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ABSTRACT: Designing effective visual analytics systems is challenging. Not only must each component be well
understood and effectively designed on its own, but each must also operate in harmony with the rest. To a large extent,
the quality of the relationships among components determines how well visual analytic activities are supported. In
this paper, we define the quality of interaction among the components of visual analytics systems as interactivity.
This paper draws on research from the areas of cognitive and perceptual psychology, human-information interaction,
visualization sciences, and interaction design to examine some of the current challenges faced in discussing and
characterizing interactivity. In doing so, this paper attempts to contribute to a characterization of interactivity in
visual analytics.
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1 Introduction

Visual Analytics (VA) has experienced remarkable growth in recent years. Interest in VA systems was initially focused
on public safety and security [14], but has quickly spread to finance, insurance, climate science, and many other areas.
The discipline of VA arose in response to increasing amounts of data and a general lack of appropriate mechanisms for
dealing with and supporting the analysis of such data. The massive influx of data has created a need for systems that
support and enhance high-level cognitive activities such as analytical reasoning, knowledge discovery, sense making,
forecasting, and decision making.

Because of the broad scope of VA, the large number of interaction and representation techniques, and the complex-
ity of visual analytic activity, much of the focus of VA research has been on “building impressive tools” and, as a
result, has neglected the cognitive and perceptual issues related to how analysts solve problems, make decisions, and
how VA systems can best support complex cognitive activities [12]. To design systems that effectively support visual
analytic activity, it is crucial to consider the cognitive and perceptual capacities and needs of analysts [1, 9, 41, 12, 18].1

For effective support of visual analytic activities there must be a strong coupling and harmonious functioning among
all of the components of VA systems [31]. Computational methods, databases, software infrastructures, input and
output devices, interactive representations, and users are all examples of such components. In this paper, we define
interactivity as the quality of interaction among the various components of a VA system. One of the current problems
in discussing interactivity is that the terms interaction and interactivity are often used loosely and interchangeably
[1, 36]. Broadly speaking, interaction refers to reciprocal action—that is, action and reaction. The suffix “ity” is used
to form nouns that denote the quality or condition of something. Therefore, interactivity refers to the quality or condi-
tion of interaction. By defining interaction and interactivity in this manner, a clear distinction is made between them,
and each can be analyzed and developed in relative independence. The distinction between interaction and interactiv-
ity is important—there may be interaction between components of a VA system, but if the quality of the interaction
is not good, the system will not effectively support analytical reasoning activities. As VA is an inherently interdis-
ciplinary science, this paper accordingly draws on research from the areas of cognitive and perceptual psychology,

1In this paper the terms user and analyst are used interchangeably.
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human-information interaction, visualization sciences, and interaction design, in an attempt to provide a preliminary
characterization of interactivity in VA.

The structure of this paper is as follows. Before discussing interactivity in detail, section 2 examines the major
structural divisions of VA. Section 3 characterizes some factors of interactivity by examining the quality of interac-
tion among these structural divisions. Section 4 applies the identified interactivity factors to a brief scenario. Finally,
section 5 provides a summary and some future research directions.

2 Visual Analytics Structure

To broadly conceptualize the structure of VA, we propose a rough division into 5 different spaces:

• Information space
• Computing space
• Representation space
• Interaction space
• Mental space

All of the components of VA systems can be categorized according to these spaces. Categorizing VA in this manner can
help researchers to examine each space in relative isolation, while still keeping in mind their necessary relationships.
As this categorization is at a high level, numerous sub-spaces may be identified at different levels of granularity. This
level of categorization, however, allows for discussion of the features of VA using a common language that is at a high
enough level so as to be compatible with terminology that has been established at lower levels. Additionally, and what
is most important in this paper, such a categorization facilitates a discussion of the interactivity of VA systems. Fig. 1
depicts the proposed categorization and the relationships among each of these spaces. Each will be discussed in more
detail in the following sections.
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Figure 1. Visual analytics structure categorized into five spaces

2.1 Information Space

The most basic function of VA systems is to enable human-information discourse [41]. While research has recently
been focusing on the human side of this discourse, not much attention has been paid to conceptualizing the infor-
mation side. Many researchers in visualization sciences refer to the body of information with which users engage in
discourse as ‘information space’ (e.g., [41, 18, 28, 29, 47]). However, aside from sporadic contributions (e.g., [30]),
not much effort has been placed on the development of general models, theories, or characterizations of information
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space within the visualization literature. Moreover, researchers in multiple disciplines, such as information science
[50], visualization science [10], and human-information interaction [25], have noted in recent years a lack of clarity
surrounding the relationships among data, information, and knowledge. For many decades, researchers in various
informatics disciplines have been working towards defining such concepts, and we propose that building upon some
of this work can contribute to a conceptualization of information space for the VA community. According to Bates
[4] and Marchionini [25], data and information can be characterized as increasingly ordered and complex forms of
energy. Data originate in discernible differences in states of an information space—that is, states describable in terms
of space, time, and energy [6]. These discernible differences are perceived by some sensory apparatus (e.g., by hu-
mans, computers, robots, sensors). Data manifest in many forms depending on how they are detected and measured.
For example, a sensor may detect discernable differences in an information space such as an ocean. Depending on
the amount of energy and on the sensors that are used, some differences are discerned by the sensor. It may detect
differences in the water pressure and temperature, or in wave height, for example. Such discernible differences are
then systematically mapped to some code, usually in the form of symbolic representation (e.g., numbers or letters), and
then stored. The result of this process, stored symbolic representations, is typically what is meant when the term ‘data’
is used in the visualization literature. In other words, data are disconnected symbolic representations of discernable
differences within an information space. Significant regularities that reside in data are referred to as information [6].
Such regularities imply relations and, as knowledge is largely concerned with understanding relations, it is information
that has the potential to lead to knowledge—by informing analysts about regularities within an information space.

