used to provide provenance of 
insight and rationale for any visual analysis process that includes analysis of S-
T data. Two examples of how this can be done are also provided. 

Lastly, this dissertation contributes with three application-oriented studies. 
The first two are regarding map animation and consider how to improve its 
effectiveness as a tool for S-T analysis. The findings suggest that sonification can 
be beneficial for this purpose, and that classification of events based on their 
temporal intensity facilitates reasoning and leads to more insightful animations. 
The third study regards domain knowledge acquisition in agent-based modeling 
and presents a visualization approach that facilitates the communication 
between modeling and domain experts to be used for this purpose. These 
studies are based on the understanding of human reasoning in S-T analysis 
presented in this dissertation and connect theory to practice.  

The two first contributions are based on extensive research and give well-
founded statements. The spirit of the third contribution is less authoritative, the 
studies being initial studies rather than conclusive reports. Now follows a 
discussion on the theoretical and practical implications and the reliability and 
validity of these contributions accompanied by some recommendations for 
further research. 

5.1 Theoretical Implications 

Several authors have pointed to the lack of an accepted theoretical framework 
through which to investigate and understand human reasoning with maps and 
similar abstract representations (e.g., Liu et al. 2008, Arias-Hernandez et al. 
2012, Patterson et al. 2014, MacEachren 2015). The framework by Patterson et 
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al. (2014), developed for IV, is a major step toward this goal. The framework 
developed in this research builds on the framework by Patterson et al. (2014), 
but takes an S-T analysis approach and puts special focus on the role of spatial 
and temporal relations. It is a complement to the framework by Patterson et al. 
(2014) and provides a solid ground from which to derive guidelines and rules 
for the creation of representations, tools, and ways of working better giving 
support to human cognition and reasoning in different aspects of S-T analysis. 

Earlier research has suggested the distributed cognition framework as a 
theoretical framework for the study of interaction with visualizations and 
computers (Hollan et al. 2000, Dykes et al. 2005, Liu et al. 2008, MacEachren 
2015) and was therefore chosen as the basis for this research. Arias-Hernandez 
et al. (2012) do however point out the fact that IV and VA adopting the external 
cognition point of view on distributed cognition has systematically downplayed 
the role of internal representations and interaction. The framework developed 
in this research takes into consideration both the role of external and internal 
representations for our cognition and reasoning. The role of external 
representations was studied mainly through Case Studies I and II and the role 
of internal representations was studied through the literature review, where the 
framework of Patterson et al. (2014) played a major role. 

The conceptualization of S-T analysis introduced in this dissertation is 
inspired by the triad and pyramid frameworks (Peuquet 1994, Mennis et al. 
2000). What is new is the treatment of space and time as invariants and the 
introduction of distance, direction, and relations of topology as basic relations 
in space and time. Notice however how the idea of distance, direction, and 
relations of topology being somehow fundamental spatial concepts is apparent 
already in the writings of Piaget and Inhelder (1956) and Nystuen (1968), and 
that it is also used in a data mining context by Ester et al. (2000). This 
conceptualization is also in line with findings in cognitive science stating that 
we have different cognitive systems for visually perceiving object and spatial 
properties, the what and where systems (Goodale & Milner 1992, Kosslyn et al. 
1992, Knauff 2009), and perhaps also a when system for the visual perception 
of the timing of events (Battelli et al. 2007). This way of conceptualizing S-T 
analysis can hopefully bring new ideas and viewpoints to the research 
community and maybe bring us one step closer to what Bhatt and Wallgrün 
(2014) have argued for, i.e., a transdisciplinary scientific perspective that could 
bring geography, artificial intelligence, and cognitive science together. 

The VA research community has used sensemaking theories extensively to 
describe the human reasoning process (e.g., Pirolli & Card 2005, Thomas & 
Cook 2005, Sacha et al. 2014). The description of reasoning provided in this 
dissertation gives a more detailed and cognitively accurate depiction of the 
human reasoning process than the sensemaking process does. In the human 
reasoning framework for S-T analysis the physical and mental representations 
of the sensemaking process are replaced by stimuli and mental models. The 
iterative manipulation of these is, respectively, described through the stimulus-
response loop and the dynamic interplay of top-down and bottom-up processes. 
In this way, this dissertation confirms what Patterson et al. (2014) wrote about 
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the idea of the sensemaking process being similar to the theories regarding 
reasoning with mental models. The knowledge generation model by Sacha et al. 
(2014) details the sensemaking process further and succeeds in taking into 
consideration the interplay between bottom-up and top-down processes and the 
role of knowledge as both an outcome and an important ingredient of reasoning.  

