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Abstract
Tables have been used for working and studying for years, and people continue using tables to work
with digital artifacts. Collaborative tabletop activities such as planning, designing, and scheduling are
common on traditional tables, but digital tables still face a variety of design issues to facilitate doing
the same tasks. For example, due to the high cost of digital tables, it is unclear how large a digital
table must be to support collaborative problem solving.
This thesis examines the impact of physical features, in particular the table size, on collaborative
tasks. This research leverages findings of previous studies of traditional and digital tables, and
focuses on exploring the interaction of table size and users’ seating arrangement in collaborative
problem solving. An experimental study is used to observe the behaviors of two-member groups
while doing problem-solving tasks. Two tasks, storytelling and travel planning, were selected for this
study, and the experiments were performed on two traditional tables, one small and one large.
Although working on digital and traditional tables differs, investigating the impact of physical
features in traditional tables can help us better understand how these features interact with workspace
awareness and external cognition factors during taskwork.
In the empirical study, external cognitive behaviors of participants were deeply analyzed to
understand how physical settings of the table and seating arrangement affect the way people
manipulate artifacts in the table workspace. Collaborators passed through different stages of problem
solving using varied strategies, and the data analysis revealed that they manipulated material on the
tabletop for understanding, organizing and solution making through visual separation, cognitive
tracing and piling. Table size, task type and user seating arrangement showed strong effects on the
external cognition of collaborators. In particular, the accessibility of sufficient space on the table
influenced how much users could distribute their materials to improve workspace awareness and
cognitive tracing. On the other hand, lack of space or inaccessible space forced people to use the
space above the table—by holding materials in their hands—or to pile materials to compensate for
space limitations.
The insights gained from this research inform design decisions regarding size and seating
arrangement for tabletop workspaces. For cases in which there is insufficient space, design
alternatives are recommended to improve accessibility to artifacts to compensate for space
limitations. These solutions aim to enhance the external cognition of users when space is insufficient
to work with artifacts in problem-solving tasks.
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Chapter 1
Introduction
Tables are used to support a wide variety of collaborative tasks such as planning, scheduling,
brainstorming, design and layout. The height of standard tables is designed to effectively support work
with paper and other media while seated. The physical affordances of traditional tables naturally support
collaboration; the size of a table allows many collaborators to sit comfortably together in a variety of
spatial configurations (e.g. side-by-side, face-to-face). However, as interactive digital tabletop systems
become commercially available, key questions remain unanswered regarding the appropriateness of
design characteristics for different tasks and user settings. A key open issue that has important
ramifications for commercial production and deployment of digital tabletops relates to the usefulness of
different table sizes for various required situations.
Because of the physical affordances of tables, a natural goal of digital table design involves
understanding how the attributes in the physical design of a table affect collaborative behaviors on digital
surfaces. Although different kinds of tables, with a variety of sizes, heights and shapes are commercially
available for different situations and users, to date no detailed investigation has been done on the relation
between physical factors of a table (traditional or digital), in particular the factor of table size, and human
cognition.
This thesis presents findings from a study of tabletop collaboration involving different table sizes,
tasks, and seating arrangements to understand the effect of table size on collaborative behaviors. Study
findings revealed important differences in how groups used available space on small and large tables, and
how they coped with insufficient space. The results of this research can be applied to both the physical
design, and the software interface design of digital tabletops.

1.1 Motivation
With technology advances, the artifacts and tools we use are becoming increasingly digitized. Books,
photos, papers, and games are now available in digital format, and these digital artifacts are replacing
many of the same roles as their traditional media counterparts. People read e-books in bed, play computer
games in a shared co-located group, and browse their family photos on a computer. One reason for the
success of digital media is the efforts of technologists to make access to digital information easy and to
make users feel comfortable when working with digital information. Digital surfaces such as tablets,
touch-based smart phones, digital walls and tables are examples of technologies designed to support
1

access to new forms of digital information. However, as a new technology, much work is still to be done
to improve the effectiveness of digital surfaces. This thesis focuses on the design of digital tabletops
specifically for supporting collaboration.
Commercially available interactive tabletop systems include the Microsoft Surface1 and the
SmartTable2. However the appropriateness of each of these technologies has not been investigated
extensively for different user contexts. The digital tabletop literature offers some advice on understanding
the strengths and limitations of various hardware and software capabilities and distinctive physical form
factors for different tasks and user contexts [13] [59], yet few empirical studies exist of these different
systems or their design characteristics. As a result, researchers have not yet developed a solid
understanding of the many possible system tradeoffs.
A particularly important design characteristic of a tabletop system, which has important ramifications
for both vendors and end users, is the size of a table. From the vendor perspective, a smaller table is
cheaper to manufacture and deploy, less material and manufacturing space are needed, and shipping costs
are reduced. As well, from a technical perspective, providing a high-resolution display – critical for the
up-close interactions performed on a table – is significantly easier to provide across a smaller surface. The
relatively small sizes of the Microsoft Surface (76.2cm diagonal) and the Smart Table (69.9cm diagonal),
for example, offer resolution of approximately 45 dpi using low cost XGA projectors with native
resolutions of 1024 x 768 pixels. Providing a larger surface would either result in “fat” pixels, as the same
number of pixels are stretched across a wider surface area, or would require a projector array, introducing
additional costs and alignment issues. Though tabletop designs incorporating higher resolution (e.g., HD)
flat panel displays are on the horizon (e.g., Microsoft recently announced the Surface 2) these displays are
still relatively costly. From the user’s perspective, a smaller table occupies less space, and would likely
cost less given the technical issues associated with larger high-resolution surfaces.
However, a small table may not be appropriate for all user contexts. People may feel “crowded” on
smaller tables, and qualitative differences in how people collaborate on large and small tables may
negatively impact workflow.
In traditional workspaces people use tables that are significantly larger than their digital counterparts
for a variety of collaborative tasks. By categorizing, manipulating and spreading out artifacts, people can
display more artifacts on a large table compared to a small table. Such artifact manipulation is defined by
Scaife and Rogers [45] as external cognition behavior and can be helpful for cognitive processes in
1

www.microsoft.com/surface

2

www.smarttech.com
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individual and collaborative activities such as problem- solving. Thus, it seems reasonable to assume that
a larger table may provide important cognitive, and potentially collaborative, benefits during problemsolving activities. No specific study, however, exists to validate these intuitive relationships. This thesis
presents an empirical study to understand how size and the amount of available space on a table impact
external cognition behavior during tabletop collaborative problem solving.

1.2 Assumptions on Research Context
Three aspects define a tabletop collaborative problem-solving task, as the name suggests. First, a
problem-solving task in this thesis refers to tasks aimed to solve problems that do not have a single,
concrete solution. These tasks can be mapped to the task classification introduced by McGrath [31].
McGrath identified four main group task processes: generating, choosing, negotiating and executing. The
problem-solving tasks investigated in this thesis fall within McGrath’s generate process. In particular, he
identified two specific types of generate tasks, planning and creativity, where the first involves generating
plans and the second involves generating ideas. This thesis includes tasks of each of these types (i.e.,
travel planning and storytelling, respectively) as representative examples of problem-solving tasks.
Second, the problem-solving task is performed on a table. The table can be a traditional or digital
table, and any task activity aimed at solving the problem is performed on or over the table. A typical
tabletop problem-solving task deals with some artifacts, digital or non-digital, representing elements of
the problem domain. Through manipulation of task artifacts on the table, people try to solve the given
problem while sitting, standing or leaning on the table. The number and size of artifacts and the physical
features of the table are parameters of the table workspace. People may use the entire surface of the table,
or only a part of it to complete the task.
Third, the task is collaborative; that is, more than one person is involved in solving the problem.
Because problem-solving activities are often complex, collaboration may help people find a solution in a
more efficient and effective way. People may sort, search and try partial solutions together in the table
workspace. For the purpose of scoping this thesis research, two-member groups are studied; group size
was not considered as an experimental factor.
Given the above definitions, examples of tabletop collaborative problem-solving tasks are tabletop
strategic game playing, war games, command and control, and emergency response management (e.g., for
earthquake or flood). Note that relationships between the above three aspects are especially of interest.
For example, how people use the table workspace individually or in a shared way while they are trying to
solve different types of problems is explored in this thesis.
3

1.3 Problem Statement
Sufficient and effective space in problem solving is believed to aid cognition. Moreover, manipulating
artifacts on a table may help team members perform their task activities and collaborate more effectively
to solve a given problem. Thus, the research problem in this thesis focuses on the potential of table size
to impact external cognition behavior through externalizing representations and manipulating artifacts on
a table during collaborative problem-solving tasks.
It is hypothesized that table space will impact external cognition for both individual and team aspects
of problem solving. In this research the following two main hypotheses are investigated with this regard:
x

A larger table provides more opportunity to use external cognition during tabletop problemsolving activities.

x

Supporting external cognition empowers collaboration in tabletop problem-solving in two ways:
o

Helping individual cognitive processes

o

Facilitating communication and coordination between team members

1.4 Research Approach and Objectives
The above research hypotheses can be investigated in the context of traditional and digital tables.
Although people manipulate artifacts in different ways in each of these contexts, the above research
problem applies to both contexts. Thus, results studied in one context are expected to generalize to the
other. Furthermore, given the lack of existing digital tables with consistent capabilities available in
different size form factors, especially with the specific sizes studied in this thesis, it was decided to study
this problem in a traditional table context. The research approach of examining interaction behavior on
traditional tables for the purpose of informing design choices in a digital context has origins in the
literature. For example, traditional tabletop collaboration has been studied to inform the design of remote
desktop shared workspaces ([3] and [57]) and to inform the design of digital tabletop workspaces ([36]
and [50]). To date, no detailed research about table size, external cognition and collaboration exists on the
traditional table. Thus, studying how table size affects these factors on traditional tabletops is a good step
toward digital table design.
The thesis explores the research hypotheses by targeting the following objectives:
Objective 1. Design a suitable testing environment to identify factors influenced by the size of table
workspace. To achieve this goal, a literature review was done and a pilot study was conducted to
examine two different table sizes, collaborative problem-solving tasks and seating arrangements. The
4

focus of the pilot study was to examine the number of interactions on and above the table. How
participants understand, manipulate and share paper-based media on two different sizes of tables was also
considered. This work was done to establish the cognitive and collaborative factors influenced by the
amount of workspace available for the empirical study.
Objective 2. Investigate the effect of identified factors on external cognition. An empirical study was
conducted based on design factors identified from results in the pilot study. An exploratory observational
study was conducted, applying three design factors: i) Table size, ii) Task type, and iii) Seating
arrangement. A coding schema was created. An in-depth video analysis was conducted on the videotaped
study sessions. Field notes, video data, and interview responses were analyzed in detail, by focusing on
tabletop external cognition.
Objective 3. Develop recommendations for compensating size limitations in the tabletop workspace
based on findings. To attain this goal, first existing research efforts on space management in digital
tabletop workspaces were analyzed. Then potential solutions that support the use of external cognition
were recommended to help compensate for problems associated with limited space in tabletop
workspaces.

1.5 Thesis Overview
The remainder of this thesis is organized as follows:
x

Chapter 2 presents relevant research in the field of collaborative tabletop problem solving,
particularly issues related to tabletop workspaces. The role of the physical features of tabletop
workspaces, especially the impact of table dimension on tasks is discussed. This chapter also
addresses external cognition, visual search, and awareness (especially workspace awareness).

x

Chapter 3 describes the methodological details of the empirical study that investigated traditional
tabletop activities. Design factors of the study, the study procedure, and data analysis
methodology are presented.

x

Chapter 4 presents the results of a quantitative data analysis of the major behaviors related to
external cognition in the study.

x

Chapter 5 presents the results of a qualitative analysis of major behaviors related to external
cognition in the study.

5

x

Chapter 6 discusses the implications of how to apply the study results presented in Chapters 4 and
5, and how these results fit into the scope of the broader literature. Recommendations are
proposed related to applying these results to the design of digital tabletop systems.

x

Chapter 7 concludes the thesis by indicating how the research goals have been addressed by the
presented study and discussing possible directions for future research.

6

Chapter 2
Background and Related Work
This chapter overviews key concepts and prior work related to research on tabletop collaborative problem
solving. People use external artifacts in the tabletop workspace to facilitate thinking, learning and solving
problems. Moreover, external artifacts also aid in communicating and collaboration on a table. The
research question this thesis aims to address is whether dimensions of the table and artifacts have a
significant impact on problem solvers’ external cognition and their awareness of the workspace.
Therefore, workspace awareness and external cognition are of special interest in this thesis.
This chapter starts with a review of physical features of traditional tables and some observations
about how people work on a table. Then two important concepts, external cognition and awareness, are
discussed. Their general definitions are reviewed and their roles in a collaborative task are explained.

2.1 Table Workspace
This section highlights table workspace physical features and some characteristics of tabletop activities. It
also reviews how previous research has addressed the interaction between table workspace dimensions
and taskwork.
2.1.1 Physical Features
A table has several physical features that are important to consider when choosing a table to support
human activity, including dimensions and shape. For example, tables come in a variety of heights, lengths
and widths. They can also be round, rectangular, semi-circular, or a variety of other geometric shapes.
Tables can also have tabletop surfaces that are horizontal or at an angle, such as a table for drafting. In
this thesis, I consider only horizontal table, mainly because it is the most efficient for holding artifacts and
easy to sit around for people to work. Non-horizontal surfaces may need additional factors to be studied,
which are not under consideration here.
Depending on the type of tasks, devices and artifacts people use, the physical features of a table may
be adjusted differently. For example, Berquer et al. [2] conducted an ergonomic study to figure out the
optimum table height for laparoscopic surgery. They concluded that discomfort is at the lowest level
when the table height is as close to elbow height as possible (approximately between 64 to 77 cm above
the floor). Similar effects have been considered in working with computers, and ergonomic desks have
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been extensively designed and provided in the market for this purpose3. In other work, Lin et al. [30]
conducted a user study to investigate the significance of desk and chair height in Taiwan’s schools. They
studied different aged primary and high school students to identify requirements of chairs and desks to fit
different bodies, and they ultimately proposed some adjustable models for this purpose.
In designing a table, a common range of standard heights is considered, and normally chairs are
height adjustable to make the working condition appropriate for a specific person. Of course there are
some special tables that are height-adjustable, for instance for working with laptops or drafting.
The required width and length of the table surface depends heavily on the type of work and artifacts
that are used on the table. Of course, the arm length and seating position of expected users are also
important in specifying the width and length of a table. For instance, Floyd and Roberts [14] discussed
seating arrangement and table height in this context from the anatomical and physiological views in
ergonomics. They listed principles for designing chairs for maximum comfort and the relation of chair to
the table dimension. Dimensions of the table surface (width and length) are often fixed, although there are
models that can be expanded, such as tables that have drop-leaves or removable leaves. Digital tables that
are currently available do not allow changes to the table surface dimension. But dimension seems
important in tabletop activities, as other researchers have noted. For example, Scott and Carpendale [49]
investigated territoriality on traditional and digital tables, which is linked to how the table surface is
partitioned and is affected directly by the table dimension. Later in this chapter, I elaborate further on the
impact of the table surface dimension on tabletop activities.
To limit the scope of this thesis, I did not consider the height of the table in the studies. But it is
notable that for tables with sitting height or standing height accessibility would be different, and this
factor needs to be studied. In this thesis, the relationship between table’s physical features and artifacts
representing the given problem is of interest. Because the ultimate goal of this thesis is to propose design
guidelines for digital tables, and these tables are often designed in a rectangular shape, the table shape is
also fixed to be rectangular.
2.1.2 Taskwork on a Table
A table is probably one of the most common workspaces for doing problem-solving tasks, especially
when the process involves some physical artifacts and information. Tabletop taskwork can be
decomposed into primitive activities in order to make systematic analysis of the taskkwork easier. Scott et
al. [50] list several observed human work practices on traditional tables: sharing objects, assisting each
3
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other during workspace activities, partitioning the workspace, transitioning between workspace activities,
adapting to the available space, transitioning between tabletop and external work, and using a variety of
seating/standing arrangements. In more recent work, Scott and Carpendale [49] highlight the partitioning
effect that often occurs when people share a tabletop workspace and the importance of individual and
shared territories during tabletop taskwork. Section 2.2 discusses these activities based on human
cognitive behaviors, and in the following chapters these will be used to analyze the impact of table
workspace on problem-solving tasks.
Digital tables add a new environment for problem solving based on digital artifacts. Studies conducted by
Rogers and Lindley [42] showed that digital tables are better at facilitating exploration of ideas (an
important factor of problem solving), enhancing awareness, and helping users to engage in teamwork as
compared to other computer-based collaborative systems such as interactive whiteboards. Kharrufa et al.
[28] also emphasized that a horizontal table surface can be effective in reducing cognitive load and it also
enables teamwork in collaborative learning. They conducted a study on collaborative learning of students
and recommended some design guidelines to improve externalization (i.e., external cognition).
As discussed in the previous section, the table’s physical features can impact the effectiveness of
tabletop activities, on either digital or traditional tables. Although working on digital and traditional tables
has some differences, investigating problem-solving activities on traditional tables can basically help us
understand better how these activities would interact with physical features on both types of tables.
2.1.3 Seating positions around a table
Seating position is also important in collaborative work around table, and previous research has
investigated its effect. Tse et al. [58] and Scott and Carpendale [49] point out that seating arrangement
impacts how people divide the space to work individually and collaboratively. People’s territorial
behavior is highly related to how they sit or stand around a table. Note that territories could be temporary
and people may change their positions while performing a task. Tang et al. [57] considered seven
arrangements, sitting or standing, in studying tabletop collaborative coupling styles. Their findings show
that when people want to collaborate more, they tend to be closer to each other. One exception,
mentioned by Tang et al., is sitting across a table, which is common position for teamwork and is useful
for face-to-face communication during problem solving.
An interesting point has been made by Wallace and Scott [59] about the impact of culture and age on how
people work around a table. People from different countries tend to work closer or farther away from each
other. This conclusion is originally based on Hall’s [18] Proxemics research, which investigated the use
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of space in human interaction with each other and the environment. According to Wallace and Scott,
children prefer to work closely together around a table, and thus a large table surface would not be as
appropriate as a small one for a small number of children [59].
2.1.4 The Effect of Workspace Dimensions on Taskwork
Numerous studies have investigated the effect of display size (in general, not necessarily shared displays)
on taskwork. Experimental studies conducted by Microsoft Research showed that a large display
improves productivity, while causing some negative usability issues. Czerwinski et al. [5] reported that
large displays provide several positive effects on cognitive abilities, including recognition memory and
peripheral awareness. The former is related to external cognition and the latter relates to workspace
awareness, key concepts in this thesis. Tan et al. [56] also mentioned benefits such as better 3D
navigation in a large display when doing a task inside a virtual environment.
As mentioned, usability concerns with large displays have also been reported. For example,
Robertson et al. [39] reported that in a large display users may lose track of the cursor or they may have
problems handling many open windows. Therefore, while visibility of more information at the same time
may increase productivity, the complexity and multi-tasking overload may cause some problems. These
issues might be also problematic in the table workspace depending on the table size.
In a shared surface workspace, such as a digital table or video wall that is used as a collaborative
workspace, spatial organization is important. Normally, personal and shared territories are distinguished
in such environments [47]. The workspace size and dimensions may impact spatial organization and
might change the behavior of team members in doing their tasks inside both personal and shared
territories. Huang et al. [21] discussed properties of large display groupware by highlighting issues related
to the personal and group-owned spaces. They pointed out that the larger size of shared large-display
workspaces makes artifacts and each user’s behavior more visible to users more than in a desktop
teamwork environment, which benefits interaction.
Few studies have previously investigated the effect of table dimension on taskwork. Ryall et al. [43]
investigated the effect of group and table size on shared-display groupware on different sized digital
tables. They used two tables (80cm x 107cm and 76cm x 60cm) for their studies. The selected task was
creating poetry using word tiles provided in the digital tabletop interface. Their results showed that table
size does not impact task completion speed while the group size did affect completion time. They also
found no significant difference in task distribution among group members, as measured by the number of
touches for different activities (e.g. picking and dropping word tiles), between the two table sizes.
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Interestingly, they noted that larger groups might need multiple displays, including vertical displays, for
shared artifacts.
In contrast, Rogers et al. [41] used previous research and anecdotal evidence to conclude that a large
table could increase collaboration and awareness because the limited reachability for people around the
table requires them to interact more. This conclusion is largely based on experiments conducted by
Forlines et al. [15], although their experiments investigated the effect of document size on a table (not the
effect of table size). Forlines et al. show that document size has a significant effect on spatial arrangement
of documents across a table.