Although basic and abstract, this conceptualization is useful for at least two reasons: 1) The scope of VA is quite
broad, and all kinds of particular information spaces—whether abstract, concrete, large, small, static, or dynamic, as
well as their temporal and spatial characteristics—must be accounted for. Such a definition accounts for all possible in-
formation spaces. 2) Conceptualizing information in this manner allows for more fine-grained elaboration of particular
information spaces, while maintaining a common conceptual foundation. Building from a basic but broad definition
allows for further characterization without risking complete fragmentation. Researchers can discuss, compare, and
contrast particular information spaces with a common terminology and conceptual foundation.

Viewing bodies of information as spaces provides many benefits for conceptualizing the information side of the human-
information discourse. This approach can assist especially with the conceptualization of abstract information spaces
that have no natural geometric characteristics. Entities within such an information space, such as concepts and ideas,
may be described according to their locations, relative distances, direction of motion, and so on. This conceptualiza-
tion is compelling as it is naturally in agreement with the basic mechanisms of human thought. Indeed, research in
cognitive science has demonstrated that spatial metaphors form a foundation upon which all conceptual structures are
built (see [20]). Viewing information in geometrical terms can facilitate not only the conceptualization of information
space, but can also help designers to think systematically about the encoding of information into visually-perceptible
forms (see section 2.3).

In the context of VA, information may derive from abstract spaces (e.g., financial markets) or concrete spaces (e.g.,
oceans). Unlike other visualization sciences (e.g., information and scientific visualization), a conceptualization of
information space for VA must account for both the abstract and the concrete. Visual analytic activity often necessi-
tates access to both simultaneously. An insurance analyst, for instance, may need to investigate an information space
that contains concrete entities such as hailstones and cars, and simultaneously investigate abstract entities such as
probabilities and damage estimates. For ease of conceptualization and discussion, we refer to all components within
information space as information items (e.g., data, conceptual entities, causal relationships, properties, temporal pro-
cesses, structures). Information items may be static or dynamic. In Fig. 1 these are depicted as stars within the
information space.

One of the current research challenges in VA is dealing with heterogeneous data. The characterization given here
is not meant to trivialize such a challenge; rather, it is an attempt to simplify and clarify the conceptualization of the
information component of human-information discourse in VA. As Thomas and Cook [41] note “we must eliminate
the artificial analytical constraints imposed by data type so that we can aid the analyst in reaching deeper analytical
insight.” Characterizing information space at this level of abstraction accounts for all human-information discourse,
and allows designers to direct attention to higher-level considerations that are consistent across many different analytic
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applications. As a result, designers can focus on creating a seamless visual analytic experience for the user.

2.2 Computing Space

Computing space is concerned with encoding and storing internal representations of items from an information space
and performing operations upon such representations.2 Data cleaning, filtering, fusion, integration, normalization,
and other pre-processing procedures take place within computing space. Data mining and mathematical procedures,
such as data transformations, also take place within computing space. Therefore, computing space is concerned with
pre-processing, storing, and preparing data in order to be visually displayed to analysts to enable visual analytic
activity.3 When VA systems are designed effectively, users do not need to be aware of or concerned with any of
the technological workings of computing space. Consideration and proper design of computing space is essential,
however, as it provides the underlying operations that allow users to engage in effective information discourse. Data
representation and transformation techniques that have been developed in the statistics, machine learning, and pattern
recognition research communities are essential to the effective development of computing space. Although much
valuable research has been done in this area, further research is required to address many standing issues [18]. This
paper does not go into detail about these issues, and readers are referred to other research that deals with this space in
more detail (e.g., [18, 19, 45, 46]).

2.3 Representation Space

In the context of VA, information items are encoded and stored internally (e.g., as magnetic patterns on a hard disk
platter) and are not directly accessible to users. The only access that users have to this information is through digital
information representations (DIRs)4 at the visually-perceptible interface of a tool.5 Therefore, the design of represen-
tation space fundamentally influences how users perceive information space.

As mentioned in section 2.1, a spatial conceptualization of the VA structure provides many benefits. One such benefit
is that when information items are described in geometric terms, the process of encoding information items in repre-
sentation space can be more natural to think about, since representation space has inherent geometric characteristics.
Two information items (e.g., concepts) of different degrees of importance may be considered to have a certain distance
from one another. A designer may then decide to encode their relative importance with the size of a DIR and their
conceptual distance with the length or width of a DIR. If information items are conceptualized as growing, moving,
having direction, and so on, such characteristics can be effectively encoded within DIRs in representation space (see
[26, 39, 43] for more information about encoding techniques).