The theoretical implications of User Test I are limited as the hypothesis that 
analytical reasoning with map animations can be facilitated by sonification 
could not be verified. However, the finding that participants performed better 
on spatial than on temporal tasks confirms the statements about the primary 
role spatial reasoning plays for our cognition (Boroditsky 2000, Filipovic & 
Jaszczolt 2012). The results of User Test II confirm the hypothesis that an 
animation that is already classified into temporal chunks should convey 
information and facilitate reasoning better than an unclassified animation. This 
finding strengthens the relevance of the recommendation to create 
visualizations that facilitate chunking and aid reasoning with mental models 
(Patterson et al. 2014). The intensity-based classification method is one 
concrete example of how this can be done in map animations. The findings 
regarding the effect of the viewing order of the two animations is in line with 
Shneiderman's (1996) visual information-seeking mantra. The findings in Case 
Study III confirm that visualizations facilitate communication and 
understanding, which is one of the most important claims in the domain of KV 
(Burkhard 2005, Eppler & Burkhard 2005),  also pointed out by Tversky (2014). 

5.2 Practical Implications 

The guidelines for the creation of visualizations that communicate the reasoning 
of S-T analysis developed in this research represent a new approach, not only in 
an S-T analysis context, but also to provenance research as a whole. This is the 
first time there is a complete set of guidelines that are firmly based on findings 
from cognitive science. These guidelines can work as a starting point for any 
project aiming at providing provenance of insight or rationale in any domain 
addressing the visual analysis of S-T data. The implementation of the guidelines 
depends on the context in which they are applied, as could be seen in the two 
examples provided in this dissertation. All guidelines are probably not always 
equally important.  

The findings in User Test I implies that designers do not need to be afraid of 
experimenting with the use of sound in map animations. The results showed 
that the sounds did not impair the usability of the map animation and the 
sounds were positively received by the majority of the participants. The 
intensity-based classification method tested in User Test II is not yet a fully 
developed classification method and is still not ready to be implemented within 
the field. However, the test proved that the general idea behind the method is 
working and therefore ready for implementation in S-T analysis software, once 
the problem of how to define the actual classification is solved.  

The diagrams developed in Case Study III are unique to said study and cannot 
be used with any other ABM. The visualization approach, which is described in 
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detail and well supported by the findings in this research, can however most 
probably be implemented with any kind of ABM. In the development of the 
visualization approach the findings leading to the human reasoning framework 
for S-T analysis and the guidelines derived from them played an important role. 
This is hinting that the framework, and perhaps even the guidelines, can work 
as a starting point for the development of a range of different visualization 
applications addressing human reasoning and S-T data. 

5.3 Reliability and Validity 

The reliability and validity of the human reasoning framework for S-T analysis 
relies mostly on the reliability and validity of the theories and findings that are 
part of the literature review working as a basis for this research. Although some 
of the theories are controversial, e.g., the dual-systems theory and the mental 
model theory of reasoning, there is a broad support for them in the research 
community. In the future these theories might be refined, but the strong belief 
of the author of this dissertation is that they will not change substantially. In 
addition to the literature review the framework is based on a limited amount of 
empirical research. This empirical research that was mainly carried out in Case 
Study II, which led to the STC framework, builds in part on introspection, which 
is a highly subjective research method. However, as the findings of that case 
study are based on an extensive literature review they have an objective basis. 

The human reasoning framework for S-T analysis does not cover the intuitive 
reasoning system of the dual-systems theory. This is mainly due to the fact that 
this kind of reasoning was not taken into account in the case studies and only 
briefly covered in the literature review. One reason for this focus on analytical 
reasoning lies in the original motivation of this dissertation, which was the issue 
of provenance of insight and rationale. In order to fully achieve this kind of 
provenance, the analyst needs to be aware of his or her reasoning, but as the 
cognitive processes of the intuitive system are fast, automatic, and unconscious, 
it may be that it is impossible to provide full provenance for intuitive reasoning. 
There is no doubt that intuitive reasoning is of relevance to S-T analysis though, 
as it is not possible for us to choose to use only one of our reasoning systems 
(Kahneman 2011). 

The data used in Case Study II was simple, containing only points and one 
thematic dimension, and as the representation used was a map animation the 
temporal relations were mapped as true temporal relations and not transformed 
into some spatial form. Case Study I, on the other hand, included data in the 
form of polygons and lines, but did not deal with temporal data. Overall there is 
an emphasis on objects and events instead of fields in the case studies, and only 
visual and audio representations were used. Tactile representations (see, e.g., 
Griffin 2001) are, e.g., not covered. As a consequence, it can also be argued that 
the visual analysis tasks considered in Case Study I and Case Study II were 
rather simple. These are limitations that need to be borne in mind and which 
may have influenced the results. The argument here is that regardless of the 
complexity of analysis tasks the same cognitive mechanisms are used. When 
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tasks get more complex it is rather the complexity and amount of knowledge 
and mental models used that increases, than the complexity of the cognitive 
mechanisms behind the reasoning. Further research will probably complement 
the results of this dissertation, but not change them significantly.  