2.2 Task Activities
This section briefly reviews several key concepts–external cognition, awareness, and visual searching–
that benefit collaborative taskwork. These concepts are not specific to problem-solving tasks, but in this
thesis they are used to investigate different aspects of tabletop problem solving. Moreover, the social
forms of these concepts are of special interest in this context.
2.2.1 External and Internal Cognition
The first question is what is cognition? There are many definitions of cognition in the literature. For
instance, Sharp et al. [52] define cognition as “the activities in our head while we are doing our activities.
This includes activities such as learning, thinking, decision making and writing.” (page 94). They note
that these activities may “abstract, code, categorize, or link data in the problem domain towards achieving
specific goals”. Norman [33] identifies two types of experiential and reflective cognition observable in
human activities, mostly appearing together: internal and external cognition. Because this thesis deals
with collaborative problem-solving activities on tables, the second type is of primary interest. However,
without the first type, it is not possible to perform tasks involving the second type of cognition.
The first type is internal cognition, in which humans use some internal representation and
organization to facilitate processing of given data. For example, people might relate data together or
might have a visual memory that allows them to recall places and addresses. In this way, they can
remember similar data or relate new things to things that happened in the past.
The second type of cognition is external cognition, and as the name suggests, humans utilize the external
world to accomplish cognitive activities. The external cognition concept inspired from the distributed
cognition theory, discussed by Hutchins and his colleagues. Hutchins [23] argued that unlike what
thought in traditional cognitive science, cognitive behaviors are not confined inside the human mind. He
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emphasized that external artifacts and other people play key roles in human cognition. Scaife and Rogers
[45] describe external cognition as:
“… about the ways that humans operate in the world: They are highly
resourceful at exploiting their cognitive capabilities, and they do this
with a variety of strategies, tools, and representations. This, broadly
speaking, is what we refer to as external cognition.” (p. 181)
This definition notes that the external cognition is based on external tools and representations that
help humans deal with the cognitive challenges of some tasks. For instance, one may use external tools to
take a note, mark a calendar, record an interview, use a calculator to facilitate memory recall, or to
perform an efficient calculation.
Another definition in the SenseMaking glossary [37] provides more details:
“External cognition is a phrase referring to ways that people augment
their normal cognitive processes with external aids, such as external
writings, visualizations, and work spaces. External cognition is human or
cognitive information processing that combines internal cognition with
perception and manipulation of external representations of information.”
(online resource)
This definition highlights the distinction of internal and external cognition and how the external form
of cognition can help the internal one. External representations of data can be based on paper and/or
digital objects in text, voice, video or any understandable format by human.
Another important question is how do humans benefit from external cognition? Sharp et al. [52] list
three major benefits of external cognition: “Externalizing to reduce memory load, computational
offloading, and annotating and cognitive tracing”. Cognitive tracing is the most pertinent concept to this
thesis, and refers to change in the order or classification of artifacts through physical manipulation.
By considering these benefits, we can conclude that external cognition can play an important role in
complex activities when humans need to deal with many artifacts, complex computations or data that
need to be tracked over time. For example, Andrews et al. [1] note that humans can compare artifacts
visually instead of relying on memory or imperfect internal models. They conducted a set of experiments
on a large display and learned that the provided space helped people an effective external memory, a
semantic layer over the artifacts presented by their orders and clusters, and increasing the efficiency of
access to artifacts.
Another notable question in this thesis is how can external cognition help members in a team? Is it
useful for interaction and collaboration? Does external cognition help team members to follow each
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other’s thoughts? These questions are quite important, and especially significant in collaborative problemsolving activities. The following section deals with the role of external cognition in teamwork.
2.2.2 External Cognition in Collaborative Tasks
When we use external representations of data and knowledge in a form that is understandable for future
uses, these formats can also be used by other people4. For example, when I put a note on the fridge door
to take my daughter to the soccer match, my husband can remind me when he sees the note and tell me
we are going to be late. In a workspace, these external representations can be quite important in
collaborating and solving problems. Hutchins [23] notes the importance of external cognition factors in a
team. Based on Hutchins’ work, Gutwin and Greenberg [17] state that team cognition may include “using
environmental cues to establish a common ground of understanding, seeing who is around and what they
are doing, monitoring the state of artefacts in a shared work setting, noticing other people’s gestures and
what they are referring to, and so on” (p. 1).
As Gutwin and Greenberg point out [17], during teamwork, external cognition often involves
communicating with other members and tracking their activities. External cognition relates to workspace
awareness, which will be discussed later in this chapter. This form of external cognition is more complex
than the individual form, in which only a single person is in charge of cognitive activities and using
external artifacts. In a team, a person needs to maintain awareness of what others are doing, decide, and
learn and he/she needs to talk to be active in teamwork. This issue is especially important in a problemsolving task. For example, each investigator in a criminal case may follow a piece of evidence and he/she
may log or present the findings on a shared board or on a table. All team members need to monitor the
changes in the pool of information and how colleagues learn or extract new facts from them.
Another form of external cognition mentioned in the literature is social cognition. Susi and Ziemke
[55] note a form of social cognition by referring to behaviors in insects. They report that people can affect
each other like insects (e.g., ants) when they leave traces behind to help themselves and others. They base
social cognition on a link between activity theory and distributed cognition. This effect is observable in
collaborative problem-solving tasks. People classify, sort or select artifacts, and their partners track their
behaviours in the workspace. By this mean, each individual may join other members in the team to extend
an idea or partial solution developed by others.

4

Of course the external representation can be coded to meet security and privacy requirements. However, I assume
this discussion is focused on trusted team members.
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To accommodate the social and external factors in analyzing cognitive activities, Hutchins and his
colleagues propose the distributed cognition framework. Hollan et al. [20] explain that:
“Unlike traditional theories, distributed cognition extends the reach of
what is considered cognitive beyond the individual to encompass
interactions between people and with resources and materials in the
environment” (p. 175).
Hutchins lists three kinds of distributions in cognitive processes [22]: i) processes distributed among
team members, ii) coordination between internal and external forms of cognition, and iii) processes that
are distributed through time. All three kinds of cognitive processes are observable in collaborative
problem-solving as well. First, partners may either work on different tasks towards finding the solution,
or work together on the same task (e.g. to explore the problem space). Second, there are internal cognitive
activities done by each individual, while they also use the external form of cognition. The latter is seen in
both teamwork and individual tasks. And third, problem solving has different phases, and team members
may use different levels of internal/external cognition and communication in each phase. In user studies, I
will investigate these forms of cognitive processes in tabletop problem solving to understand better the
effect of physical features on the way participants do the taskwork.
2.2.3 Visual Searching and Browsing Documents (Text/Image)
In a problem-solving task, people may start by either searching or browsing available artifacts. If they do
not know what content is available, the initial task would be browsing. As De Bruijn and Spence [6]
explain, in browsing people try to overview the available entities to create a rough model of them (e.g.
content model for text or image). They refer in particular to a type of browsing, called opportunistic
browsing, which refers to how people unintentionally looking for possible options to come up with ideas.
Searching can be defined as a specific type of browsing, when a person knows, even roughly, what
she is looking for. De Bruijn and Spence [6] explain that searching is a weighted browsing which tries to
answer “is it there?”. In their view, people may have a visual or categorical cue of what they are looking
for or even a negative categorical cue about a text or image artefact (e.g. find an image that does not
include a specific person).
Two aspects are notable in visual searching and browsing: i) collaborative impact, and ii) space and
time factors. Scott [47] investigated behaviors of collaborators while they were working in different
territories on a table workspace. She observed that people increased the size of storage territories by
spreading the artifacts to better search for something during a collaborative design task. Scott also
reported that collaborators increased or decreased the size of personal or group territories depending on
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the task (which sometimes involved searching) or individual/team work. Everitt et al. [13] reported that
collaborators (teaching assistants) tended to spread documents as much as possible when working on a
table while discussing and editing course materials. Forlines et al. [16] studied the effects of group size
and display configuration on visual search. They observed that a group of four had the same performance
during a visual search task on one or four vertical displays, although on a single display group members
exhibited less independence and more teamwork. The notable point is that displays in their studies are
smaller than most of digital tables.
Generally, the lack of sufficient space can lead to spending more time browsing and searching items.
De Bruijn and Spence [6] discuss the space-time trade-off in information presentation, which is more
visible in small display devices. They proposed a technique, called Rapid Serial Visual Presentation
(RSVP), to mitigate this issue. RSVP involves rapidly presenting visual information to users using digital
animation techniques [6].
2.2.4 Awareness
As discussed above, external artifacts help people manage memory load and the complexity of cognitive
tasks. However, people need to be aware of external artifacts, their changes and corresponding events.
Especially in teamwork, changes in the workplace are meaningful and can help team members coordinate
their assigned task work. This section briefly reviews the awareness concept and how it helps people in a
group workspace. This concept is quite important in investigating the impacts of workspace
characteristics on collaborative problem-solving tasks, because these characteristics may impact the
ability to perform external cognition.
Gutwin and Greenberg [17] define awareness as the knowledge “created through interaction between
an agent and its environment” (p. 5). They enumerate four fundamental aspects of awareness: i)
awareness is about the state of the environment, ii) awareness needs to be maintained over time due to
changes in the environment, iii) awareness maintenance is done through interaction with the environment,
and iv) awareness is required to attain task goals and it is not the ultimate goal by itself.
There are many types of awareness discussed in the literature, see Schmidt [46] for an overview, but
workspace awareness [17] is the most closely related to this research. Situation awareness is a more
general concept, and because it is the basis of workspace awareness (WA), it is discussed first.
2.2.4.1 Situation Awareness
Several definitions of Situation Awareness (SA) have been developed, some domain-specific (e.g. aircraft
piloting) and some more general. Perhaps the most common definition was given by Endsley et al. [9] as:
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“Situation awareness (SA) is the perception of environmental elements
within a volume of time and space, the comprehension of their meaning,
and the projection of their status in the near future” (p. 36).
In a general sense, situation awareness means how you are aware of circumstances and events
happening around you. As the definition of SA mentions, the time and space factors are emphasized [10]
and [11]. Time is a significant factor for situation awareness, as it impacts how a person is aware of
environment dynamics and data change rate [10]. As this thesis investigates the effects of table size on
collaborative tasks, the second factor, space, is of special interest here. Endsley [11] reported that the
spatial aspects of the domain directly impact perception of environmental elements and comprehension of
their meaning, and can act as a stressor in case of limited space. In a table workspace, the limited space
might have the same impact on browsing and external cognition.
An important aspect of SA in group and collaborative work is how individual and team awareness
affect each other. Wellens [60] defined group situation awareness by connecting it to SA as “the sharing
of a common perspective between two or more individuals regarding current environmental events, their
meaning and projected future status” (p. 272). Endsley et al. [12] proposed a model for team SA
containing team SA requirements, devices for collaborating and sharing information, mechanisms such as
shared mental models, and processes for checking each other’s information and coordination. While many
researchers refer to team and group SA, it seems these concepts still need more work to take into account
all the aspect of group dynamics.
Generally, awareness and design to support awareness are important issues in collaborative activities.
In this context, it is important to understand how people continuously try to keep track of what is going
on and of what the other people know or intend to do. Different types of awareness have been enumerated
by focusing on various aspects of group work, such as peripheral awareness, background awareness, and
workspace awareness, as discussed by Schmidt [46].
2.2.4.2 Workspace awareness
Gutwin and Greenberg [17] defined workspace awareness (WA) as “the up-to-the-moment understanding
of another person’s interaction with the shared workspace” (p. 3). They mentioned that WA is only
related to awareness of what is happening inside the time and place boundaries of a collaborative task.
They specified three main questions to 1) determine information considered by WA, 2) the way this
information is collected, and 3) the way team members benefit from WA. For the first question, WA
elements are described in three dimensions of who, what and where, in which “what” addresses human
behavior and artifacts. According to Gutwin and Greenberg’s viewpoint in the WA framework, external
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and physical artifacts are particularly important and their position, movement and direction can convey
information to team members. These are mainly the factors studied in this thesis, and are tracked to
investigate external cognition in a table workspace.
The third question in the WA framework deals with how WA is used by a team, which brings the
collaboration factor to the picture. They mention three main ways WA is used by team members [17]:
management of coupling (i.e., transitions between working independently and together), communication
through visual evidence and gaze awareness, and coordination of actions. Dix et al. [8] defined a similar
concept, feedthrough, as the mechanism of determining a person’s interactions via the visual effects and
sounds of artifacts. They stated that feedthrough is the way a user sees the effects of others’ action in
addition of feedback which is the way she observes the effects of his/her actions. Feedthrough provides
“an additional channel of communication through the artefacts” [7] (p. 148), which Dix remarks as useful
for specifically notify people what was happened in the workspace. If team members can see each other
during taskwork, which is the case in the experiments in this thesis, feedthrough is combined with body
movements and gestures (e.g. movements of hands and heads). For studies in this thesis it is important to
consider how external cognition interacts with collaboration and how communication facilitates cognitive
activities.
Tang et al. [57] also investigated different styles of collaborative coupling that is related to the WA.
They concluded that coupling styles are linked to other parameters such as physical position (i.e. seating
position). This is consistent with other research that shows a relationship between physical positions and
individual/team activities of people around a table [51].

2.3 Chapter Summary
The main research theme of this thesis is the impact of physical workspace features on collaborative
tabletop problem solving. Regarding this theme, this chapter briefly reviewed concepts in this domain and
particularly covered issues related to the table workspace and associated taskwork. In the first part of the
chapter the role of physical features in the workspace, especially the impact of table dimension on task
activities was discussed. This review revealed that so far it has been only minimal research on the
interaction between table physical features and collaborative tabletop problem-solving activities.
Table 1 shows the list of the physical features in a table workspace. The bold features are the ones
studied in this thesis, and this chapter mainly focused on previous investigations related to these features.
For table, the shape is assumed rectangular with a standard height and horizontal orientation. Features of
artifacts are also under study and I assume rectangular artifacts for the studies, however of various sizes.
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Table 1 - Physical Features of a Table Workspace
Entity

Features
Shape: rectangular, round or customized shapes

Table

Dimensions: width, length and height
Surface orientation: horizontal, angled or vertical
Shape: rectangular or custom shapes (e.g. puzzle pieces)

Artifact

Dimensions (i.e., size)
Number of artifacts

For task activities, this chapter addressed external cognition, visual search and awareness (especially
workspace awareness). These concepts are essential in investigating significant factors in tabletop
collaboration. External cognition is a key concept, because it is directly related to the benefits of
providing physical space on a table workspace to assist cognition and collaboration. Workspace
awareness is essentially the combination of external cognition with teamwork, and this type of awareness
plays a key role in considering collaboration in the thesis studies. Workspace awareness especially helps
study how participants work individually and collaboratively in a table workspace.
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Chapter 3
Observational Study: Collaborative problem-solving activities on
traditional tables
An observational study in a laboratory setting was conducted to understand how tabletop size impacts
external cognition during open-ended problem solving tasks involving traditional, paper-based media.
This chapter details the study methodology including, participants, task types, experimental design, and
procedures of the study. Additionally, data collection and analysis techniques will be discussed.