When we use information representations to assist with cognitive activities our external cognition is engaged [32].
The partnership that is formed between internal mental processes and external representations provides a number of
benefits for performing analytic activities. In addition, representations may take on many forms—numbers, natural
language, images, diagrams, and so on. Much research in cognitive science has demonstrated that these different
forms have fundamentally different effects on cognitive processes and on how users understand information spaces
[48]. During visual analytic activity, high-level cognitive activities take place over a span of time, where internal
mental processes (e.g., categorizations, abstractions, deductions) are dynamic and involve constant assimilation and
reorganization of information. When external cognition is engaged, external representations (e.g., DIRs) share in this
temporal information and cognitive processing. As DIRs are interactive, users can operate on and adjust their features
such that DIRs become dynamic components of external cognition. If a VA system has a high degree of interactivity,
a strong coupling can be formed between mental space and representation space that provides better support for per-
forming cognitive activities (see section 3).

2Representations in computing space are invisible to users and are not the same as those in representation space.
3This is from a user-centered perspective and is not to suggest computing space is not important.
4Scatterplots, treemaps, glyphs, parallel coordinate plots, tables, and cartograms are all examples of DIRs. DIR is an umbrella term referring to all
visual representations of digital, electronic information that have the potential to be dynamic and/or interactive.

5There may be many layers of organization of information between the user and an information space (e.g., hard disk–memory–relational database–
graphics encoding algorithms–DIRs). The point here is that users do not have access to any information unless through some representational
form.
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Although DIRs give perceptual access to information space, most information spaces with which VA is concerned
are too large and complex to be entirely encoded within representation space at any given time. For example, consider
the occurrence of a natural disaster. In such a case, the information space with which an analyst is concerned may
contain a large amount of complex information regarding financial, human, and environmental damage and losses;
population resilience and vulnerability statistics; mathematical probability models and forecasting algorithms; ac-
cumulation risk statistics; and so on. As both representation space and human perceptual and cognitive processing
capabilities are limited, it is not possible or desirable to encode the entirety of such an information space. In addi-
tion, as visual analytic activities are not simple linear processes [41], it is not possible to provide a single DIR that
sufficiently meets the needs and goals of all analysts. Although proper representation design is critical for effective
VA systems, it is through interaction that users adjust representation space to suit their contextual and cognitive needs.
Therefore, the conceptualization and design of interaction space requires careful consideration.

2.4 Interaction Space

Interaction space is where actions are performed and consequent reactions occur.6 This back-and-forth flow of in-
formation is a crucial component of the analytic discourse. By performing actions upon DIRs that effect reactions
within representation space, users direct the analytic activity to meet their own goals and needs. In general, interaction
space in the VA literature lacks a high degree of conceptual clarity. As Aigner [1] notes, although interaction is a
fundamental component of VA, “...there is hardly ever an explanation of what these benefits [of interaction] actually
are as well as how and why they work.”

Numerous researchers have suggested that one way to address this problem is through the creation of interaction
taxonomies. For instance, Thomas and Cook have claimed that “the grand challenge” of interaction is to develop a
taxonomy to describe and clarify the interaction design space [41]. Other VA researchers (e.g., [17, 33]) have sug-
gested that not only do we require knowledge of what actions are available, but we also require knowledge of how
interactions facilitate activities such as problem solving and decision making. The development of such taxonomies
must be motivated by a strong understanding of underlying cognitive and perceptual principles, so that designers may
provide mission-appropriate interactions that facilitate meaningful discourse with information [41].

Numerous taxonomies have been devised in recent years that help give some structure to interaction space (e.g.,
[2, 13, 24, 38, 47]). While these taxonomies have been important contributions for the research community, there is
still further work to be done along at least three different yet related paths. First, none of the taxonomies capture all
possible interactions that may be performed, and the development of a comprehensive taxonomy would be beneficial.
Second, a comprehensive taxonomy should include an explication of the cognitive and perceptual impacts of each
individual interaction. Third, existing taxonomies often identify interactions at different levels of human-information
discourse and combine them without making any categorical distinctions according to their granularity (see section 3
for a discussion about such levels). Sedig and Parsons [35] have recently devised a taxonomy that is a step towards
addressing such existing research challenges. The taxonomy identifies and characterizes over 30 patterns of human-
information interaction at the level of individual actions and reactions, and also discusses cognitive and perceptual
effects of each pattern. The taxonomy is a component of a larger research plan to develop a comprehensive framework
called EDIFICE (Epistemology and Design of human-InFormation Interaction in Cognitive activitiEs). As a com-
ponent of this framework, the taxonomy in [35] is labeled EDIFICE-AP, where AP stands for Action Patterns. The
patterns identified in this taxonomy are abstractions from interaction instances, and are concerned with how a user acts
upon DIRs and the resulting utility for performing cognitive activities. As such, numerous interaction techniques are
captured under each pattern. Table 1 provides a list and brief description of some of the patterns from EDIFICE-AP.
Such a taxonomy can help bring structure and consistency to the landscape of ideas relevant to interaction-space con-
ceptualization and design.

While necessary to inform and clarify the design landscape, interaction taxonomies on their own are not sufficient
to ensure seamless visual analytic activity. The quality of discourse with information, at multiple levels of granularity,
must be also be taken into consideration. Interactivity factors such as the operationalization of individual interactions

6Interaction space and representation space necessarily overlap. However, separating them helps with conceptualization and design.
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(see section 3.1.1) and the manner in which interactions are combined and linked together to perform higher-level
tasks and activities (see section 3.1.2) are also necessary considerations.