5.4 Recommendations for Further Research 

Further research is needed to incorporate intuitive reasoning into the human 
reasoning framework for S-T analysis. The framework by Patterson et al. (2014) 
provides a good starting point for this but a problem might be that the role of 
intuitive reasoning in the kind of explorative visual analysis studied in this 
research is actually quite unknown and not very well studied. There is however 
evidence that the role of intuition is imperative for creating radical innovations 
and for tasks demanding creativity, e.g., many Nobel laureates mention the 
primary role of intuition when reaching discoveries (Shavinina 2003, Shavinina 
2009). Raami (2015) has studied the role of intuition in creative design, notes 
that there is a growing interest in the topics related to intuition in the research 
community. Overall, intuitive reasoning is largely unexplored, but it feels like it 
deserves more attention. Research on intuition in the domain of S-T analysis 
might be very fruitful. 

If it would turn out that human reasoning with maps and other visualizations 
of S-T data is mainly intuitive, implying that conscious analytical reasoning 
perhaps only is applied afterwards in order to make sense of the discoveries, the 
guidelines for creating visualizations that communicate the reasoning of S-T 
analysis are still valid. Intuitive reasoning is by definition unconscious and it is 
impossible to know the reasoning behind an intuitive insight. Whether the 
reasoning then communicated using these guidelines actually is the reasoning 
that led to the insight, or merely a reconstruction made by the analyst, does not 
make a difference. 

The guidelines are quite abstract in order to guarantee a wide applicability, 
although the examples provided in Section 4.2.2 make them more tangible. 
Further research, including the implementation of these guidelines in different 
contexts, might enable the identification of best practices which can then be 
used to make the guidelines more concrete. They are nonetheless a starting 
point for any project that aims at providing provenance. In order to provide 
provenance, there are however also other issues to be solved. This research has, 
e.g., not addressed how the actual recording of provenance should happen, only 
what aspect of the reasoning that needs to be communicated. An important 
question that would need to be tackled before putting these concepts into use is 
how the recording could be achieved without fragmentizing the actual analysis 
process too much. Generally there are two ways of recording data: designed 
systematic capture, often in the form of recording, e.g., user interactions and 
screenshots of visualizations, and explicit user annotation (Heer & 
Shneiderman 2012, Ragan et al. 2016). If realized in a real piece of software the 
two concepts for visually communicating reasoning developed in Publication I, 
called sketches and causal graphs, would depend on both systematic capture 
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and annotation. Further research on how the documented reasoning could be 
developed into more formal and structured presentations could also be 
beneficial. 

The three studies described in Section 4.3, Facilitating Reasoning, were 
preliminary studies introducing new ideas and methods in order to solve known 
problems. Further research is needed to refine the findings and in order to 
conclude if these are optimal solutions. The real value of the study regarding the 
use of sonification in map animations lies in its suggestions for future research 
directions. The most prominent of these are the indications that (1) the benefit 
of sound in map animations might be related to whether there are many or few 
events in the animation, (2) there seems to be a difference in the benefit of 
adding sound when it comes to reasoning about temporal and spatial relations, 
and that (3) reasoning about temporal relations might be easier when there are 
many events, a result opposite to that of reasoning about spatial relations. No 
definite conclusions about these indications could be drawn, but they work as a 
good starting point for future studies. 

Regarding the intensity-based classification method, the natural direction for 
further research is to develop a formal definition for the division of events into 
periods of increasing, decreasing, and stable occurrence, which then enables the 
implementation of the classification method in existing software. Small changes 
in this kind of definition might have large impacts on the visualization of the 
data. Differences in the data can also affect the usability of the classification 
method decisively. Further research is needed to understand these reliances. 
Overall, the use of visualization methods that take the temporal characteristics 
of point-type data into consideration in map animations seem promising. To 
base it on the classification of the intensity of events is just one way to do it; 
there might be other ways to do the classification that are equally beneficial. 
These kinds of classification methods deserve research attention in the future. 

Further research is needed to transform the visualization approach developed 
in Case Study III to a readily applicable method available for use on the field. As 
for now, the approach gives some guidance for how to create these kinds of 
diagrams, but without more elaborative instructions the threshold to actually 
create these diagrams can be too high for most ABM experts. Research is also 
needed on how to best use these kinds of diagrams in the model development 
phase, both as a tool for acquiring domain knowledge and as a means to create 
a common understanding. E.g., their potential to work as a basis for an iterative 
group work process where, first, the modeler visualizes their draft model 
through these kinds of diagrams and gets feedback from domain experts, and, 
then, based on the given feedback modifies the diagrams to get new feedback, 
should be further researched. 
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