3.1 Participants and Setting
Thirty-two University of Waterloo students (18 male and 14 female), all paid volunteers, participated in
the study. The students, ranging in age from 20 to 30 years old, were recruited (See Appendix A) from a
variety of academic backgrounds, including Science, Engineering, and Humanities. Participants
completed the study in pairs, half of the pairs were self-selected, i.e., they volunteered together, while the
remaining pairs consisted of individual volunteers matched by the experimenter based on schedule
availability.
The study was conducted in a laboratory setting. In each study trial, one of two tables was placed in
the center of the room: a small table (77cm x 124cm, 146cm diagonal) or a large table (154.5cm x 124cm,
198cm diagonal).
In this study, two seating arrangements were included. As shown in Figure 1, participants either sat
across the table from one another (across seating arrangement with 124cm between them), or along
adjacent sides of the table at right angles to one another (corner seating arrangement). Participants were
permitted to stand up and to move only along their side of the table.
A video camera was placed in the room to capture tabletop interactions, and clip-on lavaliere
microphones were used to capture participants’ conversations. The experimenter recorded Field notes
during each study trial.
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3.3 Experimental Tasks
Participants performed two problem-solving tasks on each of the large and small tables: story-telling and
travel-planning. These types of creative problem-solving tasks are often used in tabletop collaboration
studies [19][36][48]. The design of the story-telling and travel-planning tasks was refined during pilot
studies. A detailed description of each task follows.
Story telling: Pairs were asked to create a story using photos from a well-known American
television series (Seinfeld or Friends). Instruction sheets (found in Appendix B) were provided containing
five possible themes upon which participants could base their story; however, use of these themes was not
mandatory. Task materials included a black storyboard (45cm x 45cm), upon which pairs could build
their story. The use of storyboard allowed participants to easily reorient or reposition the story line on the
table. It also provided more clear distinction of when participants were working on the story solution
versus simply getting familiar with the study materials. Materials also included a set of 56 photos (9cm x
9cm) consisting of various scenes from show episodes printed on thick, card-stock paper. Both the large
and small tables were sufficiently large to accommodate all task materials without overlap (see Figure 2
(a) and (b)).

Travel planning: Instruction sheets were (found in Appendix B) provided for pairs and they were
asked to create a three-day, two-night itinerary for a family of four visiting a Canadian city (Calgary or
Vancouver), with a specific budget. Near the end of the task, pairs were informed of a new problem
constraint: a grandmother in a wheel chair (for the Calgary destination), or two young cousins (for the
Vancouver destination) would join the family on the second day. Thus, the itinerary had to be modified to
accommodate the additional traveler(s). Pairs were provided with 27 information sheets, 10 small (12.5cm
x 13.5cm), 16 medium (21cm x 21cm), and 1 large (28cm x 22cm) sheets with attractions, maps, and
driving distances printed on thick, card-stock paper. Blank paper and pen were also provided for
recording the itinerary. Significant overlap occurred when materials were spread out on the small table
(Figure 2 (c)); however all materials could be accommodated without overlapping on the large table
(Figure 2 (d)).
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experimenter. The interview explored participants’ space usage strategies and their satisfaction with the
task processes and outcomes. Participants were then verbally debriefed, provided with a feedback letter
(see Appendix F-Thank you letter for participants), thanked, and compensated with $10 (for each
participant) for their involvement.

3.5 Data Analysis
An in-depth video data analysis was performed on the collected data. The goal of the data analysis was to
extract quantitative and qualitative behaviors relevant to external cognition and to understand how these
behaviors were influenced by independent variables of the study, table size, task type and seating
arrangement. The following subsections describe the data coding schema provided for extracting these
behaviors and will show how the coded data was used for qualitative and quantitative analysis.
3.5.1 Data Coding
The first step of the video analysis was to establish a coding scheme. The open coding method was used
[54] in order to ground the data analysis in the collected data. This method involves the iterative
development of a coding schema, which becomes more refined and focused through in-depth data
exploration. For this purpose, field notes were first reviewed to identify overall patterns and factors
anticipated to be related to external cognition during joint and individual activities on the table. The initial
coding scheme was also influenced by related work on problem-solving and external cognition [31] [45]
(See Appendix G5 for details of the initial coding schema).
On review and after initial coding passes of the video data, it was found that the initial coding scheme
did not capture all data relevant to external cognition. As a result, additional behaviors were identified
from video and field notes, and the coding scheme was extended to capture these behaviors. The coding
schema highlights the use of external cognition by pairs on the table, and allows a characterization of the
qualitative behaviors relevant to external cognition.
The final coding scheme is presented in the first column of Table 2. The second column of the table
presents the aspects of coded data from the first column that was counted for quantitative analysis. The
third column of Table 2 presents the aspect of the coded data from the first column that was captured for
qualitative analysis.

5

Appendix G is available in the enclosed CD
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Table 2- Data Coding Schema

Above-the-Table

Coding scheme

Materials Usage

Spatial Usage

On-the-Table

Task Process
x
x
x
x
x
x

Problem understanding
General organization
Possible candidate
Discard item
Sub-solution of the problem
Solution making

External Cognition
x Cognitive tracing
x Grouping
o Intra-group pilling
o Visual Separation
 Inter-group visual separation
 Intra-group visual separation
 Inter-group and Intra-group
collapse

External Cognition effects
x Workspace awareness
x Parallel search
x Serial search

What was measured
for quantitative
analysis?

What kinds of questions were
answered for qualitative
analysis?

Number of times that
materials were used abovethe-table

What, if anything hindered the use of
the available space on the table?
Why were materials used above the
table?

Percentage of the table usage

How did they use different parts of
the table?
Why did they not use some parts of
the table?

Number of times that the
table was used for these
purposes

For what purposes did they use
external cognition?

Number of times that
cognitive
tracing
and
grouping occurred on the
table

What prompted participants to use
different kinds of external cognition?
What, if anything, hindered the use of
external cognition?

Number of times that
glancing, scanning, fixating
happened on materials on
the table

What kinds of external cognition led
to each of these events?
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collected from the who
ole video streeams showing
g areas of thee table that paarticipants neever used. Annalysis
pshots from a particular trrial determined the areas of the table tthat were nevver used across the
of all snap
whole triaal. As shown in Figure 4, the unused areas
a
(across tthe whole triaal) are highlighted in red in the
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snapshotss. A perspectiive grid was overlaid onto the snapshhot to determiine the perceentage of used and
unused (reed highlighted area) area on
o the table. The
T snapshotts for each triial are provideed in Appenddix HSpatial ussage.

Figu
ure 4: (a) Thee perspective grid overlaiid on the largge table, (b) T
The perspecttive grid overrlaid
on thee small table (Red highlig
ghting indicates unused aareas of the taable across the whole triaal)

As th
he focus of th
his research is to understaand how peopple work on the surface oof different size of
tables in order
o
to desig
gn of digital taabletops, the subset
s
of “on--the-table” w
was coded furtther.
3.5.1.3 On-the-table
O
- Task proce
ess
Upon reviewing the daata it appeareed that all gro
oups sessions could be brooken down inn six phases oof task
g on the tablee, which weree also consisteent with ones in the sensem
making literatture (e.g., [1])).
processing
Probllem understa
anding: Prob
blem understaanding eventss describe peeriod of time when particiipants
were look
king, scanning, and search
hing the task material on the table. Tyypically, pairss investigatedd their
problems in three stepss:
derstanding of the problem
m and availablle task materiial
1. General und
2.

Understand
ding materialss for creating a solution (i.ee. solution m
making)

3.

Understand
ding materialss for problem refinement
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Geneeral understan
nding refers to times that participants were scanninng instructionns and inform
mation
sheets to find out whaat kind of prob
blem they haad to solve annd what kind of materials were availabble for
solving th
hat problem. Understandin
ng for solutio
on making reffers to times w
when particippants were loooking
and readin
ng through th
he available materials
m
for candidates to ssolve the probblem. After ccreating a sollution,
some pairrs engaged in
n understand
ding materialss for problem
m refinement,, which was when particiipants
were searrching through
h materials not used in theeir solution too find more ((or alternativee) task materiials to
improve their
t
solution..
General organiza
ation: general organizatiion events ooccurred wheen participannts physicallyy put
p
on thee table for thee purpose of investigatingg, selecting, ddiscarding, creeating
materials in different places
g the solutio
on. Figure 5 illustrates tw
two examples of generall organizationn: (a)
territories, or building
illustrates participants putting task materials
m
in a shared spacce in the midddle of the tablle (i.e., in a group
territory) for joint activity, and (b) illustrates paarticipants puutting task maaterials at thee sides of thee table
ories) for indiv
vidual activity
y.
(i.e., in peersonal territo

Figurre 5: (a) Materials in the middle for jo
oint understaanding, (b) IInformation ssheets in perrsonal
area
a
for indiv
vidual underrstanding

Possib
ble candidatte(s): A posssible candidatte event was coded whenn participants selected pottential
task mateerials for including in the story or in the
t travel plaan. Figure 6 sshows a pair selecting poossible
candidate materials on the shared paart of the table.
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Figure 6: Selectted task mateerials from in
nformation ssheets pile du
uring a traveel planning trrial.
ard item: In each
e
trial, the action of puttting away onne or more tassk objects andd not using it//them,
Disca
either tem
mporarily or permanently, was
w coded as a discard item
m. Usually, ppairs put discaarded materiaal(s) at
a peripherral location, such
s
as along
g the table edg
ge. Some pairrs simply turnned over disccarded materiials or
verbally in
ndicated that the material was no longeer being consiidered. In Figgure 7, the paiir placed disccarded
materials at the far end
d of the table.

itinerary aare

gure 7: Disca
arded task materials
m
at th
he far end off the table du
uring a travell planning trrial
Fig
Sub-ssolution(s): Sub-solution
S
events occurrred when paarticipants m
made differentt scenarios foor the
story or ittinerary with only a few photo
p
cards orr informationn sheets. Pairss combined soome or all off these
scenarios together to co
omplete a full story or itinerary.
ogether the finnal solution w
was coded as a solution-m
making
Solution making: The process of putting to
dering, addingg and removiing the photoo cards were ccoded
event. In story-telling, actions of orrdering, reord
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as solution making. Solution making events also occurred whenever participants described the current
story sequence on the table, because this activity was a form of solution evaluation, where the group
assessed whether the story needed further improvement. In travel planning, the clear indicator of action
for solution making was writing the plan on paper. Usually, before writing the plan, participants talked
about different parts of the plan while making reference to the related card. Sometimes they ordered
information sheets chronologically on the table to show each day plan. Either of these two kinds of
actions was also coded as solution making event.
3.5.1.4 On-the-table - External cognition
To understand how participants interacted with information through the use of task materials (external
representations) and how they modified and structured them on the table for their cognition, different
kinds of external cognition behaviors were coded. Participants engaged in these behaviors by
manipulating task materials on the table in order to support cognition at different stages of collaborative
activities.
External cognition started at the beginning of the task as participants repositioned materials from the
primary pile located at center the table. External cognition continued when participants distributed task
materials, piled them, or separated one or pair(s) of task materials from others on the table to help better
organize and understand the task and the possible solutions.
Cognitive tracing: Cognitive tracing was the main external cognition behavior involved in the task
process. In the story-telling task, pairs had to have a sequence of pictures on the table. To accomplish this,
pairs ordered, reordered, inserted, and removed photo cards, all of which were coded as cognitive tracing
(and solution making as described earlier). However, in the travel-planning task, participants were asked
only to write the itinerary on paper. Some pairs put the related information sheets beside each other in a
chronological order to optimize the position of task materials in the proposed plan. In such cases, the
process of ordering cards was coded as cognitive tracing for solution making (see Figure 8 and Figure 9).
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Fig
gure 8: Cogniitive tracing toward soluttion making in story-telliing.

Tw
wo chronologica
ally ordered
cards for onee day plan

Figurre 9: Cognitiive tracing to
oward solutioon making in
n travel planning.
Grou
uping: When participants implicitly
i
or explicitly cattegorized maaterials on thee table, a groouping
event wass coded. Som
metimes participants expliciitly paired tassk materials bby similarity or by intendeed use
in their solution
s
and sometimes th
hey did not explicitly paair materials, instead putting a pair off task
materials in the same area or in a pile
p without any
a verbal si gnal. For exaample, in the story-telling trials
p
and putting them
m on the tablee one by one (separately oor in a
when a paarticipant was looking at pictures
pile), this situation was coded as grrouping (grou
uped as previoously examinned materials)). Figure 10 sshows
u
in a pairr. To distinguish separatedd materials froom piled mateerial, the sub--codes
examples of grouping used
of groupin
ng events werre also used: Intra-group pilling
p
and vis
isual separatiion materials were coded.
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Figure
F
10: Piles of group
ped materialss
Visua
al separation
n: Some group
ps spread out materials onn the table forr the purpose of looking att more
than one item at once or for pairin
ng similar tassk materials iin the same aarea. The actt of expansion and
on of task material
m
on th
he table was coded as a visual separaation event. Figure 11 sshows
distributio
examples of visual separation during
g travel plann
ning and storyytelling.

Figure 11: Visual Sep
paration
If the distribution of task materrials on the taable belongedd to the samee group of tassk materials, vvisual
separation
n was coded as
a intra-group
p visual sepa
aration. If maaterials from ddifferent grouups were expaanded
on the tab
ble, visual sep
paration was coded
c
as interr-group visuaal separation.. For examplle in Figure 12, the
participan
nts are placing story-tellin
ng photos succh that each pphoto can be seen while m
maintaining sspatial
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separation
n between grroups of sim
milar photos. In this snapsshot, each ciircle was codded as intra-group
separation
n. Participantss in Figure 12
2 also have visual
v
separatiion of three ccategories of photos, whichh was
coded as inter-group
i
visual separatiion. They visu
ually separateed materials oof one group,, intra-group vvisual
separation
n, and by little space between different categories off pictures theyy made four ddifferent grouups of
pictures, inter-group
i
viisual separatio
on.

Fiigure 12: Intrra-group vis ual separatioon
If parrticipants elim
minated the distribution
d
of
o task materiials on the taable, dependiing on the tyype of
distributio
on, intra-grou
up collapse orr inter-group collapse wass coded.
3.5.1.5 On-the-table
O
- Effects of external cog
gnition
Based on reviewing th
he data and in
nitial video co
oding, severaal effects of eexternal cogniition emergedd, and
uding in the coding
c
schema:
were inclu
x

Workspace awareness
a

x

Parallel searrch

x

Serial search
h

Work
kspace awareeness: When a participantt was observeed glancing aat, scanning oor fixating onn their
partner’s materials or his/her action
ns on the tab
ble, a worksppace awareneess event wass coded. Thiss code
captured when
w
particip
pants in a paiir observed what
w
their parrtner was doinng on the tabble, which maaterial
he/she waas working with
w
and how
w external co
ognition of thhe partner w
was supportinng their workkspace
awarenesss [17].
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The participant
p
at the right of Figure
F
13 is deescribing the story by sequuentially poinnting to the orrdered
photo cards. Her partn
ner is looking at the story line and the rresult of her activity (whaat she did), heelping
him to understand that she is investiigating their final
f
solution (i.e., what shhe is doing).

Figurre 13: Worksspace awaren
ness provideed by externaal representaations
Paralllel search: occurrences
o
of
o participantts looking att multiple items at once ((enabled by vvisual
separation
n on the tablee) were coded
d as parallel search. Particcipants in Figgure 14 are pperforming paarallel
search of task materialls. This picturre shows a paair using the opportunity oof having all information ssheets
a
throu
ugh visual sep
paration on th
he table for paarallel search..
visually available
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Fig
gure 14: Disttribution of materials
m
on the table and visual searrch
Serial search: Wh
hen participan
nts were lookiing at task m
materials one bby one from a pile, serial ssearch
d. As shown in Figure 15
5, the particip
pant on the riight is perform
ming a seriall search by leeafing
was coded
through in
nformation sh
heets from a pile
p on the taable (The leftt side particippant is doing the same thinng but
above the table which is not coded.))

k material
Figure 15:: Serial searcch by leafing through task
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3.5.2 Qualitative and Quantitative Data Analyses
A quantitative analysis was done on captured counts of events from the quantitative data, see Appendix G
for coding tables, extracted from the coded data. Repeated measure analysis of variance (RM ANOVA)
was applied to the data to determine whether table size affected the number of times that external
cognition and its associated behaviors (see Table 2, first column) occurred during the study. RM ANOVA
was also conducted to test whether other study factors, i.e. task type and seating configuration
significantly influenced external cognition behavior. The detailed results of the quantitative analysis are
presented in Chapter 4.
The qualitative analysis aimed to gather an in-depth understanding of the effects of the study factors
on pairs’ behaviors and the reason(s) for the observed behaviors. After several reviews of the video data,
affinity diagrams [27] were created using snapshots and notes captured from videos of each trial of the
study. This process involved clustering and grouping related events to describe behavioral themes. The
results of the qualitative analysis are presented in Chapter 5.

3.6 Chapter summary
This chapter presented the methodological details of an observational study that investigated traditional
tabletop activities. Design factors of the study, the procedure of the study, and data analysis were
described. The video coding process described in this chapter sheds light on the external cognition and its
influencers with the specific goal of determining the effect of table size, and the other study factors, on
external cognition. To understand if these study factors influenced participants’ external cognition
behavior during tabletop activities, quantitative and qualitative data analyses were conducted and the
results will be discussed in next the two chapters.
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Chapter 4
Quantitative Data Analysis
A significant amount of quantitative data was collected during the coding process described in chapter 3.
Quantitative analysis specifically was done to understand whether the independent variables, table size,
task type and /or seating arrangement have a statistically significant effect on the user behaviors. The
following sections illustrate the results of quantitative analysis of data extracted from the coding scheme
(see Appendix G)6.
When reporting results the standard significance level used in HCI research was adopted, specifically
seeking 95% confidence levels. However, because of the limited sample size and the ambiguous nature of
the behaviors being coded, statistical trends also are highlighted, i.e. confidence values between 90-95%.

4.1 Initial coded events
As described in the Chapter 2, standard measures of external cognition (Cognitive tracing and grouping)
[52] and problem-solving processes (Problem understanding, developing, carrying out and evaluation the
plan) [31] were identified from relevant research literature to develop the coding scheme. In addition to
these measures, above-the-table material usage and spatial usage of the table were also included in the
initial coding scheme. Quantitative analysis was done on external cognition behaviors, above-the-table
material usage and spatial usage of the table measures to determine the influence of the independent
variables on these events. The following subsections show the results of quantitative analysis from the
initial coding scheme.
4.1.1 Above-the-table material use
On digital tabletops users cannot examine digital versions of materials above the table, so the design of a
digital table must address this deficiency, using interactive techniques that compensate for the fixed
viewing plane. In this section, above-the-table content manipulations, such as Figure 16 will be analyzed
to understand the factor(s) that caused pairs to manipulate information above the surface of the table and
the frequency with which in-air manipulations occur.