Interaction Description (acting upon DIRs to:)
annotating augment them with meta-information
arranging change their ordering and organization
drilling bring out information items that are not encoded
filtering display only a subset of information
linking connect or establish a relationship between them
scoping adjust the amount of growth of an information space that is encoded
searching seek out the existence of or locate information items
selecting focus on or choose them

Table 1. Some human-information interaction patterns from the taxonomy of [35]

2.5 Mental Space

Mental space refers to the space in which internal mental events and operations (e.g., apprehension, induction, de-
duction, memory encoding, memory storage, memory retrieval, judgment, classification, categorization) take place.
Often times in VA research, terms that refer to operations in mental space are used in a nebulous manner. For instance,
while it is often suggested that ‘insight’ is the goal of VA, Chang et al. [9] point out that the term insight is used
ambiguously in the VA community, and that there is a need for clarification. They also note that researchers often
conflate insight with knowledge, and that “switching the word ‘insight’ with ‘knowledge’ doesn’t effectively alter its
meaning”. In a similar manner, VA researchers often substitute analytical reasoning with other high-level activities
such as problem solving, sense-making, decision-making, knowledge discovery, and forecasting. While such activities
share many similarities, distinguishing them can help bring more clarity to the VA landscape. If we are to characterize
interactivity in a comprehensive manner, future research in VA must integrate research from cognitive science that
explicates the structures and processes within mental space more fully. Some researchers have been working at this,
and readers are directed to [3, 9, 35, 36] for more information.

When engaged in an analytical reasoning process, one can work with and transform internal representations of infor-
mation (e.g., concepts and schemas within mental space) or can operate upon and work with external representations
of information (e.g., DIRs within representation space). In the latter case, internal representations work in conjunc-
tion and partnership with external representations [48]. Such a partnership results in a cognitive system in which the
distribution of cognitive processing is shared by elements external to the analyst’s mental space.

2.6 Distribution of Cognitive Activity Across Spaces

The theory of distributed cognition proposes that cognition is distributed across mental space and the external envi-
ronment [15]. That is, internal mental structures and processes and elements within the environment form a cognitive
system that has greater processing abilities than the mental space alone. These elements range from simple things,
such as a pen and paper [11], to complex things, such as information visualization tools and visual analytics systems
[18, 23]. Within distributed cognitive systems, distribution occurs at many levels, from a distribution among members
of social systems to distribution between a single individual and an artifact. Many researchers in the VA commu-
nity point to distributed cognition theory to support a conceptualization of various aspects of VA (e.g., [1, 41, 18]).
Viewing VA through the lens of distributed cognition can help designers to make decisions about distributing the
information-processing load across these spaces. When users interact with VA systems, some of the processing takes
place internally in the mental space, some is offloaded onto DIRs and computational processes, and some takes place
through interactions with DIRs. In other words, a distributed cognitive system is formed in which the load of informa-
tion processing is spread across the different spaces. The design of the VA system determines how much processing
load is placed on each space, and the ideal distribution is user- and context-dependent. For example, some situations
may require the user to make rapid decisions based on dynamic, ‘real-time’ information. In such cases, not much pro-
cessing load should be placed on the mental space, and the computing and representation spaces may take on the bulk
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of the processing load. Consequently, the user would not likely gain a deep understanding of the information space,
but would be able to effectively make quick decisions. Other situations, however, may require the user to engage
in deep and effortful mental processing of the information, such as in many sense-making activities. In such cases,
more of the information processing load should be placed on the mental and interaction spaces, so that the user can
build rich mental models of the information space through deep and prolonged discourse with the information. In any
situation, the degree to which the components in these spaces interact and function in harmony—that is, their degree
of interactivity—determines how well visual analytic activities are supported.

3 Characterizing Interactivity in Visual Analytics

As mentioned earlier, interactivity in VA refers to the quality of interaction among the components that comprise a
VA system. One current problem surrounding the discussion of interactivity is that researchers are not in agreement
as to whether the locus of interactivity lies with the user or with the technology (see [7]). This issue is important
with VA systems, as the quality of interaction among the internal components as well as among the user and the
system are essential. To address this issue we propose that interactivity in VA systems be categorized into two high-
level components: external and internal interactivity. External interactivity refers to the quality of interaction among
mental space, representation space, and interaction space. Internal interactivity refers to the quality of interaction
among representation space, computing space, and information space. There are, of course, areas that overlap both
categories. Making this categorization simply helps to conceptualize and deal with the complexities of designing VA
systems. These two components are discussed in sections 3.1 and 3.2 below. Fig. 2 applies this categorization to the
spaces of VA described in section 2. Although both of these components of interactivity are critically important, this
paper focuses mainly on external interactivity, and a detailed treatment of internal interactivity is left open for future
development and integration.
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Figure 2. Categorization of interactivity into two broad sub-components

3.1 External Interactivity

External interactivity is concerned with the quality of interaction that takes place among the mental, interaction, and
representation spaces. One of the challenges in conceptualizing external interactivity is that it is a complex construct
that must account for and incorporate the visual analytic activity of users. VA researchers generally suggest that the
overall activity occurring during human-information discourse is analytical reasoning. Within the VA community,
however, there is no agreed upon characterization of the analytical reasoning process. This lack of clarity has been
recognized by researchers such as Meyer et al. [27], who have recently suggested that what is missing from a science
of interaction is “research that focuses on cognition, the reasoning and argument process itself...”. Thomas and Cook
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[41] have also stressed the importance of developing a supporting science for the analytical reasoning process.

One of the difficulties in understanding the analytical reasoning processes is that it is a high-level cognitive activ-
ity that involves numerous sub-activities, such as problem solving, sense making, knowledge discovery, planning,
forecasting, and decision making [27, 41, 18]. Researchers are often not clear about distinguishing between these
activities and, as a result, such terms are often used interchangeably. Although support for problem solving and other
activities is crucial for visual analytic activity, no existing research characterizes analytical reasoning in detail in the
context of VA [12].

Research in the areas of activity theory, human-computer interaction, human-information interaction, and visualization
sciences can shed light on the nature of visual analytic activity (e.g., [2, 13, 16, 22, 29]. In order to clearly discuss
various dimensions of high-level cognitive activities, such researchers have proposed that activities be analyzed at
multiple levels of granularity. Following this, we propose that visual analytic activity can be analyzed at four levels:
activities, tasks, interactions, and events. Activities occur at a high level and are often complex and open-ended (e.g.,
problem solving, decision making, and forecasting); tasks are goal-oriented behaviors that occur at a lower level during
the performance of activities (e.g., browsing, identifying, and ranking); interactions occur at an even lower level and
involve actions that are performed upon DIRs (e.g., selecting, drilling, and filtering) and their consequent reactions;
events occur at the lowest level and are the building blocks of interactions (e.g., mouse clicks, keyboard presses, and
finger swipes). Visual analytic activity can be viewed, then, as hierarchical, embedded, and emergent. That is, each
level of the visual analytic hierarchy is embedded within the level above and each level has emergent characteristics
that result from the relationships occurring within the levels below.

As an example, consider the use of a VA system to support the analysis of a large information space regarding a
national security threat. One necessary activity to perform may be sense making, in which a user needs to develop a
mental model of the structure and features of the information space. To perform this sense making activity, an analyst
must perform a number of tasks, such as categorizing phone records according to subject matter, identifying individu-
als of interest, ranking information sources according to reliability, and browsing through a collection of photographs.
Each task would likely involve the performance of any number of interactions. For instance, to achieve the goal of
categorizing phone records, the analyst may need to filter the records according to a particular date range, drill into
a particular record to access more information, rearrange a list of records, or search for a particular record. To com-
plete any one of these actions, a number of micro-level events such as mouse clicks, finger swipes, or keystrokes may
be required. The performance of events leads to emergence of interactions; the performance of interactions leads to
emergence of the categorization task; and, the performance of categorization and other tasks leads to emergence of
sense-making—all of which are embedded within the overall visual analytic activity. Fig. 3 depicts the hierarchical,
embedded, and emergent nature of visual analytic activity.

As this overall discourse can be analyzed at many levels, external interactivity can also be analyzed at many levels.
At this stage of the research on interactivity we discuss only two main levels: a micro and a macro level. Interactivity
at the micro level is concerned with the structural elements of individual interactions that affect cognitive processes.
As individual interactions have both an action and a reaction component, the manner in which the action and reaction
components of an interaction are operationalized affects the quality of the interaction. The degree of interactivity
at this level emerges from the structural elements that affect individual interactions. Interactivity at the macro level
is concerned with the ways in which interactions are combined and chained together to accomplish and perform
higher-level tasks and activities. The degree of interactivity at this level emerges from the aggregation of individual
interactions. Although a comprehensive characterization of external interactivity is an ongoing research endeavor and
is far from complete, some recent work has identified and characterized a number of micro- and macro-level inter-
activity considerations for general visualization tools (see [36]). This work is another component of the EDIFICE
framework described in section 2.4, and is labeled EDIFICE-IVT, where IVT stands for Interactivity in Visualization
Tools. EDIFICE-IVT identifies and characterizes twelve micro-level elements and five macro-level factors that affect
interactivity of visualization tools in general. Some of these will be discussed in the more particular context of VA
in sections 3.1.1 and 3.1.2, and section 4 will examine some of them in the context of a VA scenario, each of which
suggest how such considerations help to think about interactivity for VA. Only a few of the identified interactivity
considerations will be mentioned, however, and they will not be characterized or discussed in much detail. Readers
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are referred to [36] for a more complete and detailed discussion.
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Figure 3. Visual analytic activity as hierarchal, embedded, and emergent

3.1.1 Micro-level External Interactivity

Interactivity at the micro level is concerned with the structural elements of individual interactions. As an interaction
has both an action and a reaction component, the manner in which these components are operationalized affects the
performance of an analytical reasoning activity. Studies have confirmed that elements of interaction at this level affect
the cognitive processes of users (e.g., see [21]). Fig. 4 depicts the structure of an individual interaction and some action
and reaction elements that affect interactivity. Each of the action elements are orthogonal, as are each of the reaction
elements. One of the structural elements that has been identified and studied empirically is flow. Flow is concerned
with the duration of an interaction and with a user’s perception of the relationship between cause and effect. Therefore,
flow is concerned with both action and reaction. Because both action and reaction occur within time, flow can happen
in one of two ways: continuous or discrete. Continuous flow refers to action and/or reaction occurring over a span of
time in an uninterrupted, fluid manner. Discrete flow refers to action and/or reaction occurring at an instance in time.
The element of flow creates 4 possibilities for operationalizing any interaction: continuous action-continuous reaction;
continuous action-discrete reaction; discrete action-continuous reaction; and, discrete action-discrete reaction. As an
example, if an analyst wishes to rotate a DIR of the earth while exploring climate change patterns, the action may be
continuous (e.g., by dragging a slider in a fluid manner) or discrete (e.g., by clicking on numbers representing degrees
of rotation). The reaction may also be continuous (e.g., a continuous and fluid rotation) or discrete (e.g., immediate
change from initial state to desired degree of rotation). Results of a study that investigated flow provide evidence that
each of the four forms of flow have distinct effects on the cognitive processes of users (see [21]).