6

Appendix G is available in the soft copy, for the sake of brevity
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Figure 16: instances of material u
usage above tthe table
The number
n
of tim
mes that each pair manipulated materiaals above the table in eachh trial was coounted
and is sho
own in Table 3.
Table
T
3- Abov
ve-the-table materials usse

AbovetheTablee
materiials
Positio
on Pair
Acro
oss
Acro
oss
Acro
oss
Acro
oss
Corn
ner
Corn
ner
Corn
ner
Corn
ner

SmallTTable

StoryTelling



Trave
elPlanning

LargeTable
StoryTeelling





TraavelPlanningg



G2

85
50

511

2271

196

G6

63
38

366

172

361

G7

48
84

305

608

309

4
G14

15
551

435

4469

256

G10
0

20
023

932

11890

404

G11
1

19
903

529

826

441

G12
2

43
38

517

732

293

G16
6

10
047

1261

890

323

A rep
peated measurre analysis off variance (RM
M ANOVA) test was donne to comparee the occurrennce of
above- the- table mateerials’ use fun
nction of the table size annd task condittion. A QQ-pplot shows thhat the
d does not have
h
normal distribution. Shapiro-Wilk
S
k test also givves a test statiistic of 0.931 and a
original data
P-value of 0.0427. Theerefore, the hy
ypothesis of having
h
normaal errors is rejected. By appplying logariithmic
mation7 to the data set, the distribution becomes
b
rougghly normal. Shapiro-Willk test endorses the
transform
QQ-plot result,
r
yieldin
ng a test statisttic of 0.972 and
a p-value off 0.5547.
7

Natu
ural logarithmicc function
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Statistical analysis on the transformed data showed that a significant difference exists in the number
of above-the-table material usage events between table sizes (F =12.35, D of freedom= 1, P=0.0126) with
more above the table material usage occurring on the small table condition (in logarithmic scale – Small
table: mean=6.59, Std Dev=0.6, Large table: mean =6.06, Std Dev=0.63).
No interaction effect was found, but a significant difference was found in the number of above-thetable material usage events between task types (F=16.66, D of freedom= 1, P=0.0065) with more in the
travel-planning task (in logarithmic scale - Story-telling: mean=6.62, Std Dev=0.7 – Travel-planning:
mean =6.03, Std Dev= 0.47).
A one-way ANOVA was conducted to compare above-the-table material usage across seating
arrangements. A significant difference was found (F=9.12 – P Value=0.02). Participants exhibited more
above-the-table material usage in the corner seating arrangement (Across: mean=6.03, Std Dev=0.56 –
Corner: mean=6.62, Std Dev=0.63).
The statistical tests on the number of above- the- table material usage events reveal that table size,
task type and seating arrangement have significant effect on above- the- table interaction.
4.1.2 Spatial usage of the tables
To determine if usage of space was increased on the large table, the amount of table space use was
counted based on the technique described in Section 3.5.1.2.
A repeated measure analysis of variance (ANOVA) test was done to compare the spatial usage, across
table size and task condition. QQ-plot shows that the original data has a normal distribution, and ShapiroWilk test also confirms this with a p-value of 0.4960.
A significant difference was found in the incidence of spatial usage between table sizes (F =443.53,
Error D of freedom= 1, P <.0001). The participants had more spatial usage on the large table (Small table:
mean=8876.6 cm2.54, Std Dev=709.1 – Large table: mean=14811.19 cm2, Std Dev = 2096.7).
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Table 4: Spatial usage



SmallTable

LargeTable

Spatialusage


StoryTelling

Position Pair
Across
Across
Across
Across
Corner
Corner
Corner
Corner



G2
G6
G7
G14
G10
G11
G12
G16

8944.64
9271.76
8857.15
9411.55
6458.85
9209
9143.38
8589.93

TravelPlanning



StoryTelling TravelPlanning


9157.65
9015.96
8796.29
9242.28
8414.96
9509.5
9226.12
8776.31

15772.15
15207.36
15730.17
15012.73
11345.41
11398.84
12799.37
11683.14


15297.03
16535.38
17808.06
17935.9
14106.4
14215.16
16581.17
15550.81

No interaction effect was found between size and task, but a significant difference was found in the
spatial usage between task types (F =53.47, Error D of freedom= 1, P=0.0003) with more spatial usage in
the travel-planning task (Story-Telling: mean=11177.2 cm2, Std Dev= 2942.2 – Travel-Planning: mean
=12510.6 cm2, Std Dev=3752.1).
A one-way ANOVA was conducted to compare cognitive tracing across seating arrangements. A
significant difference was found (F = 14.89, Error D of freedom= 1, P= 0.0084). Participants exhibit more
spatial usage when sitting in the across arrangement (Across: mean=12624.8 cm2, Std Dev=3740.6 cm2 –
Corner: mean=11063 cm2, Std Dev=2896.5).
As the results show, all independent variables in the study had effects on space utilization on the
table. Figure 17 is one example that shows how large table size increases usage of the space on the large
table for one type of task.
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(a)

(b)
Figure
F
17: Travel-Plannin
ng task on sm
mall and larg e tables in accross seatingg arrangemen
nt
more space th
han in picturre (b)
In piicture (a) participants ussed 51.88% m

4.1.3 On- the table, external co
ognition measures
n data related to two typess of external cognition m
measuring, coggnitive tracinng and
Analysis was done on
p
to und
derstand whaat caused chaanges in theese behaviorss over
grouping (visual sepaaration and piling)
s
configu
urations.
different study
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4.1.3.1 OnO the table
e, Cognitive Tracing
T
mea
asures
In this seection, cognitive tracing events are anaalyzed to revveal the factoor(s) that caused participaants to
manipulatte materials enabling cognitive tracing on
o the table. O
Ordering, reoordering, inserrting and rem
moving
materials both for thee purpose of solution mak
king and evaaluating a sollution were ccoded as coggnitive
vents see Figu
ure 18.
tracing ev

Manipulating
M
g three day plan
p

Reorderingg the story lin
ne

Figurre 18: (a) Cognitive tracin
ng on ordereed informatioon sheets (b) Cognitive trracing on ord
dered
photos
The frequency
fr
with
h which cogn
nitive tracing occurred
o
is shhown in Tablee 5.
Table
T
5: Cog
gnitive Traciing measuress

SmallTable

CoggnitiveTraciing

StoryTelling

Possition Pair
Accross
Accross
Accross
Accross
Co
orner
Co
orner
Co
orner
Co
orner

G2
G
G6
G
G7
14
G1
G1
10
11
G1
G1
12
G1
16



TraavelPlannin
ng



LargeTTable
StorySelling TraavelPlanningg



20
34
32
22
27
49
38
33

2
1
12
2
5
18
3
3


29
35
37
25
28
43
26
50

6
34
3
15
15
24
15
3

A rep
peated measu
ure ANOVA test was con
nducted to coompare the ooccurrence off cognitive trracing
across tab
ble size and task
t
type. A QQ-plot sho
ows that the ooriginal data has a normaal distributionn, and
Shapiro-W
Wilk test also confirms thiss with a p-value of 0.2796..
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A sig
gnificant diffeerence was found
fo
in the number
n
of coognitive tracing events between table sizes
(F=6.03, Error D of frreedom= 6, P=0.0494).
P
Th
he participannts performedd more cognittive tracing oon the
large tablee (Small tablee: mean=18.81, Std Dev=1
15.46 – Largee table: mean=
=24.25, Std D
Dev = 13.96).
No in
nteraction effeect was found
d between sizze and task, bbut a significaant differencee was found in the
number of cognitive tracing events between task
k types (F=78 .51, Error D oof freedom= 6, P=0.0001)), with
he story-tellin
ng task (Story
y-Telling: meean=33, Std D
Dev= 8.84 – Travel-Plannning: mean =110.06,
more in th
Std Dev=9.53).
VA was cond
ducted to com
mpare cognitiive tracing accross seating arrangementts. No
A onee-way ANOV
significan
nt difference was
w found. (F
F= 1.09, Errorr D of freedom
m= 6, P= 0.33370). (Acrosss: mean=19.31, Std
Dev=13.5
50 – Corner: mean=23.75,
m
Std Dev=16.0
02).
The reesults above show that tab
ble size and taask type had significant efffects on freqquency of coggnitive
tracing in the study; ho
owever the seaating arrangement did not have any signnificant statisstical effect.
4.1.3.2 OnO the table
e, Piling Mea
asures
Wheneverr participantss in the study
y added an iteem to a stackk of materials on the table for categorrizing,
selecting and discardiing, a piling event was coded
c
(see F
Figure 19). Inncidents of ppiling events were
measured and shown in
n Table 6.

Three groupss of informatioon sheets
in
n three piles

Two piles of
o photos whicch have not
been
n yet considereed yet

Figure 19: Piling eevents
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Table 6: Piling measures



SmallTable

LargeTable

Piling


StoryTelling

Position

Pair

Across
Across
Across
Across
Corner
Corner
Corner
Corner

G2
G6
G7
G14
G10
G11
G12
G16

TravelPlanning


36
17
4
17
17
21
15
11

StorySelling


35
57
36
36
18
21
47
41

TravelPlanning


12
2
4
7
24
7
11
18

22
36
6
8
7
14
13
33

A repeated measure ANOVA test was conducted to compare the occurrence of piling across table size
and task type. QQ-plot shows that the original data has a normal distribution, and the Shapiro-Wilk test
also confirms this with a p-value of 0.0606.
A significant difference was found in the number of piling events between table sizes (F=34.38, Error
D of freedom= 6, P=0.0011). Participants performed more piling on the small table (Small table:
mean=26.81, Std Dev=14.57 – Large table: mean=14, Std Dev = 10.10).
No interaction effect was found between size and task, but a significant difference was found in the
number of piling events between task types (F=6.86, Error D of freedom= 6, P=0.0396) with more in the
travel-planning task (Story-Telling: mean=13.94, Std Dev= 8.72 – Travel-Planning: mean =26.88, Std
Dev=15.38).
A one-way ANOVA was conducted to compare piling across seating arrangements. No significant
difference was found. (F= 0.06, Error D of freedom= 6, P= 0.8165). (Across: mean=20.94, Std
Dev=16.40 – Corner: mean=19.88, Std Dev=11.5).
The result of quantitative analysis show that table size and task type has significant effect on piling
events, but seating arrangement did not have any significant statistical effect.
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4.1.3.3 OnO the table
e, Visual separation mea
asures
When maaterial was seeparated from
m other mateerial or pile(ss) of materiaal, intra and inter-group vvisual
separation
n materials waas coded, see Figure 20.

Intra-g
group (mateerials which
h being conssidering) vissual separaation

Inteer-group visual separattion

Figure 20: Intra and in
nter-group viisual separattion events
Incideents of visuaal separation events were measured annd shown inn Table 7. A repeated meeasure
ANOVA test was con
nducted to compare the occcurrence of visual separaation across ttable size andd task
type. A QQ-plot
Q
show
ws that the orriginal data has
h a normal distribution, and the Shappiro-Wilk tesst also
confirms this
t with a p-value of 0.14
428.
A significant diffeerence was fo
ound in the amount of vissual separatioon between taable sizes (F=
=9.94,
Error D of
o freedom= 6,
6 P=0.0198). The participants had morre visual sepaaration on thee large table (Small
table: meaan=37.19, Std
d Dev=13.62 – Large tablee: mean=44.811, Std Dev = 13.48).
No in
nteraction effeect was found
d between sizee and task, buut a significannt difference w
was found in vvisual
separation
n between tassk types (F=14
4.07, Error D of freedom=
= 6, P=0.00977) with more in the story-ttelling
task (Storry-Telling: meean=48.38, Std
S Dev= 12.3
31– Travel-Pllanning: meann =33.63, Std Dev=11.42)..
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Table 7: Visual separation measures

Visual
Separation
Position

Pair

Across
Across
Across
Across
Corner
Corner
Corner
Corner

G2
G6
G7
G14
G10
G11
G12
G16

SmallTable

StoryTelling



LargeTable


Travelplanning


39
56
43
71
33
56
41
40

StoryTelling


18
38
33
27
17
31
32
27

TravelPlanning


50
39
54
77
34
49
44
48

27
50
29
40
38
64
32
35

A one-way ANOVA was conducted to compare visual separation across seating arrangements. No
significant difference was found. (F= 0.54, Error D of freedom= 6, P= 0.4886). (Across: mean=43.19, Std
Dev=12.31 – Corner: mean=38.81, Std Dev=11.53).
The quantitative analysis results show that table size and task type both had significant effect on
number of visual separation events observed during the study, but seating arrangement did not.

4.2 Extended coded events
A strong effect of table size on external cognition behaviors was found in the previous section. As noted
in chapter 3, by revisiting the analysis of initial codes, additional behaviors attached to external cognition
were identified and the initial coding scheme was extended. Workspace awareness, parallel search, and
serial search were identified as behaviors of interest for external cognition. The goal of this section is to
determine if these additional behaviors are influenced by table size, seating arrangement and task type.
4.2.1 Work space awareness
When a participant saw what his/her partner was doing on the table by looking at the partner’s
manipulations or looking at task material the partner had previously manipulated, a workspace awareness
event was coded (See Figure 21).
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P13
3
P13 is
i looking wh
hat P14 is dooing

P11
P11 is looking
l
at hiss partner’s aarea to check
k
what kind
d of photos sh
he has in fron
nt of herself

Figure 21: Workspace awareness
Incideents of workspace awareneess events were measured aand are show
wn in
Tablee 8. A repeated measure ANOVA
A
testt was done too compare thhe workspacee awareness aacross
table size and task con
nditions. A QQ-plot
Q
showss that the origginal data hass a normal diistribution, annd the
Wilk test also confirms thiss with a p-value of 0.1943..
Shapiro-W
No siignificant diffference was found in thee number of workspace aw
wareness eveents between table
sizes (F=2
2.45, Error D of freedom= 6, P=0.1686)). (Small tablle: mean=74.225, Std Dev=330.8 – Large table:
mean=80..25, Std Dev =24.15).
=
No in
nteraction effeect was found
d between tab
ble size and taask, but a signnificant differrence was fouund in
the numbeer of workspaace awarenesss between task
k types (F=100.29, Error D of freedom=
= 6, P=0.0184) with
more incidents of work
kspace awaren
ness in the traavel-planningg task (Story-Telling: meann=66.88, Std Dev=
g: mean =87.63, Std Dev=
=28.48).
22.59– Trravel-Planning
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Table 8: Workspace
W
aawareness

SmaallTable

Aw
wareness

StoryyTelling

Posittion

Pair
P

Acrosss
Acrosss
Acrosss
Acrosss
Cornerr
Cornerr
Cornerr
Cornerr

G2
G6
G7
G14
G
G10
G
G11
G
G12
G
G16
G



TravelPlan ning

LargeeTable
StoryyTelling TrravelPlannin
ng





47
67
48
88
40
106
70
41

57
78
42
150
97
111
61
85


53
59
45
92
84
109
63
58

58
123
74
123
77
98
84
84

A onee-way ANOV
VA was cond
ducted to com
mpare worksppace awarenesss across seatting arrangem
ments.
No signifi
ficant differen
nce was found
d. (F= 0.06, Error
E
D of freeedom= 6, P= 0.8216). (Accross: mean=775.25,
Std Dev=32.27 – Corn
ner: mean=79..25, Std Dev=
=22.39).
The quantitative
q
results
r
show that the onlly factor thaat had signifi
ficant effect oon the numbber of
workspace awareness events
e
in the study
s
was tassk type. Tablee size and seaating arrangem
ment did not hhave a
nt effect on this measure.
significan
4.2.2 Parrallel search
h
When maaterials were separated fro
om each other on the tabble, it enableed participantts to scan thhrough
materials at the same tiime, i.e. to peerform paralleel search (Seee Figure 22).

Figure 22:
2 Two exam
mples of para
allel searchin
ng events on separated m
materials
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Table 9: Parallel search events

Parallelsearch
Position

Pair

Across
Across
Across
Across
Corner
Corner
Corner
Corner

G2
G6
G7
G14
G10
G11
G12
G16

SmallTable
StoryTelling



TravelPlanning



LargeTable
StoryTelling



44
70
73
99
32
140
79
55

22
20
25
14
22
114
22
15

TravelPlanning


62
65
69
140
71
159
66
55

18
56
97
64
72
96
66
20

Incidents of parallel search events were measured and are shown in Table 9. A repeated measure
ANOVA test was done to compare the parallel search, across table size and task condition. A QQ-plot
shows that the original data does not have a Normal distribution. The Shapiro-Wilk test also gives a test
statistic of 0.90 and p-value 0.0076. Therefore, the hypothesis of having normal errors is rejected. By
applying a logarithmic transformation8 to the data set, the distribution becomes roughly normal. The
Shapiro-Wilk test endorses the QQ-plot result, yield test statistic of 0.98 and p-value 0.8186 on the
transformed data.
Statistical analysis on the transformed data showed that a significant difference exists in the number
of parallel search events between table sizes (F=10.43, Error D of freedom= 6, P=0.0179). Participants
performed more parallel search on the large table (In logarithmic scale Small table: mean=3.71, Std
Dev=0.76 – Large table: mean=4.17, Std Dev =0.57).
No interaction effect was found between table size and task, but a significant difference was found in
the number of parallel search event between task types (F=22.70, Error D of freedom= 6, P=0.0031) with
more in the story-telling task (In logarithmic scale Story-Telling: mean=4.29, Std Dev= 0.43 – TravelPlanning: mean =3.58, Std Dev=0.75).

8

Because some values were zero log(x+1) was applied.
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A one-way ANOV
VA was conducted to co
ompare paralllel search accross seating arrangementts. No
nt difference was found, (F=
(
0.14, Errror D of freeedom= 6, P= 0.7215). (Inn logarithmic scale
significan
Across: mean=3.87,
m
Sttd Dev=0.76 – Corner: meaan=4.17, Std Dev=0.57).
Quanttitative analy
ysis results sh
how that tablle size and ttask type aree significant ffactors on paarallel
search eveents. Seating arrangement did not have any effect.
4.2.3 Serrial search
When parrticipants turn
ned over matterials from a pile and loooked at them
m one by one,, serial searchh was
coded. Seee Figure 23.