Other action elements that affect interactivity include agency and focus. Agency is concerned with the metaphoric
way in which an action is expressed. Some of the main forms that this element can assume include: verbal, manual,
pedal, and aerial. These are based on root metaphors derived from how we act upon the physical world—that is,
mouth/talking, hands/handling, feet/walking, and wings/flying. One relevant study, conducted by Svendsen [40], ex-
amined the effects of manual agency and verbal agency on a problem solving activity. The results suggested that verbal
agency was more conducive to reflective thinking while problem solving, and thus manual agency, while typically pre-
ferred by users, is not always best. For instance, participants in the verbal agency group made fewer mistakes during
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the problem solving activity. This study, although old and not in the context of today’s visualization sciences, suggests
that the operational form of agency can affect the user’s cognitive processes. However, more up-to-date research is
required to determine the effects of different operational forms of agency in the context of VA. The element of focus
is concerned with the locus of attention of a user while acting upon a DIR. Focus can be either direct or indirect. If
the focus of action is direct, a user acts upon a DIR directly. On the other hand, if the focus of action is indirect, a
user acts upon intermediary DIRs to affect the DIR of interest. Similar to the other elements, not much research has
focused on this element, particularly in the context of VA. The results of one relevant study suggest that focus of action
has significant effects on how well concepts from an information space are understood, especially when an activity
involves the comprehension and manipulation of conceptual abstractions (see [34]).

Other reaction elements that affect interactivity include spread and transition. Spread is concerned with how an
action performed upon a DIR affects other DIRs within representation space. There are two main forms of spread:
self-contained and propagated. If spread is self-contained, only the DIR that is acted upon is affected by the action.
If spread is propagated, the effect of the action propagates to other DIRs in representation space. This is often an
important concern for complex interfaces in which many DIRs exist simultaneously. Designers must consider how in-
teractions with a DIR affect the other DIRs. For instance, do some interactions affect only one DIR while others affect
multiple DIRs? Little research has hitherto focused on this element, and thus prescriptive guidelines can be given only
in an ad hoc fashion. The element of transition is concerned with how visual changes that occur as a result of an action
are presented. As interactive DIRs are a spatio-temporal entities, changes can be presented by distorting either their
temporal or spatial dimensions. Two main forms of transition may therefore be identified: stacked and distributed.
If transition is stacked, changes are sequentially stacked on top of one another so that only the current frame of the
changing DIR is visible. If transition is distributed, a number of distinct DIRs capture and preserve instances of the
changing DIR and present them spatially—in other words, the temporal dimension of the changing DIR is distorted
and is presented as parallel instances distributed in space (see [39, 42]; see also [37] for a study that investigates this
factor.)
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Figure 4. Some structural elements of an individual interaction that affect micro-level interactivity

Although these elements require further elaboration in future research, there is evidence to suggest that they do affect
the cognitive processes of users. Future studies may investigate these in more detail. However, identifying these
factors and discussing their features will help move towards a more comprehensive characterization of micro-level
interactivity factors.
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3.1.2 Macro-level External Interactivity

Although the structure of individual interactions affects interactivity, users of VA systems do not perform single inter-
actions in isolation. When engaged in visual analytic activity, users combine and chain together numerous interactions
to accomplish tasks and to perform activities (see section 3.1). Macro-level external interactivity is concerned with
the quality of interaction at this level of human-information discourse. This level of discourse, in which interactions
should merge into a seamless flow of visual analytic activity, is one of the least well understood aspects of interaction
in VA [41].

Interactivity at this level has hitherto not received much attention and, as a result, there is not a large body of re-
search from which a detailed characterization may be developed. However, a number of preliminary considerations
can be identified to help move towards such a characterization. To design with this level of interactivity in mind de-
signers first require an understanding of which interactions exist. Taxonomies such as those discussed in section 2.4
can address this need. Even with the provision of such taxonomies, however, designers must have a sense of how
interactions are best put together to achieve goal-oriented tasks and perform high-level activities.

While the visual analytics mantra “analyze first, show the important, zoom, filter and analyze further, details on
demand” [19] is a useful high-level guide for design of VA systems, we propose that it can be enhanced by a more
fine-grained characterization of visual analytic activity that includes a consideration of these macro-level interactivity
factors. Consider Fig. 5, which depicts the process of human-information discourse of an analyst. While engaged in
such a discourse, users repeatedly perform actions upon DIRs and perceive the reaction that occurs in representation
space. Through such a process, users indirectly ‘reach into’ information space to perform operations on information
items, encode new information items, filter others from view, and so on. There are a number of factors that can be
identified which affect the quality of discourse at this level.

user

interface

information 

space

DIRs
t

DIRs
t+1

R

P

DIRs
t+2

...
R

mental operations

time

P

P

n
+
2

A

n
+
1

A

n
A

Figure 5. Human-information discourse at the macro level

To exemplify, consider again the example of the analyst given in section 3.1. Fig. 5 can model the human-information
discourse and can assist in thinking about macro-level interactivity factors during the performance of the categorization
task, for instance. One interactivity factor to consider at the macro level is whether any of the available interactions
can be performed at any time, or whether the performance of certain interactions ‘unlocks’ the potential for per-
forming other interactions. For instance, should the analyst be required to first filter (An), then drill (An+1), then
arrange(An+2)? Is there any benefit to the performance of tasks to have such constraints put in place? If so, should
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this be dependent on the tasks being performed or on the experience and skill level of the user? Designers must also
consider whether the goal of a task may be achieved with different interactions and, if so, whether it is worthwhile
or is a hindrance to provide analysts with such diversity. For instance, the analyst could achieve the goal of ranking
sources by repeatedly performing the same one or two interactions (e.g., selecting and arranging), or by performing a
number of distinct interactions (e.g., selecting, filtering, drilling, searching, arranging, and comparing). Other issues
at the macro level include: how different interactions complement one another in the context of performing particular
tasks; how interactions correspond to users’ conceptual models of how such interactions should function; the degree
to which the potential benefits of interactions outweigh the cost and effort associated with learning how to use them;
and, the degree of control that users are given in terms of changing the many parameters of interaction with a VA tool.
These must be elaborated upon in future research if we are to characterize interactivity in a comprehensive manner.

Categorizing external interactivity into two levels and discussing the features of each helps to conceptualize the emer-
gent nature of interactivity. VA researchers can think about the factors from which the micro- and macro-level inter-
activity of a system emerges, and how external interactivity emerges from the interrelationships among micro- and
macro-level factors. As a more comprehensive body of research regarding interactivity is developed, a number of new
and more fine-grained considerations can become part of the design landscape. This will enable designers of VA tools
to approach interactivity in a more systematic fashion, accounting for clearly-stated factors that affect visual analytic
activity at different levels of analysis. Fig. 6 provides an example of some questions that designers can consider while
thinking about the external interactivity of a VA system.

- what interactions should be made available to users within a particular context?

- how do interactions complement one another to accomplish tasks?

- do interactions correspond with users' mental models of how interactions should work?

- should constraints be placed on the order in which interactions can be performed?

...

- what are the structural elements of an interaction?

- how should action elements be operationalized?

- how should reaction elements be operationalized?

- how does the operationalization of structural elements affect perceptual and cognitive processes?

...

macro-level 

interactivity 

considerations

micro-level 

interactivity 

considerations

external 

interactivity 

considerations

Figure 6. External interactivity considerations

3.2 Internal interactivity

Any effective VA system requires a strong coupling among many internal (i.e., not directly accessible by the user)
components. For instance, Keim et al. [18] note that an integration between data mining and visual analytics is re-
quired, and that we need to reduce the gap that exists between them. Many VA tools operate with large amounts
of data coming from multiple sources. Data entering the VA system first undergoes pre-processing, cleaning, and
transformation. The data is often complex, ambiguous, and in many cases is incomplete and/or conflicting. Data
transformations themselves generate additional uncertainties. Moreover, the exact data to be processed might not be
known. The quality of interaction among raw data collection processes and automated data processing is of critical
importance [44].

Information items are encoded, stored, organized, and manipulated in computing space. Information items may also
be altered or refined through input from analysts. In this regard, internal interactivity refers to expressive ease and
query complexity [8]. Also, the degree of internal interactivity depends on data accuracy, completeness, currency,
timeliness, volatility, and consistency [5].

Internal interactivity is also concerned with graphics processing algorithms that encode the stored information within
representation space. Further concerns include speed (e.g., interface response time, data loading, data update cycles)
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and efficacy of the chosen encoding (e.g., proximity, similarity, enclosure, continuity) [49]. See also section 2.2 for a
brief discussion of some of these issues.

4 Scenario

This section demonstrates, through a brief scenario, how a characterization of interactivity can assist designers of VA
systems. Consider the case of an epidemiologist needing to analyze the rapid spread of a new disease. First, a high-
level approach to the design problem may be taken by categorizing different issues according to the VA spaces:

• Information space: Information is derived from numerous sources, and such an information space is extremely
large and complex. The items within this space have geospatial, categorical, ordinal, and temporal characteristics.
The major items within such a space can be identified. For example, locations of high importance such as
hospitals and public spaces.
• Computing space: The manner in which various information items are encoded must be considered. For exam-

ple, how are major structures and temporal processes stored within a relational database? Pre-processing, data
mining, and storage must all be considered.
• Representation space: Based on the characteristics of the information space, designers must decide on appropri-

ate DIRs. Established encoding techniques may emphasize particular aspects of the information space. Repre-
sentation techniques may be considered to assist with analysis of different characteristics (e.g., temporal, spatial)
of the information space.
• Interaction space: With such a complex information space, a single representation, no matter how appropriate

or well designed, cannot be sufficient for the visual analytic activity. Designers must consider the landscape of
possible interactions and how each may facilitate tasks and contribute to the overall activity.
• Mental space: Designers must consider the types of mental operations and events that take place during the ana-

lytic activity. For instance, will the analyst be engaged in inductive reasoning (e.g., observing particular disease
cases and generating propositions about the spread of the disease)? Will the analyst be engaged in deductive
reasoning (e.g., knowing that all people with particular immune deficiencies will contract the disease, and then
deducing that particular groups of people and/or geospatial locations may require immediate consideration)?