Leafin
ng through information
i
n sheets

Figure 23: A serial seaarch event
Incideents of seriall search even
nts were meaasured and arre shown in Table 10. A repeated meeasure
ANOVA test was don
ne to comparre the serial search,
s
acrosss table size aand task conndition. A QQ
Q-plot
shows thaat the original data does not have a norrmal distributtion. The Shaapiro-Wilk teest also gives a test
statistic of
o 0.92 and p-value 0.0218
8. Therefore, the hypothessis of havingg normal erroors is rejectedd. By
applying a logarithmic transformation to the data
d
set, the distribution becomes rouughly normall. The
Wilk test endo
orses the QQ--plot result yieelding a test sstatistic of 0.998 and p-valuue 0.7235.
Shapiro-W
Whilee a statistically significantt difference was
w not foundd in the num
mber of serial search case (after
data transformation) beetween table sizes,
s
a statistical trend waas observed ((F=5.73, Error D of freedom= 6,
7). (In logaritthmic scale Small table: mean=1.75,
m
Sttd Dev=0.95 – Large tablle: mean=1.155, Std
P=0.0537
Dev =0.92
2).
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Table 10: Serial Search events

SerialSearch

SmallTable
StoryTelling

Position

Pair 

Across
Across
Across
Across
Corner
Corner
Corner
Corner

G2
G6
G7
G14
G10
G11
G12
G16

TravelPlanning


4
2
0
18
1
4
1
1

LargeTable
StoryTelling


21
7
21
10
3
9
12
5

TravelPlanning


1
0
0
3
15
4
0
0

14
3
1
3
3
3
1
9

No interaction effect was found between size and task, but a significant difference was found in the
number of serial search between task types (F=7.40, Error D of freedom= 6, P=0.0347) with more in the
travel-planning task (In logarithmic scale Story-Telling: mean=0.99, Std Dev= 0.95 – Travel-Planning:
mean =1.92, Std Dev=0.77).
A one-way ANOVA was conducted to compare serial search across seating arrangements. No
significant difference was found. (F= 0.25, Error D of freedom= 6, P= 0.6322). (In logarithmic scale
Across: mean=1.54, Std Dev=1.1 – Corner: mean=1.37, Std Dev=0.86).
Based on this analysis, task type had a statistically significant effect on the incidence of serial search.
As well, table size may affect the frequency of serial search. Seating arrangement had no statistical effect.

4.3 Chapter Summary
This chapter has presented quantitative analysis results of the major behaviors related to external
cognition. The results of statistical analysis on initial and extended codes are presented in Table 11. This
table summarizes which independent variables have an effect on each of the coded behaviors.
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Table 11: Overall summary for coded events
Significant effect
between table sizes?

Significant effect between
task types?

Significant effect
between seating
arrangements?

Above- the table,
material use

More on the small table

More in travel-planning

More in corner seating
arrangement

Spatial usage of
the tables

More on the large table

More in travel-planning

More in across seating
arrangement

On- the table,
Cognitive Tracing

More on the large table

More in story-telling

No

On- the table,
Piling

More on the small table

More in travel-planning

No

On- the table,
Visual separation

More on the large table

More in story-telling

No

Work space
awareness

No

More in travel-planning

No

Parallel search

More on the large table

More in story-telling

No

Serial search

More on the small table

More in travel-planning

No

Coded events
Initial codes

Extended codes

Numerical data extracted from videotaped experimental trials were analyzed to determine factors that
were significant influencers on participants’ interactions. The quantitative results revealed that table size
had significant effects on different types of external cognition: grouping and cognitive tracing. In
particular, parallel search, serial search, spatial usage of the table, and above-the table materials usage all
had significant differences on the two table sizes. The next chapter presents the results of a qualitative
analysis of participants’ behaviors.

51

Chapter 5
Qualitative analysis Results
While the quantitative analysis indicates significant factors influencing users’ behaviors, it is also
important to understand how behaviors change as the result of varying independent variables such as table
size, seating arrangement and task type. In this chapter, participant behaviors will be considered. As
described in Chapter 3, the video data was coded to identify phenomena of interest. These phenomena
were then grouped and labeled using the affinity diagramming data synthesis technique [27]. Finally, the
related phenomena were linked to the experimental variable to describe the effects of experimental factors
on participants’ behaviors.
The chapter is organized as follows. First, several snapshots9 from the study are presented to
demonstrate the quantitative results showing table size effects on external cognition of pairs in the study.
These snapshots allow an examination of why piling happened more on the small table, and why the large
table fostered visual separation and cognitive tracing in the study. Then, other factors such as table size,
seating arrangements and task type, which also affected participants’ use of the external cognition, are
discussed with sample events from the study.

5.1 External Cognition and Table Size
Quantitative data in Chapter 4 shows that participants exhibited different external cognition behaviors on
the small and large tables. The statistical results presented in Chapter 4 show significant differences in
each kind of external cognition between two table sizes. Visual separation and cognitive tracing were
more common on the large table, while participants tended to use piling on the small table to organize
task materials. The qualitative analysis confirmed that table size is a significant factor for triggering two
kinds of external cognition, grouping (visual separation and piling) and cognitive tracing. This section
explores how table size affected the type and quality of participants’ behaviors during their travelplanning and story-telling tasks.
5.1.1 Visual Separation
As discussed in Chapter 2, visual separation is a type of grouping used for external cognition, which helps
categorize and understand task materials. In the study, pairs used visual separation by distributing

9

The snapshots were selected after several times of video analysis.
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individual task materials (open categorization10) on the table. Participants grouped similar items together
without overlapping them to create categories that, in turn, were kept physically separated. By using
visual separation, participants did not need to remember items in different categories; instead they could
easily refer to the information visually available on the table when needed. As participants were problem
solving and thinking, visual separation played the role of external memory by which they could offload
categories they created on the table.
This kind of grouping enabled participants to do parallel searching across a number of materials by
having visually available materials (open categories) on the table. Parallel searching was helpful for
participant’s individual cognition as they can easily reference and compare task materials without
memorizing task material contents. Furthermore, the exposed materials on the table also facilitated
workspace awareness of participants’ partners in the pairs and triggered many incidents of collaboration,
which may increase group cognition within the pairs.
The following examples demonstrate how pairs used visual separation differently on the two sizes of
tables and how the benefits of visual separation increased.
Individual cognition: The ability of participants to visually separate items on the table allows for
improved individual cognition. In Figure 24, P20 from G10 spreads materials, which were chosen as
potential options for their itinerary, to evaluate them with the instruction sheet as a reference (his left hand
is on the instruction sheet). Figure 24 shows him reading through task materials and comparing them to
determine the best option for the itinerary. He benefits from the large table’s improved support for
parallel search, as P20 has more than one itinerary visually available in front of him and he does not need
to manually manipulate materials to view them one by one to remind them. In contrast, Figure 25 shows
that, participants of G10 were forced to look at the same type of information serially and above-the-table
(on the small table) because there was not enough room to spread materials on the table. Although this
group had inter-group separation of materials on the small table, there was limited space available to
physically separate individual materials inside of the grouped task materials (i.e., to create intra-group
separation). On the small table, G10 spent more time leafing through materials, and correspondingly had
less opportunity to compare and contrast a large set of visual options from each group of task materials.

10

Categorized materials while they are separated from each other on the table.
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P20
P19
Paralleel search thro ugh a categorry of materialss on the table

C
Category of
“Potentiaal materials foor putting in th
he itinerary”

Figure 24:
2 Individua
al cognition via
v visual sep
paration on tthe large tablle (G10).

P19
9

P20
Serial sea
arching throug
gh
a category of task mateerials
on and ab
bove the table

Lookin g at a task
materiaal above-the-taable

Figure 25:
2 Serial sea
arch and abo
ove-the-table looking on tthe small tab
ble (G10)
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Grou
up cognition: Beyond assissting individu
ual cognition, visual separaation also hellps group cognition
by increaasing workspaace awarenesss of particip
pants and proomotes of coollaboration. The next exaample
illustrates how visual separation
s
hellped group co
ognition betweeen participannts of G7.
In Fig
gure 26, P13 and
a P14 are discussing
d
wh
hether they caan match twoo task materiaals to use them
m as a
part of th
he itinerary, while
w
also con
nsidering oth
her materials. All materialls in Figure 226 are individdually
separated on the table and P14 is pointing
p
to tw
wo of them. T
The task materrials, which P
P14 is referring to,
are visuallly available for P13 as well, and hee can see whhat his partner is indicatiing. In this case,
expansion
n of separated
d materials fostered worksp
pace awareneess for P13 annd promoted group cognitiion as
visual sep
paration proviided a shared reference point for both pparticipants. O
On the small ttable, howeveer, G7
could not distribute maaterials in thee same way. As
A shown in Figure 27, too have intra-ggroup separatiion of
materials on the small table they haad to distributte layers of innformation shheets, which ccovered each other,
allowing only some of them to be visible at on
ne time. Althhough, G7 stiill had visuall separation oon the
small tablle, participantts of this grou
up do not hav
ve the same oppportunity as on the large table to discuuss all
materials together. Beecause of lim
mited space an
nd layers of materials, thhis pair perfoormed significcantly
nual search ussing above-thee-table interactions than onn the large tabble.
more man

P13

P14

P14 is referrring to two cards simulttaneously
on the tablee and talking
g to his partn
ner

Figure 26: Group cognition via
a visual sepaaration on the large tablee (G7).
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P13

P14

Fiigure 27: Lay
yers of separrated materiaals on the sm
mall table (G77).
G7 an
nd G10’s beh
haviors from previous picctures show tthat the oppoortunity for vvisual separattion is
reduced on
o the small taable. People used
u
other strrategies, on thhe small tablee, such as usinng materials aabove
the table and
a piling forr categorizing
g task materiaals and underrstanding theiir concepts. H
However, thee large
table enab
bles participaants to investigate more op
ptions at a gglance. This aability helps ppeople to com
mpare
task mateerials togetheer by paralleel searching through them
m. Parallel searching off materials hhelped
individuall cognition off participants to find speciific task mateerials easily oon the table innstead of mannually
searching through layeers and piles of
o materials. Because matterials are visually available, participannts did
m
before using them
m in the sollution. Moreoover, having open
not have to memorizee the task materials
categorizaation of task
k materials fo
ostered workspace awarenness and parrticipants couuld see whatt their
partner waas doing; thiss ability increaased group co
ognition for pproblem solvinng.
5.1.2 Piliing
Piling is another
a
style of grouping of
o task materiials on the tabble. That invoolves stackingg materials w
without
visual sep
paration (see Figure
F
28). The
T video analysis revealedd two main reeasons for piliing:
1. To
T reduce the complexity of the task, by reducing the number of m
materials undeer consideratioon.
2. To
T compensatee for the lack of space
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P12

P11

Piled group
ping for categgorizing the materials

Diistributed grrouping for understandin
u
ng the task m
materials

Figure 28: P11 and P12 from G6
6 are groupin
ng differentlly on the smaall table
Piling
g was helpful to reduce tassk complexity
y because paiirs could focuus on the taskk materials thaat had
not yet beeen analyzed. Participants put
p materials in piles after making a deccision about tthem and lookked at
the piled materials
m
lateer only if it was
w necessary.. This use of ppiling was obbserved on booth large and small
tables in the
t video anaalysis. In conttrast, the use of
o piling on tthe table surfa
face sometimees appeared too be a
coping strrategy for inssufficient spaace on the sm
mall table. Piliing allowed pparticipants too reduce the space
taken up by each cateegory. As rep
ported in Chaapter 4 there were significcant more piiling events oon the
small tablle and qualitattive analysis supports this result.
As paarticipants off this study were
w
not consstrained to usse piling to reduce task coomplexity onn both
tables, thee qualitative analysis
a
focu
used on underrstanding how
w the small taable forced people to use piling
as a strateegy to compeensate for lim
mited space. The
T followingg describes w
why pairs usedd piling moree than
visual sep
paration on the small table.
5.1.3 Vis
sual Separation versus
s Piling
The two examples
e
below demonstrrate how pairrs exhibited ddifferent grouuping strategiees on the smaall and
large tables when doin
ng story-tellin
ng and travel--planning. Fiigure 29(a) shhows both intter- and intraa-group
n of materialss on the largee table. Two
o pieces of tassk materials as reference items (a mapp and a
separation
distance table) plus cho
osen materialls by P20 for making an itiinerary, are allmost compleetely separateed from
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each other (intra-group separation) in front of P20. Moreover, the other five groups of materials in front of
P19 are separated (inter-group separation) and materials in each group overlap slightly but the titles of
each item are still clearly visible. In Figure 29(a) P20 is looking at the chosen materials in front of him,
while P19 can also see what he is working on, fostering workspace awareness. However in Figure 29(b),
on the small table, just inter-group separation can be seen, and material in each group is stacked into piles
and never been opened. Furthermore, P19 is looking at the chosen material above the table to compensate
for the limited workspace.
As can been seen from the Figure 28 and Figure 29, two styles of resource categorization on the tables
led to different ways of investigating options for travel-planning. Figure 30 shows an example from the
story-telling task, which compares the small and large tables to show how they provide different grouping
styles for categorization. On the small table (Figure 30 (a)), participants looked through materials above
the table or they leafed through items on the table one by one from piles (serial search). However, on the
large table the available space allowed intra-group separation, facilitating parallel search on the table
(Figure 30 (b)).
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P19

P20

Laarge tablee

Workspa
ace awaren
ness

(a)

P19

P200

S
Small tablle

Chosen items for putting in the

(b
b)

Figure 29: (a) Parrallel search (b)
( versus serrial search (G
G10) – blue rrectangles arre white sheeets
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(a)
(

(b)

Figure 30:
3 (a) piling versus (b) viisual separattion (G2)
In Figu
ure 30, particip
pants had alreeady made a storyline andd they were seearching for nnew pictures tto add
to their story to improv
ve it. Based on
o the definitiion provided in Chapter 2,, they were inn the third phaase of
nding and prob
blem refinem
ment. On the sm
mall table, piictures, whichh were not in the storyline,, were
understan
stacked in
n two differen
nt piles. In Figure 30(a), P3
P scans throuugh pictures oof those piless serially abovve the
table while P4 review
ws the story. However, in Figure 30(bb) on the largge table, P3 and P4 perfoorm a
parallel seearch through
h visually sepaarated picturees together.
This grroup used the same amoun
nt of space fo
or making thee storyline onn the story board on both ttables,
but on thee large table the
t available space on thee sides was allmost twice aas big. Materiials on the siddes of
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the story are shared, so participants can see what their partners are doing and they can talk about materials
much more easily. However, on the small table material was typically placed in the personal area of one
participant in two piles, which hinders workspace awareness and shared ownership.
As a result, pairs usually used piles for categorizing their materials on the small table as a coping
strategy for limited table space, which led to serial search during the understanding phase of the task
process by leafing through materials in the piles.
5.1.4 Cognitive Tracing
By manipulating and modifying the task materials (and/or piles of materials) into a meaningful order,
pairs performed cognitive tracing of materials to help creating a solution. As reported in Chapter 4
cognitive tracing behavior was more prevalent on the large table. On the small table, cognitive tracing
occurred more often above the table by manipulating, sorting, and sometimes passing information sheets.
As Figure 31 shows, G6 demonstrated an extreme case of cognitive tracing on the large table during the
travel-planning task. This pair created an entire draft of their three-day itinerary on the table before
committing it to the paper. They established three columns of information sheets on the table, one for
each day of the visit. They rearranged the information sheets around and swapped in and out other
information sheets from distributed materials as they discussed the feasibility and their opinions for the
itinerary. Finally, they wrote down the plan once they were satisfied.
Though only three pairs created the entire travel plan on the table before committing it to paper, many
smaller episodes of such ordering, reordering and categorization was observed on both tables. However,
manipulation of information directly on the table surface was more common and easier to accomplish on
the large table. To perform cognitive tracing of materials, pairs needed to reserve some part of the table
area for organizing material. The way pairs manipulated and managed materials on the table while doing
cognitive tracing was different on tables of different sizes. Two examples below demonstrate this
difference.
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P

P
Particip
pants manip
pulated taskk materials
complete a draft of th
he three-day pplan.

to

Figure 31: Cogn
nitive tracing
g of the itinerrary on the llarge table (G
G6).
G7 in Figure
F
32 is a case for com
mparing the maanipulation o f materials foor cognitive trracing with thhe one
by G6 in Figure 31. In
n order to creaate the itineraary layout, G77 was requireed to overlap and pile otheer task
2, three rows of the itinerary were organnized in the m
middle of the small table oon top
materials. In Figure 32
of other material.
m
How
wever, G6 haad enough sp
pace for sepaarating materiials on the laarge table, soo they
could creaate the itineraary layout and
d also search through
t
separrated materialls to optimizee their itinerarry.
The spacee around the itinerary lay
yout in Figurre 31 is moree suitable forr visual separration and paarallel
searching than the spaace available in Figure 32
2. In Figure 331, G6 has ennough sharedd space for paarallel
searching among the additional
a
maaterials, but the
t lack of sppace on the ssmall table foorced G7 to create
p
seriaal searching.
piles and perform
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P13

P14

Stacked
d materialss

Itiinerary for three da
ays in a ch
hronological order
Fig
gure 32: Cogn
nitive tracing
g of the itinerrary on the ssmall table (G
G7)

P31

P32

Manip
pulating materials
m

Fig
gure 33: Cogn
nitive tracing
g of a story liine on the larrge table (G116).
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Figure 33 and Figure 34 demonstrate the use of cognitive tracing during the story-telling task. In these
figures G16 is ordering materials into rows for creating a storyline. In Figure 33, on the large table, the
draft of the storyline is located in the shared area between participants where both can reach it. However,
in Figure 34(a) on the small table, the draft of the storyline is to the left of P32, and not easily accessible
to P31. Figure 34(b) shows P32 moving the storyline onto the story board. In this figure, participants in
G16 made space for moving the storyline to the story board by pushing the remaining pictures toward
P31, which resulted in overlapping pictures. This caused the search area to become smaller, and they had
to shuffle through photos when searching. On the other hand, on the large table in Figure 33, there is
sufficient space to have both ordered photos in the story line and remaining materials visually separated in
front of the participants. Having all photos available for G16 on the large table was useful, as the group
went back and forth between the phases of solution making, understanding, and refinement of the
problem leveraging visual separation of task materials.
In summary, the quantitative and qualitative data analysis, support the conclusion that the more space
available on the larger table fostered the use of external cognition during for problem-solving tasks. The
large table facilitated external cognition because it provided external memory for pairs through visual
separation of task materials. This use of external cognition, in turn, fostered individual and group
cognition. The larger space accommodated more task material separation, which facilitated parallel
searching, cognitive tracing, and workspace awareness.
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P31

P32

Story liine

(a)
P32
P31

Overlapped photos

Transferring
T
g the
story
s
line clooser

(b)
Figure 34: Cogn
nitive tracing
g of a story liine on the sm
mall table (G116).

5.2 Exte
ernal Cogn
nition and table
t
size, considerin
ng seating
g arrangem
ment
In additio
on to table size, pairs’ seating arran
ngement alsoo affected exxternal cognition. Thouggh the
quantitativ
ve analysis showed no significant differences
d
inn the kinds of external cognition (vvisual
separation
n, piling, or cognitive
c
traccing) between
n the two se ating arrangeements, the qqualitative annalysis
revealed differences.
d
The size and lo
ocation of personal
p
and group terriitories differred between the two seeating
h independennt and joint work. Moreoover, the diffferent
arrangemeents, which led to differeences in both
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seating arrangements changed the amount of accessible space on the tables, which resulted in different
spatial usage between pairs.
The following subsections discuss the differences in tabletop territories and accessibility of materials
between the two seating arrangements, and how these two factors influenced the use of external cognition
during the study.
5.2.1 Territoriality
Pairs used different portions of the tables for different purposes. Usually the area within reach in front of
each participant was used for independent task activities while the shared area (the location of which
depended on the seating arrangement) was used for joint task activities. These findings are consistent with
findings of Scott and Carpendale [49] who defined the area for independent work as a personal territory
and the area for joint activities as a group territory. As reported by Scott and Carpendale, the spatial
territories were dynamic and fluidly changed as activities evolved.
Participants used their personal territories to temporarily disengage from group work to perform
independent activities, such as reading, searching, and categorizing task materials (similar to participants
in Scott and Carpendale studies [49]). Moreover, sometimes participants divided the task activities and
had each participant complete part of the work, demonstrating mix-focused collaboration [57]. The use of
these strategies in this study indicates that having enough space for personal and group activities are
important to collaborative problem solving.
5.2.1.1 Personal territories
The personal territories were defined within the boundary that participants could extend their hands near
their body on the table. As participants could move along the table side that they sat, the dotted lines in
Figure 35 and Figure 36 show the boundary of each personal territory and the red lines are samples of
personal territories. The amount and location of personal territory for each participant depended on the
seating arrangement and the table size, which participants were working on. The size and shape of
personal territories defined by participants were not a constant area; participants expanded their individual
territories during the problem-solving tasks as needed.
Figure 35 and Figure 36 show the location of personal territories for each participant in two different
seating arrangements. The distances between participants and the available area in front of each
participant played important roles for the size of personal territories. In the across seating arrangement,
the distance between participants on both table sizes was the same, 124cm. In this seating arrangement,
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each partiicipant had a table edge of
o the same length
l
in fronnt of him/herr, 77cm on thhe small tablle and
154.5cm on
o the large table.
t
Converrsely, in the corner seatingg arrangementt the table eddge in front off each
participan
nt was differeent depending
g on both tab
ble size and tthe participannt’s individual seating poosition
(see Figurre 35). On thee small table, one participaant had a tablee edge of 77ccm and the othher one had 1124cm
in front of him/her; on
n the large tab
ble, one particcipant had a ttable edge off 124cm and tthe other one had a
m. As participaants in the co
orner seating arrangementt readjusted thheir position along
table edgee of 154.5cm
the side of
o the table, moving
m
a bit to the left orr right, the reelative distancce between pparticipants diid not
remain co
onstant acrosss groups.

Personal terriitories insidee the red
G16 on the large tablle

G12 on thee small table

124cm

77cm
m

1544.5cm
124cm

Figure
F
35: Peersonal territtories in corn
ner seating aarrangement on small and
d large tables
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Personal terrritories insid
de the red lin
nes
G6 on the sm
mall

124cm

G
G6 on the largge

154.5cm
m

77ccm

12

Figure
F
36: Peersonal territtories in acro
oss seating arrrangement on small and
d large tabless
On both
h table sizes, participants in
i the corner seating arranggement had leess personal sspace than those in
the acrosss seating arraangement beccause of the overlap areaa in the corner between tthem. The redduced
personal space
s
in this arrangementt affected paiirs’ independeent task activvities and theey could not apply
visual sep
paration in thiis arrangemen
nt as much as the across arrrangement onn the same tabble size.
Largee table: Figurre 37 shows independent
i
activities
a
of tw
two pairs of pparticipants taaking place inn their
own respeective territorries. This pictture illustratees how particiipants in twoo different seaating arrangem
ments
defined th
heir personal territories an
nd to what extent they exppanded the areea for themseelves. Figure 37(a)
shows thaat in the acro
oss seating arrrangement eaach participannt can extendd their personnal area across the
width of the
t table. On
n the other haand, Figure 37(b) shows thhat participannts cannot eaasily use the w
whole
length off the table beecause part of
o their perssonal territoryy overlappedd with their partner’s perrsonal
territory. These
T
examples demonstraate that a corn
ner seating arrrangement prrovides less rroom for indivvidual
use of vissual separatio
on. This limitted room for visual separaation due to the corner seeating arrangeement
was seen on both smalll and large tab
bles.
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G2

(a)

P3

G
G10
P4

P20

P19

Sharred area

(b)
Peersonal territtories inside of the red cirrcles

(a)

Figure 37: In
ndividual tasskwork is performed in p
personal terrritories on the large tablee
Small table:
t
As disscussed in Seection 5.1, wh
hen participaants worked oon the small table they diid not
have the same
s
opportu
unity for visuaal separation and cognitiv e tracing as tthey had on thhe large tablee. The
territorialiity analysis in
i this study supports thiis finding annd expands itt to show thhat this effectt may
increase when
w
people sit
s in the corn
ner seating arrrangement onn the small tabble.
Figure 38 shows tw
wo groups working on the small table uusing visual sseparation. P24 in Figure 38(a)
distributed
d some inform
mation sheetss beside each
h other in fronnt of himselff, which causeed P23 to moove to
the right side
s
of the taable with just half of the table width avvailable as hiis personal teerritory. Howeevere,
Figure 38(b) shows thaat each particiipant in G7 haad his own peersonal area ffully availablee to him.
Figuree 37 (b) and
d Figure 38(a) demonstraate that the ccorner seatinng arrangemeent on both tables
restricted participants’ use of the co
omplete bound
dary of their ppersonal terriitory. The parrticipants in F
Figure
37(b) did not use the shared
s
area, but
b Figure 38
8(a), P24 occcupied that sppecific spot aand used the w
whole
boundary of his perso
onal territory
y, which resttricted his ppartner’s use of his own boundary foor his
individuall work.
As a reesult, part of the
t table in th
he corner seaating arrangem
ment was shaared between participants w
which
limited peersonal teritories of one or
o both particcipants in the pairs. This cconstraint in the corner seeating
arrangemeent is one reeason for thee significant statistical diffference in aabove-the-tablle materials usage
between the
t corner and
d across seatiing arrangem
ments, which sshowed a greater usage in the corner seeating
position (see Chapter 4).
4 This mean
ns that each participant
p
in tthe corner seating arrangeement neededd more
s
items, an
nd was limiteed in the avaiilability of innformation onn the tables inn comparisonn with
effort to scan
across seaating arrangem
ment.
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P24
P23

P24’s perrsonal area

(a))

P23’s perssonal area
P13

P14

P14’s persoonal area

P13’s personal
p
area
a

(b))
Figure 38
8: Mix-focuseed collaborattion and perssonal territorries on the sm
mall table
5.2.1.2 Group
G
territorry
Most of the
t time grou
up territories were defined in the sharred area betw
ween particippants of pairss. The
location of
o shared spaace changed between
b
seatting arrangem
ments. When pairs sat in the corner seeating
arrangemeent, part of th
heir personal territory wass taken up byy space sharedd with their ppartner (see F
Figure
39(a)). Ho
owever, when
n they sat acrross the table,, the shared sspace was in tthe middle off the table and was
separated from person
nal space. In both seating arrangementts, the locatioon and size oof group terriitories
o
time as needed.
n
changed over
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(a)

(b)

Shared Space
Shareed Space

Figure 39:
3 Shared sp
pace in two seeating arran
ngements
Acrosss seating arrrangement: As shown in
i Figure 40,, participantss from two ggroups defineed the
shared areea between eaach other as a group territo
ory and are ddoing a joint aactivity in thaat area. Somettimes,
pairs did not pre-defin
ne a group terrritory on thee table, as seeen in Figure 40. In Figuree 41, P13 andd P14
spread taask materials in their ow
wn personal territories foor individual investigationn. These perrsonal
territories occupied parrt of the shareed area in thee middle of thhe table and thhey did not innitially reservve any
space on the
t table as a group territo
ory. In Figure 41, they are collaboratingg on a piece oof material in P14’s
personal territory
t
in thee middle of th
he table and th
hey are tempoorarily using that area as a group territoory.

G2 perrforming story--telling task on the
t small table

G6 is perrforming travell-planning task on the large tab
ble

Defined grroup territorry
Defi
fined group territory

(a)

(b)

Figure 40:: Group terriitories at thee shared areaa in the acrosss seating arrrangement
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P13
3

P14

Not
N pre-defineed group terriitory but
temporary
t
useed as a group territory

P13’s personal territory
t

P14’s p
personal terrritory

Figuree 41: Joint acctivity in the personal terrritory
Cornerr seating arrrangement: Similar
S
to the across seatting arrangem
ment, pairs ussually used sshared
areas of th
he table as gro
oup territories in the corneer seating arraangement (Figgure 42).

Defin
ned group territory

Defin
ned group terrritory
(b)

(a)

Figure
F
42: Group territorries in the sh
hared areas b
between partticipants in coorner seatingg
arrangement
In the study,
s
particip
pants in the corner seating arrangementt sat close toggether and theey could sharre task
materials easily. As a result
r
this kin
nd of seating arrangement
a
ffacilitated joinnt activity better than the aacross
E
participaant was able to adjust thee orientation oof materials aand his/her seeating
seating arrrangement. Each
position so
s that both could
c
easily see
s materials in the defineed group terriitories. Figuree 43(b) show
ws one
participan
nt standing in
n his position to better scaan the photoss with the sam
me orientation. However, when
participan
nts sat in thee across seaating arrangem
ment they c ould not oriient all mateerials towardd both
participan
nts simultaneo
ously, see Fig
gure 43(a). Participants
P
rreoriented maaterials or passsed them bettween
each otherr for joint activities.
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Informa
ation sheets orieented toward ju
ust one participa
ant

P
P

(a)

P244
P23

PP
P
Photos oriented
d toward both participants

G
Group territoory

Grroup territorry

(b)

Fiigure 43: Gro
oup territories on the tab
bles other thaan shared area
(a) Infformation sheets oriented tooward P6 aree difficult for P5 to see
(b) P24
4 can easily see informatioon sheets oriented toward P
P23
As a reesult, the corn
ner seating arrangement
a
provided
p
morre useful spacce for group territory andd joint
activities, but it impedeed individual activities. Th
his meant thatt the corner seeating arrangement, speciffically
nvironment fo
or workspacee awareness bby facilitatingg visual sepaaration
on the larrge table, waas a better en
with the proper
p
orientaation of task materials
m
for both participaants. On the oother hand, pparticipants off pairs
in the acro
oss seating arrrangement had materials oriented
o
towaards him/hersself and the different orienntation
affects thee common grround betweeen participantts on the tablle. The acrosss seating arrrangement alllowed
larger perrsonal territories, and pairss had an easieer time organiizing individuual work throuugh the increase in
available space.
cessibility
5.2.2 Acc
As was mentioned
m
above, typically
y pairs tried to maintain both personaal and groupp territories. IIn the
study, theere were somee areas on thee tables, whicch were not eeasily accessiible to one orr both particippants,
though laack of space sometimes
s
caaused particip
pants to use tthose areas aas personal orr group territtories.
However,, areas on the table that weere extremely inaccessible were not usedd at all. Figurre 44 approximates
the areas that
t each partticipant could
d not access in
n each seatingg arrangemennt.
The areea outside off participants’ immediate arm extensioons (round daashed lines) is the inacceessible
area. Thee straight dashed lines in
n Figure 44 show all acccessible areaas in the seating positioons of
participan
nts along theirr assigned tab
bleside.
To acco
omplish theirr collaborative problem-so
olving tasks, pparticipants nneeded to woork together iin the
group terrritories and be aware of eaach other’s materials
m
and aactivities in tthe personal tterritories. Beecause
of this, visibility and availability off task materialls for particippants was impportant. Havinng materials oon the
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table too far
f away to seee properly reesulted in deccreased worksspace awarenness of particiipants or decrreased
ability forr visual search
hing.
Length of green
g
actor haand extensionn
Length of red
r actor handd extension
Not accessib
ble area for thhe green actorr
Not accessible area for thhe red actor
Not accessible area for bboth actors

(a)

(b)
Fig
gure 44: Not accessible arreas for partticipants in tw
wo seating arrrangementss: (a) across ((b)
corner.

5.2.2.1 Accessibility
A
in the across seating arrangement
Access to
o partner’s personal
p
territory: In th
he across seat
ating arrangem
ment, particippants could ddefine
separate personal
p
territtories on the table
t
in front of themselvess. As shown iin Figure 44(aa), each particcipant
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could access the parts of his/her partner’s person
nal area, whicch was close to the group territory (if iit was
onal territory boundary, dashed
d
lines iin Figure 44((a)), but not tthe entire perrsonal
expanded by the perso
territory. In the across seating arran
ngements the accessibility problem exissted in both ttable sizes beecause
the distan
nce between th
he participantts in each paiir was the sam
me regardlesss of table sizee. Figure 45 sshows
two snapsshots of the study in whiich P3 and P11
P have prooblems reachiing informatiion sheets inn their
partner’s territories on
o the small and large tables. This increased thhe number oof above-thee-table
interaction
ns used to cope with this problem.
p
Figu
ure 45(a) show
ws P3 lookinng at an inform
mation sheet while
his partneer keeps it abo
ove her person
nal territory and
a reorientedd toward P3.

(a)

P3

(b)

P11

Fig
gure 45: Accessibility pro
oblems in thee across seatiing arrangem
ments on both table sizes on
partner’s personal
p
terrritories
Access to group terrritory: In th
he across seaating arrangem
ment, the grooup territory w
was defined in the
here both partticipants could
d extend theirr hand to reacch materials. Pairs did nott have
middle off the table wh
any probllems accessin
ng the group territory.
t
Thiss may indicatte that the across seating aarrangement was a
better con
nfiguration forr joint work between
b
particcipants.
5.2.2.2 Accessibility
A
in the corner seating arrrangement
Access to partner’s personal terrritory: In the corner seatiing arrangem
ment, one cornner of the tablle was
d sometimes bbe defined ass a part of thee personal terrritory
shared between particiipants and thaat area would
for one orr both particiipants becausse it was easiily accessiblee for both. Inn this case, thhe other particcipant
could easiily see his/heer partner’s acctivities and materials
m
in thhat specific aarea. Howeveer, the other ppart of
that partner’s personal territory wass not visible and
a accessiblee for him/her (see Figure 444(b) red and green
ndary). This problem
p
was m
colors insside each partticipant boun
more prominnent on the laarger table, ass each
participan
nt had a largerr width in fron
nt of him or her.
h
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Figure 46 demonstraates the accesssibility probllem on the lar
arge and small tables. P32 and P21 are ttrying
m
in a part of their partner’s
p
terriitory, which ccannot be easiily seen from
m where they ssit. To
to reach materials
solve this problem, theese participantts asked theirr partners to ppass materials in that area tto them.
Small table

Larrge table
P
P21

P32
P

Perssonal territoriies inside the rred lines

Fiigure 46: Acccessibility prroblem in thee corner seatiing arrangem
ment on both
h table sizes oon
partners’ personal
p
terrritories
Lack off visibility off actions and materials
m
locaated in each ppartner’s perssonal territoryy hindered shharing
of task materials
m
and
d decreased the workspaace awareneess on the ttable for parrticipants woorking
collaborattively.
Access to group teerritory: In the corner seating
s
arranggement, the accessibility problem waas not
limited to the partner’ss personal terrritories. Pairss also had prooblems accesssing the groupp territories. IIn this
seating arrrangement, when
w
the grou
up territory was
w expandedd to the midddle of the tabble, accessibillity to
this area became
b
difficcult for at leasst one particip
pant. The parrticipant sittinng along the llonger width of the
table coulld access mo
ore of the gro
oup territory on the table because he or she was ccloser to thatt area.
However,, the other participant sittting along th
he shorter sidde of the tabble could typpically only aaccess
approximately half of the area in front
f
of him or her. So, w
when some orr all of the ggroup territoryy was
urther for this participant, the
t pair had problems
p
workking togetherr.
defined fu
In Figu
ure 47, P31 and
a P21 both
h sit on the shorter side oof their respecctive tables aand have probblems
reaching materials
m
in th
he group terriitory. To addrress this probblem, each paiir had differennt strategies. P21’s
partner keept one inform
mation sheet above the tab
ble to help P221 read it. P31 stood and lleaned on thee table
to reach th
hat part of thee table, and laater the pair decided
d
to eliiminate the grroup of photoos loosely scaattered
on the tab
ble, and mak
ke space on the
t middle of
o the table too move the story line intto an area eqqually
accessiblee to both partiicipants.
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Largee Table

Small Tab
ble
P21
1
P31
P
Part
P
of group terrritory

Part of group
p territory

(a))

(b)

Figurre 47: Accesssibility problem on group
p territory in
n corner seatiing arrangem
ment on both
h sizes
off the tables
Inaccesssible area: Another acceessibility prob
blem in the coorner seating arrangementt was related to the
corner opposite the corrner shared by participantss. This area w
was not easilyy accessible ffor both particcipant
of the table. On the larrge table, partticipants coulld not even acccess that areea by leaning on the table. Pairs
in thirteen
n out of sixteeen trials in th
he corner seaating arrangem
ment did not use this area (see appendiix H).
Participan
nts in the rem
maining three trials were seeated on the ssmall table annd the area w
was in reach oof one
participan
nt (the one wh
ho sat along th
he longer sidee of the table)).
It can be
b concluded that in the across seating arrangementt, pairs used m
more area onn the table annd had
more opp
portunity for visual
v
separaation and cog
gnitive tracingg. The statisttical analysis in Chapter 4 also
supports this differen
nce and show
ws that spatiial usage of the table w
was less in tthe corner seeating
s
areas on
o the table were
w
not easiily accessiblee, hindering uuse of those areas.
arrangemeent because some
Additionaally, participaant use of above-the-tab
a
le materials was more ffrequent in tthe corner seeating
arrangemeent, as a way
y of coping with
w limited acccessible spacce. These quaantitative andd qualitative rresults
verify thaat the corner arrangement provided less opportunitiies for visual separation aand parallel seearch,
compared
d to the acrosss seating arran
ngement.