Next, a team of designers may consider the general characteristics of the overall analytic activity. Some may consider
the internal interactivity while others consider external interactivity. The designers examining external interactivity
may initially require a sense of which activities may be involved in the analysis process. The following are examples
of activities that may be performed by an epidemiological analyst:

• Decision making: the analyst may be presented with several options of where to send medical experts and must
choose and recommend one.
• Sense making: the analyst may need to develop an accurate mental model of the major structure and features

(e.g., important locations, speed of transmission, direction of transmission) of the information space.
• Planning: the analyst may need to construct a sequence of one or more courses of action to decide how to proceed

with further analysis.
• . . .

The design of the VA system may then be approached at the level of tasks that an analyst may wish to accomplish to
perform such activities. For example, consider the activity of deciding where to send medical experts. Such an activity
may involve the following lower-level, goal-oriented tasks:

• categorizing cases of infection
• assessing disease determinants
• triaging geographical areas within a country that require attention
• identifying areas of critical importance
• locating the origin of the outbreak
• determining the speed and direction of the spread
• ranking potential risk factors
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• organizing medical experts according to specialty
• . . .

As a design team begins to conceptualize the structure of the visual analytic activity, lower levels of the activity may
be characterized. The goal-directed task of triaging, for example, arises when the analyst must rapidly assimilate and
evaluate information and does not have enough time to deal with each information item in depth. VA systems must
provide analysts with appropriate interactions to achieve this goal. At a macro level, designers must consider all of
the factors that affect the quality of performing such a task. Designers first require access to interaction taxonomies
and must have an idea of which interactions facilitate the triaging task. For instance, future research may determine
that annotating, filtering, drilling, and arranging are particularly complementary for triaging. Future research may also
determine that drilling into geographical areas to get infection statistics, then filtering them according to population
density, then arranging them according to their perceived importance, may be the most effective sequence of interac-
tions for achieving the triaging task. The designer may also decide that certain interactions are not beneficial and their
availability may confuse the analyst.

At this point, the designers have taken into consideration the factors that influence the human-information discourse
at a macro level. A set of interactions has been chosen, along with the constraints or stipulations for their use, and so
on. Next, the designer can consider how to operationalize such interactions according to the micro-level interactivity
elements. For example, consider the element of flow described in section 3.1.1. Let us assume that the analyst will
use a filtering interaction to assist with the triaging task. If the representation space is densely populated with DIRs of
disease cases, for example, the analyst may need to quickly filter out cities with populations under a particular popula-
tion size or density. Designers can consider whether the action and reaction components should be operationalized in
a fluid manner. If the reaction happens instantaneously (i.e., in a discrete manner), perhaps there will be a mental gap
and the analyst will not be able to accurately integrate the effect into his mental space. Designers may also consider
how the transition should be operationalized—should the result of the filtering action (i.e., the filtered DIR) replace
the original DIR in the representation space, or should the original DIR and the resulting DIR be distributed in the
representation space so that the analyst can perform visual comparisons between them? It is probable that all of these
issues play a role in the cognitive processing of the analysts. Therefore, the performance of visual analytic activities
could be enhanced if designers systematically consider these issues in the design of VA systems. The designers can
then collaborate with others who have been analyzing the internal interactivity and take an integrated approach to the
design of the overall system.

This section has briefly demonstrated how considering interactivity factors can assist with the conceptualization and
design of VA systems. The design considerations in the brief scenario presented are only loosely prescriptive and are
far from exhaustive. Future research may develop prescriptive frameworks to help guide designers in this process.

5 Summary and Future Work

As a relatively young area of research, VA still faces many challenges. One of the major challenges lies in integrating
the components of VA systems in a harmonious manner. If the quality of interaction among the components of VA
systems is not high, the quality of overall visual analytic activity is decreased. This paper has examined some aspects
of the interactivity of VA systems, where interactivity refers to the quality of interaction among its components. In-
teractivity here has been categorized into two high-level components: internal interactivity and external interactivity.
External interactivity refers to the quality of interaction between an analyst and a system. Internal interactivity refers
to the quality of interaction among all of the components internal to the system. Most of the emphasis of this paper has
been on external interactivity, and internal interactivity has been left open for future characterization and integration.
A characterization of interactivity can help researchers discuss important factors affecting the human-information dis-
course at multiple levels of granularity with a common conceptualization and terminology.

The ideas presented in this paper are preliminary and are an attempt to contribute towards a characterization of in-
teractivity in VA. As a result, a number of future lines of research are left open for consideration. For example,
the nature of visual analytic activity can be characterized further. Research can be done to determine the manner in
which tasks are performed within the context of particular activities. Tasks and activities themselves can be further
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explicated. Another line of research is in developing comprehensive taxonomies of interactions and of tasks that
describe their cognitive and perceptual impacts. Also, more research is required to identify a comprehensive set of
interactivity factors and to describe their features. A further line of research can be in conducting studies to determine
how these factors influence the overall quality of the human-information discourse. Finally, as interactivity is further
characterized, prescriptive frameworks and guidelines may be developed to assist in the design of VA systems.
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