5.3 Exte
ernal Cogn
nition and table
t
size, considerin
ng task typ
pe
In this stu
udy, two diffferent problem
m-solving tasks, story telliing and traveel planning, w
were perform
med on
both largee and small taables. The materials
m
used in each task differed in nnumber, size, and content. Pairs
worked with
w small ph
hotos in the story-telling
s
task
t
but diffeerent sizes off informationn sheets, inclluding
images an
nd text, in the travel-pannin
ng task.
The num
mber and sizee of task materials affected
d the amountt of territoriess, spatial usagge of the tablee, and
numbers of piled and above-the-taable materialss, which led to differencees in the wayys pairs, exhhibited
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external cognition. The following subsections expand on the observed task material factors and discuss
how these factors influenced pairs’ external cognition behavior.
Story telling: Materials provided for the story-telling task included a storyboard (45cm x 45cm) on
which pairs could construct their stories and fifty-six photos, all of the same size (9cm x 9cm). In this
task, pairs had to present their final solution as a sequence of photos. Although the pairs were not
obligated to make the story on top of the storyboard, all of the pairs made or transferred the story onto it.
Pairs could spread photos and the storyboard on the large table without overlapping (see Figure 48(a) and
Figure 48(c)). However, on the small table, pairs could not easily separate the storyboard and photos
without any overlap. Figure 48(b) and Figure 48(d) show that although G7 and G12 have visually
separated all photos on the table, they do not have space to put their hands on the table and work
comfortably.
Because each photo in the story line depends on the previous and next ones, participants needed to talk
about photos with each other and make decisions about the order of photos. The videos analysis revealed
that in this task six out of eight pairs passed through all phases of the task process, described in Chapter 3
(understanding, categorizing, and making solution), together as joint activities. In this task, pairs had
more joint activity than independent work, and the large table supported joint collaboration in this task
better than the small table because it fostered workspace awareness via visual separation.
The following two examples show how pairs used the space for doing joint work on the large table and
how the small table hindered working in the group territories together, specifically in the phase of
problem understanding and problem refinement (all pairs on both tables did the third phase of problemsolving, solution making, together).
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P

P

P13

P14

Group 7

P13

P

Group territory
G
Group territory

(b)

(a)

Group 12

P23

P24

P24

P23
Group terrritory

(c)

Grooup territory

(d)

Figu
ure 48: Story
y-telling on small and larrge table with
h across and corner seating arrangem
ment
Figure 48 (a) and Fiigure 48(b) sh
how that G7,, in the acrosss seating arraangement, puut the storyboard in
he story. In th
his seating arrrangement, thhe middle bannd of the tablle was
the middle of the tablee to evolve th
used as th
he group terriitory for mak
king the story
y and for joinnt investigatioon of photos, and the remaaining
areas were used as personal territoriies for individ
dual work. Onn the large taable, G7 had ssufficient spaace for
on of materiaals at the sidees of the storyyboard (see F
Figure 48(a))). However, oon the
shared vissual separatio
small tablle (see Figuree 48(b)) particcipants had liimited space beside the sttoryboard andd the middle of the
table was mostly reserv
ved for makin
ng the story on
o top of the sstoryboard. Peersonal territoories were (allmost)
fully coveered by phottos, which meant that parrticipants couuld not put thheir hands onn the table annd sit
comfortab
bly. Moreover, the limited
d area in the group
g
territorry did not let participants move the board to
expand th
he group territtory. This led
d to an increasse in the probbability of oveerlapping andd piling whenn pairs
manipulatted the materiials.
As show
wn in Figuree 48(c) and Figure
F
48(d), in the corneer seating arrrangement, participants haad the
opportuniity to separatee photos on on
ne side of thee table (close to themselvees) and move the story- board to
the oppossite side of thee table to hav
ve more shareed area to woork together. P
Pairs had morre problems oon the
small tablle during storry-telling because they did
d not have ennough space tto comfortablly work. Simiilar to
the acrosss seating arraangement on the small tab
ble, participannts could not put their hannds on the tabble to
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work com
mfortably. As Figure 48(c) and Figure 48(d)
4
show, P
P23 rested hiss arm on the llarge table w
without
covering any
a photos bu
ut on the smalll table, he co
ouldn’t do thiss without obsstructing somee photos.
As a result, story telling included
d more joint activity. In corrner seating aarrangement, pairs could pput the
d far away from
fr
both parrticipants and
d make more shared area with less ovverlap of mateerials.
storyboard
Thereforee story-telling
g on the large table with th
he corner seatting arrangem
ment supported visual sepaaration
more and increased thee quality of jo
oint activities..
M
prov
vided were: four
f
blank shheets of paperr and 27 infoormation sheeets, 10
Travel planning: Materials
nd 1 large (228x22cm), whhich contained text and im
mages.
small (12.5x13.5cm), 16 medium (21x21cm), an
hout overlappping (see Figuure 49(a) andd Figure 49(cc)) but
These maaterials could fit on the larrge table with
they could
d not fit separrately on the small
s
table (see Figure 49((b) and Figuree 49(d)).
Because of the largee size of task
k materials in
n the travel-p lanning task, pairs necesssarily needed more
space for manipulating
g and sharing
g materials in
n comparisonn with the sttory-telling taask. The statiistical
analysis in
n Chapter 4 supports
s
this as it shows a significantlyy higher spattial usage in tthe travel-plaanning
task. Statiistical analysis also showss significantly
y more pilingg and above-tthe-table matterials usage in the
travel-plan
nning task.
Group
G
14

(a)

(b)
Group 12

(c)

(d)
Figure 49:
4 Travel-pllanning on laarge and smaall tables
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Pairs applied more piling and above-the table materials usage to compensate for the space constraints in
the travel-planning task, which led to limited visual separation (and likely workspace awareness, although
statistical results do not confirm this11).
Pairs exhibited more individual activities in the travel-planning task. They had more requirements to
consider, such as companions, available money, and demographics of the family for whom they were
creating an itinerary. Materials had text that took time to read. Participants usually read information
sheets and checked requirements and constraints individually. They then discussed the appropriate
information sheets with their partner to see if they met the requirements and constraints. Usually, in this
task, participants shared the information verbally without sharing the physical materials.
Unlike the story-telling task, in which laying out the photos in a meaningful order was part of the task
activity, in the travel-planning task pairs had to write the itinerary on a piece of paper. However, as
mentioned above four pairs (in five trials) created their itinerary by arranging information sheets on the
table as a method for problem-solving. Having visual separation of materials and a draft of the itinerary
was not easy for pairs on the small table, and this constraint decreased the quality of problem
understanding. G11 was the only pair who sorted the information sheets for creating their itinerary on
both table sizes; see Figure 50 and Figure 51.
In Figure 50, on the large table, G11 separated the plans for each day (inter-group visual separation)
from each other, and information sheets within each day plan are visually separated (intra-group visual
separation) as well. In Figure 51, although the plans for each day are separated from each other (intergroup visual separation), no intra-group separation within each day plan can be seen, and information
sheets for one-day plan are overlapped. G11 did not have enough space for manipulating information
sheets on the small table and mostly swapped them above the table.

11

The coded workspace awareness incidents were based on incidents of participants’ direct look at their
partner’s activities on the table. This only accounts for a limited amount of possible WA occurrences.
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number of task materials in the story telling could easily be visually separated on both tables and pairs
performed parallel searching and cognitive tracing on both. However, for travel planning, the small table
was not large enough to spread task materials to enable parallel searching and cognitive tracing.
In the travel planning tasks pairs worked more individually. They needed more time to read the task
materials, as the content of materials was largely textual. Moreover, three parts of the travel plan (three
days’ schedule) were independent of each other, and participants mostly divided these tasks activities
between them and then combined them together. However, in the story-telling task, each photo in the
story line was dependent on the next and previous ones, and thus, most of the time, participants did the
task jointly.

5.4 Chapter Summary
This chapter has shown that the three independent factors in this study, table size, seating
arrangement and task type, impacted external cognition behaviors of pairs. Table 12 shows different types
of external cognition (presented in the first column of Table 12), the benefits gained from their use
(presented in the second column of Table 12) and how the different independent factors impacted them
(presented in the third column of Table 12) 12.
Table 12: External cognition behaviors and their benefits in current experimental study
External
Cognition

Benefits of external cognition

What increased the external
cognition behaviors

Grouping
Piling

Decreasing memory load, compensating for Small
table,
corner
seating
the lack of space
arrangement, travel-planning

Visualseparation

External memory, individual cognition, Large
table,
across
group cognition, workspace awareness
arrangement, story-telling

seating

Externalizing the plane, Tracking the Large
table,
Across
solution, individual and group cognition
arrangement, story-telling

seating

Cognitive
Tracing
Visualseparation

12

Table 12 was filled based on qualitative analysis
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The first part of this chapter discussed how pairs benefitted from external cognition on the large table
and how lack of space on the small table limited those benefits of external cognition. The more available
space pairs had, the more task materials they could fit separately (visual separation) on the table. Visual
separation (in both types of external cognition, grouping and cognitive tracing) had a positive impact on
individual and group cognition of pairs while completing tasks. Task materials, which were visually
available on the table, aided parallel searching among materials and acted as external memories for
participants by eliminating the need to remember the contents of task materials. Moreover, by having
visual separation the probability of workspace awareness was increased because participants could see
what kind of activity their partner was doing and which task materials he/she was working with.
However, the small table forced pairs to stack task materials in piles and use above-the-table space to
manipulate materials to cope with the lack of space.
The second half of this chapter argued that table size was not the only factor which affected the
external cognition behaviors of participants in the study. External cognition was influenced by pairs’
seating arrangement and the type of task that they did on the tables.
In the corner seating arrangement some portions of the table were not accessible for one or both
participants, specifically in the large table. This constraint limited the area of their activities, decreased
the number of separated materials on the table and increased above-the-table material usage. Because
participants sat on different sides of tables in the corner seating arrangement and shared part of their
personal territories, they had less space for individual work in comparison with the across seating
arrangement. However, pairs could share more area with each other in the corner seating arrangement,
which was helpful for tasks with more joint activities.
The problem-solving strategies used in the two tasks differed. To make their story, pairs had to sort the
photos, so cognitive tracing was part of their problem-solving. Conversely, to make the itinerary,
cognitive tracing was a potential problem-solving strategy but only a few pairs used that method. The
small size and number of task materials in the story telling allowed cognitive tracing of ordered photos.
However, even on the large table, visual separation and cognitive tracing were not easy for pairs when
travel-planning.
The collaboration strategies in the two tasks were also different. In story telling, participants worked
jointly because each step of the solution making process completely depended on the previous and next
steps, as the story should be a meaningful flow of photos. However, travel planning included three
independent activities (because of the requirement for a three day schedule), so most pairs preferred to
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divide the task activities between each other before combining the results. This strategy of working,
mixed-focused collaboration [57] in the story-telling task resulted in increased use of personal territories.
The next chapter will discuss the similarities and differences of conventional and digital tables in the
case of external opportunities. Moreover, the finding of this research will be compared with the similar
findings from other research. Based on these discussions, design implications will be provided for
designers of digital tabletops.
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Chapter 6
Discussion
This work investigated the effects of table size on participants’ behaviors during two collaborative
problem-solving tasks. The results revealed that providing a sufficiently large space for collaborative
tabletop problem solving supports external cognition. However, the seating arrangement and task type are
contributing factors that also influence that amount of space on the table that is available for cognitive
off-loading of information.
In this chapter, the results presented in Chapters 4 and 5 are discussed. First, the importance of table
size is discussed, and then space limitations caused by different factors are analyzed on both table sizes.
Finally, a discussion of potential and existing solutions for compensating for such space limitations is
provided.

6.1 Importance of Table Size
The findings presented in the previous chapters show the significant effect of table size on the external
cognition behavior of participants. The question of “Why is table size important in collaborative problemsolving tasks?” is revisited in this section to discuss whether the results from the experiment are
consistent with previous findings in the literature.
6.1.1 More space can accommodate distribution of task materials
This research and research from the literature show that people have a tendency to use large areas of a
given table surface to distribute task materials, when such space is provided. In their tabletop territoriality
research on traditional tables, Scott and Carpendale [49] observed that people increased the size of storage
territories by spreading the artifacts to facilitate searching among them. Everitt et al. [13] also reported
that collaborators liked to maximize documents to fill a digital table, although they found this to be a
disadvantage. In their case, they explored the problem of overlapping documents on a shared digital
tabletop, which introduced conflicts between people who were in different stages of their taskwork.
However, the digital table they studied was relatively small (107cm diagonal) compared to the tables used
in this thesis research (small table: 145.96cm diagonal; large table: 198.1cm diagonal). Thus, it is unclear
whether this problem would occur (at least to the same extent) on a larger digital table.
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As reported in Section 4.1.2 all pairs of participants in my study distributed task materials more
widely on the large table than on the small table. Moreover, participants also used more of the available
table space on the large table than on the small table.
6.1.2 Space affects external cognition behaviors in various stages of problem solving
Having more space to distribute artifacts resulted in the use of more external cognition on the large table.
As reported in Chapter 5, having more visible materials distributed on the table enabled participants to
look at more than one item at once, which facilitates parallel searching through the items. The parallel
searching provides external memory for people, and consequently aids external cognition as noted by
Sharp et al. [52].
The study presented in this research revealed that in each stage of problem solving collaborators
distributed materials in different ways. This observation indicates how users externalize their cognition to
support a task’s needs at each stage. Different representations are helpful for better understanding of the
problem, organizing task materials and eventually solution making for the problem. As the distribution
structure of materials changes, perception of these materials and the entire workspace can change
accordingly, facilitating each of the different stages more effectively [1].
Problem understanding: As discussed in Chapter 2, De Bruijn and Spence [6] introduced the notion
of opportunistic browsing to describe people unintentionally browsing through information to understand
possible options that might spark ideas when problem solving. The results of this research support this
idea by showing that most pairs spread task materials at the beginning of the task in an ad hoc structure.
Browsing visible items on the table appeared to help participants identify potential connections between
these items, facilitated by simultaneous access to information. Comparisons could then easily be done
visually rather than relying on their memory.
As Andrew et al.’s [1] studies on sense making have shown, a glance or turn of the head is enough to
grab a piece of information and return to the current task. Thus, the ability to visually separate and
distribute materials given a large table size can facilitate such information assessment to understand what
information is available for the problem at hand.
Organizing task materials: The findings reveal that as understanding evolves the organization of
materials is developed by creating categories of related materials. People used the additional space on the
large table to put multiple objects beside each other and separate those from other categories. Kirsh [29]
referred to this benefit of space as a semantic layer that provides meaning to the visible information.
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Andrews et al. [1] claimed that proximity of materials helps to refresh internal memory. Their studies also
showed that people place important documents in the focal point of the workspace with full visibility
while less important documents were piled up. Similar behaviors were seen in this study. The potential
task materials were visually separated to be easily seen in the attention focal point of the tables in the
personal or group territories. However, the impoverished environment of the small table forced users to
overlap or pile some materials to overcome space limitations.
Solution making: Distribution and categorization of materials are not the only ways to externalize
cognition. The advantage of using space helps people think about their problem via cognitive tracing. The
internal model of the (rough) solution can be externalized and explored by structuring and restructuring
objects on the table chronologically, or in some other task-appropriate manner. The flexibility served by
the large table supported examining the developing solution. The study showed that the solution can
evolve on the tabletop workspace by changing the existing structure of materials via ordering, arranging,
and alignment.

6.2 Other Factors that Affect External Cognition in a Tabletop Workspace
The most important finding from the user study is that the table size is not the only factor affecting
people’s external cognition behavior during collaborative tabletop work. As reported in Chapters 4 and 5,
having a larger table does not necessarily guarantee that participants have effective access to the
additional workspace it provides. Based on the study findings, the following factors should also be
considered when determining what table size is needed in a given usage context.
Task type: The table surface may be sufficient for one task but limited for another task. An important
aspect of a problem-solving task is the kind of search that is required. Parallel search and browsing need
more space to spread out the artifacts and review them, while sequential search can be accomplished
using a pile of artifacts. Furthermore, it is important to consider how much individual or collaborative
work is involved in a task. In the story-telling task, participants started working mostly collaboratively
when creating the story line on the storyboard. The findings revealed that when there was less space,
participants moved some of their personal work above the table by holding artifacts in their hands. To
better facilitate this personal work, a digital tabletop system should be designed to better support the way
people work in the group territory. On the other hand, in the travel-planning task, the collaboration started
later. Therefore, personal territories occupied most of the table surface. The findings revealed similar
above-the-table searching when there was limited tabletop workspace when people were working
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individually. Thus, a digital tabletop system should better support management and exploration of
workspace items in the personal territory for tasks that involve such parallel work needs.
Number and size of artifacts: For the same task, if the number and size of artifacts change, the table
surface may be insufficient for participants. In the travel-planning task, because the task materials (i.e.,
information sheets, maps) were larger than the photo slides provided in the story-telling task, participants
were more restricted when organizing them on the table. On the other hand, sorting and organizing the
smaller photo slides on the table surface in the story-telling task was much easier. Digital tabletop
systems need to have flexibility to deal with artifacts of different amounts and sizes. Of course,
supporting an unlimited capacity may not be possible, for instance, even if external devices are used to
expand the workspace (see Section 6.3.1 below) there will likely still be limitations. However, providing
a system design and system tools that provide greater flexibility for spatial manipulation and management
of task materials would facilitate the use of external cognition, across a wider variety of tasks and task
contexts, than traditional tables.
Seating arrangement: The study findings revealed that when users sit closer together at a table (i.e.,
the corner seating arrangement), some parts of the table surface might be inaccessible to them. Users can
use those areas for discarded items, but searching through artifacts stored there is not easy. A digital
tabletop system design should be flexible by considering the seating arrangement to make the most
beneficial use of the table surface.
Number of users: A given table can be large enough for two people, but may be insufficient for four
people. Most tabletop workspaces will have a saturation point for its capacity to support a given number
of people, for a given task, task materials, user arrangement, etc. However, some changes may be applied
to accommodate more people. A simple example is that a lunch table that is large enough to hold the meal
trays for two or three people may feel crowded when additional people join in. However, it may become
sufficient if people remove their trays and only have their plates on the table, creating additional space
(and with smaller “task materials”). Or, the table may become sufficiently large when an expandable leaf
is added to accommodate the extra people and their meal trays.
Expected user population: Users may be children, seniors, or they may have a certain physical
disability or unusual physical characteristics (arm length or height). In such cases, the physical aspects of
the table should be designed appropriately for these expected users.

89

6.3 Managing Space in the Table Workspace
Generally, people may prefer to have a large table for doing their tasks, even if they do not use the entire
space. The findings of this research have shown that participants used the large space to avoid piling
artifacts or holding them in their hands, although sometimes, depending on their seating arrangement,
some parts of the table were inaccessible (or not easily accessible).
However, large tables are often expensive, not easy to move, take a large space in the working
environment, and unnecessary when the provided space is not required for the given tasks and users.
Therefore, it makes sense to think about what a reasonable table size would be for a specific task type.
But even if an affordable and sufficient table size can be roughly estimated for a task, there may not be
sufficient space for all situations. Moreover, there may be cases when the table is too large and users may
not be able to access the entire space. In these cases, the design of a digital tabletop system should
provide additional solutions to enable users to deal with space concerns. This section addresses such
solutions, considering both space availability and accessibility in tabletop workspaces.
6.3.1 Expanding the Tabletop Workspace
In case of space limitations in personal or group territories, people can use two different techniques to
gain more space. One is hardware-based by using external devices to provide more pixels, and the other
one is software-based by scaling artifacts.
6.3.1.1 Gaining Space using External Devices
One approach to dealing with the space limitations in a tabletop workspace is to expand the available
workspace using additional surfaces. To expand a digital tabletop workspace, for example, would be
possible with the aid of such devices as a nearby wall display or a mobile handheld computer (e.g., a
tablet or smartphone). This solution can be useful for both individual and collaborative work by providing
mechanisms to expand the personal and group territories.
Expanding personal territories: Each person may transfer artifacts from his/her personal territory on
a digital table to a nearby mobile device to be used and then perhaps moved back to the digital table at a
later time. For instance, an iPad™ tablet could be used to view or manipulate a pile of digital documents
when there is no space available to add another pile to a digital tabletop workspace, or when artifacts are
needed often and should not be minimized on the digital tabletop workspace. Chang and Li’s Deep Shot
technique [4], developed for moving items between a personal computer (PC) and a smartphone, could
for example, be adapted to enable similar table-to-tablet object transfers. The Deep Shot system can be
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used to transfer an address specified in a Google map on a PC to a Google map on the smartphone by
taking a photo with the smartphone’s camera of the PC’s screen (displaying the Google map location) and
automatically extracting the appropriate geospatial information.
Designers at Microsoft Surface13 implemented a similarly lightweight way to transfer artifacts between
mobile phones and a digital table. The Microsoft Surface’s capabilities focus on document and photo
dumping from mobile devices onto the digital table. The Elope [34] and Interactive Spaces [26] systems
provided similar designs to connect mobile devices to large, interactive workspaces, in order to provide
expanded workspaces. The Elope system allowed connecting unknown mobile devices to large displays
without initial set up, and Interactive Spaces provided a multi-display workspace. These three systems
were primarily designed to enable sharing of objects from personal, mobile displays onto shared, large
workspaces, but the general design concept may be used in the reverse order to facilitate the expansion of
personal territories from an insufficient shared workspace. Thus, artifacts could be transferred from a
personal territory on the digital table to an external mobile device to compensate for space limitations.
UbiTable [53] used a digital table as a shared, temporary display for impromptu interaction based on
artifacts originating on personal portable devices. The UbiTable system provided each user with a
separated private space on their mobile device (e.g. a laptop), and both a personal (i.e. semi-private) space
and a shared public space on the digital table for individual and collaborative work on the tabletop. In the
private space, artifacts were not visible and accessible to other users, while in the personal space they
were visible but not accessible (i.e., only the “owner” of that space could manipulate any contained
artifacts). To expand someone’s personal territory, semi-private artifacts could be moved back and forth
between the table and mobile device. This provided both additional personal workspace to address space
limitations on the digital table, as well as a greater level of privacy for individual work (an issue not
explored in this research).
Expanding the group territory: If people have insufficient space in the group territory, they can also
create extra space for collaborative work by expanding the workspace onto nearby external devices. For
example, one of the earliest systems to take advantage of multi-device integration was Rekimoto and
Saitoh’s Augmented Surfaces system [38] (see Figure 52), in which artifacts could be moved between
laptops, a wall display, and a digital table. Rekimoto and Satoh also developed a mechanism to link
physical objects (e.g. a video tape) to digital artifacts in this environment.

13

http://www.microsoft.com/surface
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6.3.1.2 Gaining Space using Scaling
As discussed in the Chapter 5, on a large table people often want to have artifacts closer to read or see
them better. On conventional tables people cannot rescale artifacts, so they pick them up, hold them
above the table, and look at them closer. However, on a digital table artifacts can be rescaled. Therefore,
it is possible to minimize (or iconize) those artifacts that are not necessary at the moment and enlarge
essential artifacts. Rescaling can be manually controlled by users or can be automatically performed by
the system. Automatic scaling can be achieved, for example, by using a mobile interface tool, such as a
local magnifier tool, that can be dragged over artifacts to temporarily expand them to some extent (similar
to the magnifying effect in the Mac OS X dock) for better browsing (e.g., [24]. This feature is useful for
opportunistic browsing. Scaling is one of the common solutions suggested for space management in
interactive systems. Automatic scaling can also be location-based, for example, the Scalable Fabric
system [40], designed for desktop displays, scaled down task windows when they were placed close to the
edge of the display. This technique enabled users to work normally with windows in a central work area,
and then easily switch to other tasks by finding them in the marginal area.
A notable point is that enlarging an artifact may cover other users’ artifacts, which could be disturbing
particularly in the group territory. Zooming in/out a part of an artifact, as a special type of scaling, is
useful to avoid overlapping other items on the table. Sanneblad and Holmquist [44] utilized a similar
technique on a video wall, called Ubiquitous Graphics, to zoom in parts of a large map in order to see
more details or to annotate items.
6.3.2 Improving Accessibility to Artifacts in a Digital Tabletop Workspace
People are limited by their physical capabilities. If they sit around the table, they can only physically
access tabletop materials within arms-length distance without expending further effort such as standing up
and walking around the table. Therefore, some tabletop artifacts, or some areas of the workspace, may not
be easily accessible to collaborators. Various solutions have been proposed to resolve this problem, as
discussed below.
6.3.2.1 Virtually Extending User’s Reach Across the Workspace
One approach for improving the accessibility of artifacts across a digital tabletop workspace is to provide
a mechanism to virtually extend the user’s reach across the workspace. Pinelle et al. [35] used virtual
embodiments (e.g., virtual arms) to enable users to access artifacts out of their physical arm’s reach. A
virtual embodiment is like a virtual arm extension by which users can perform the same functions they
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can do with their hands, including moving around artifacts, rescaling, zooming and other artifact
manipulations. On a conventional table without any digital technologies this is not easily possible.
Another approach is to use an external device for manipulating or viewing artifacts (especially out-ofreach ones). This is similar to the Pebbles system [32] that enabled users to control artifacts and
applications on devices (e.g., a PC) with their handheld devices. A navigation panel, which was a sort of
bird’s-eye view, could be displayed on the mobile device and users could zoom in or out on each area,
point to and move around artifacts. Advantages of this approach are that is does not take space for the
navigation panel from the table surface and provides less intrusion into other users’ work (e.g. no shadow
over other artifacts).
6.3.2.2 Automating Artifact Movement from Remote Workspace Locations
Another approach to helping users access artifacts outside their physical reach on the table is to
automatically move artifacts closer to the user. One such technique is to use an Interface Current,
proposed by Hinrichs et al. [19], which provided a user-controllable automatic flow that circulates
artifacts around the table inside of an interface container. This technique allowed items located in the
Interface Current to circulate in front of each user at the table. For example, an Interface Current could be
used as a moving band along the table edge similar to a conveyer belt. Besides the dynamic flow of
artifacts, Interface Currents could magnify items when they are adjacent to users. This automatic scaling
feature is useful for opportunistic browsing, as discussed above. Therefore, the Interface Currents
essentially combined automatic movement and scaling in a manner that helped users manage artifacts in a
tabletop workspace. Hinrichs et al. [19] also showed that Interface Currents are useful for information
sharing in collaborative tabletop activities.

6.4 Summary
This chapter discussed the various size-related factors that impact the use of external cognition on a
collaborative tabletop workspace, and how these factors can be considered in the design of a digital table
to better facilitate external cognition when space limitations exist. The available space for working on any
given table depends on a variety of factors, beyond the obvious factor of table size. In particular, the
findings of this research show that seating arrangement of people at the table and the task type also
significantly impact the use of external cognition during collaborative problem solving tasks. Beyond
identifying these specific factors, it is important understand how these factors impact external cognition
and collaboration, to extrapolate their implications. To this end, this chapter discussed additional design
considerations that may influence the availability or accessibility of a given workspace, and in turn, affect
95

the ability for collaborators to use external cognition to facilitate their problem solving activities. For
instance, the table size limits the number or size of artifacts that can be accommodated, and different user
populations (e.g. age or physical ability) will have different physical capabilities, and thus, impact how
much of a given workspace they can physically access. Therefore, understanding the expected usage
context, including the likely tasks and users, is important for providing an appropriate tabletop
workspace.
On the surface, it may seem that providing the biggest possible table with a highly mobile user
arrangement would provide the best environment for using external cognition during collaborative
problem solving activities. However, practically speaking, this solution is often not possible, or not
preferable. First, a large table necessitates having a large physical area available in the working
environment; thus, spatial constraints of the environment may lead to selecting a smaller table. Second,
the primary task or users of the table may not require a large table, and, thus, selecting a large table to
accommodate the occasional need for more workspace may not be financially or practically feasible, and
may seem out of place in an environment equipped with much smaller furniture (e.g., a children’s
playroom). Thus, choosing a table size solution that works for the primary usage context makes the most
practical sense. Moreover, the study findings revealed that although a larger tabletop workspace provides
more opportunities to use external cognition to facilitate the problem solving process, collaborators were
able to adopt alternative coping strategies when space was limited.
Unlike the traditional tabletop workspaces studied in this research, where the tabletop workspace and
the available task materials are fixed in size, digital tabletop workspaces lift some of the constraints of the
physical world when it comes to scaling or interacting with task artifacts. Such capabilities provide the
potential to offer collaborators additional strategies for coping with space limitations in the tabletop
workspace. This chapter discussed two workspace-related challenges that may be addressed using digital
tabletop workspace, and identified several existing technological solutions that may help address these
challenges. In particular, the issues of space availability (i.e. when a tabletop does not provide sufficient
space), and of accessibility of the workspace (i.e. when one or more collaborator cannot physically reach
an area of the workspace), were identified as challenges observed in this research that may be addressed
by a digital tabletop system. The availability challenge may be addressed by: 1) expanding a digital
tabletop workspace using a multi-device solution involving connected peripheral displays, either mobile,
personal displays or large, shared displays, depending on the task needs, or 2) using interface or
interaction techniques that rely on scaling the workspace or artifacts to provide either expanded screen
real estate, or to make more effective use of the available workspace. The accessibility challenge may be
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addressed by using interaction techniques on a digital tabletop workspace (or across a multi-device
workspace) that: 1) virtually extend the user’s reach across the workspace, or 2) use automation to move
distant objects closer to the user.
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Chapter 7
Conclusions
This thesis investigated the impact of a table’s physical features on human collaborative work within a
tabletop workspace. Specifically, table size and seating arrangement effects were studied in an
observational study. The collected observations were then qualitatively and quantitatively analyzed to
determine how the specific physical features and group settings impacted the use of external cognition
during different collaborative problem-solving tasks. This chapter reviews the targeted research
objectives, contributions, and future work. The results of this research contribute to the foundational
knowledge in the HCI and CSCW communities on external cognition behavior in a shared tabletop
workspace, as well as practical knowledge on the design of digital tabletop workspaces that facilitate such
external cognition behavior.

7.1 Research Objectives
The main goal of this research was to explore the effect of table size on external cognition while people
were working collaboratively on a table. The work was completed based on tasks using paper-based
artifacts, and explored how individuals manipulate these artifacts to study what factors facilitate or hinder
their individual and collaborative work. To address this goal, four objectives were investigated:
Objective 1. Design a suitable testing environment to identify factors influenced by the size of table
workspace.
Objective 2. Investigate the effect of identified factors on external cognition.
Objective 3. Develop recommendations for compensating size limitations in the tabletop workspace
based on findings.
These objectives were attained through observing two collaborative tasks, storytelling and travel
planning, on two sizes of traditional tables and analyzing the obtained results. Although the initial goal
was to study the effect of table size, during pilot studies seating arrangement and artifact size for different
tasks were also determined to be important, and therefore taken into account in the final empirical study.
The findings provided insights on how the physical characteristics of a table could facilitate or limit users’
activities in tabletop personal and group territories. The results supported the initial hypothesis that the
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size of a table can significantly affect tabletop collaboration, and in particular, collaborators’ use of
external cognition during problem solving tasks at a table.

7.2 Contributions
This research primarily aimed to investigate one physical characteristic of a tabletop workspace, table
size, and its relation to cognitive ergonomics of users. In addition, this thesis considered two different
factors of co-located, collaborative problem solving, task types and seating arrangement of users. As a
result, challenges related to the availability and accessibility of space on a table were identified.
Moreover, the conducted study provided insights on potential implications for the design of digital
tabletop systems. In particular, this thesis discussed existing design solutions and extensions of existing
solutions that have the potential to address the space availability and accessibility challenges identified by
this research The following sections summarize these contributions.
7.2.1 Investigation of linkages between table size, seating arrangement, task type and
external cognition in tabletop collaboration
This research was first motivated by the work of Ryall et al. [43] (discussed in Section 2.1.4). I leveraged
their work by applying key changes to the experimental design. These changes included the use of two
different tasks that utilized different sizes of materials, the inclusion of different seating arrangements, the
use of different table sizes (one that was similar to the tables used in Ryall et al.’s study and one that was
significantly larger), and traditional tables instead of digital tables (as used in Ryall et al.’s study). The
surface area of one table in this research was twice the size of the other. Furthermore, one task included
small pieces of materials and the other included larger ones, to the extent where all of the larger pieces
could not fit easily on the table’s surface. This research studied two seating arrangements of participants:
across from one another and at the sides of one corner of each table. All of these changes were designed
to better investigate whether other factors related to table size and space availability can influence
collaborative problem solving on a table.
Moreover, this thesis is the first investigation of the effects of such physical factors on people’s use of
external cognition during tabletop collaboration. It studied the way people in tabletop activities
externalize their thinking and behaviors by managing and playing with materials on the workspace to
figure out the relationship between external cognition and the table size. In particular, it focused on piling,
visual separation and cognitive tracing as key tenets of external cognition.
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7.2.2 Identification of space management strategies that enable individual and group
external cognition behaviors in tabletop collaborative problem solving
Previous research efforts analyzed collaborative tabletop interaction behaviors in personal and group
territories [51]. This thesis investigated how people manage the table space in these territories by
analyzing their external cognition behaviors during problem-solving tasks. The task type and seating
arrangement have implicit impact on the development of personal and group territories and this in turn,
impacts the availability of these personal and group territories to support external cognition behavior.
In the storytelling task, participants tended to work together in the group territory, while in travel
planning individual work was more prominent in the personal territories. Furthermore, seating
arrangement affects the location and size of personal and group territories. When users were in the corner
seating arrangement, they shared the table corner as a group territory. The group territory in this
arrangement is more beneficial for external cognition. Users are close together and materials could be
placed in the same orientation for both, allowing them to reap more benefit from workspace awareness.
7.2.3 Identification of potential design solutions for space management and accessibility
in personal and group territories in digital tabletop workspaces
Any given table might not provide sufficient space for unplanned tasks or unexpected users. Even for a
specific preplanned task, the table space might not be sufficient in some cases. For example, assume a
crime scene investigation team uses a table to collaboratively analyze evidence gathered from a crime
scene. It is often impossible, or impractical, to imagine that the table might be able to accommodate every
type or size of evidence materials that the team may need to analyze in all of their possible cases. Thus,
sometimes the team would need to compromise and use alternative strategies for their analyses.
Since the ultimate goal of this research is to improve the design of digital tabletops, the study findings
were analyzed for potential design solutions to assist with space management and accessibility on such
digital tables. Multi-device workspaces, such as a digital tabletop connected to laptop or tablet displays,
were identified as a potential design solution to provide additional space for personal or group territories,
especially when a tabletop interface does not provide sufficient space for a given task. For expanding
personal territories, a mobile device may be used, while for expanding the group territory, a video wall or
nearby large-screen television may be more appropriate. Another possible solution is scaling artifacts to
have room for more important information at each moment. Scaling can be done manually by users, or
automatically based on where users are touching the table or how close are artifacts to the center of the
table.
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When a digital tabletop workspace provides excessive space, or due to seating arrangements some
areas of the workspace become difficult to reach, accessibility to content can hinder effective use of the
workspace. Digital tabletop design solutions that introduce automated object movement, such as interface
currents [19], or techniques that employ virtual reach extensions, such as virtual embodiments [35], were
identified as potential design solutions that address accessibility concerns. Such solutions, for instance,
could be employed when children wish to play on a digital table designed for adults.

7.3 Future Work
The experimental design used in this research can be extended to investigate further workspace
characteristics in tabletop collaborative problem solving. In particular, a more extensive analysis of
interaction between physical characteristics, such as artifact size and table shape, and external cognition
could be considered. The following sections elaborate on potential extensions of this research.
7.3.1 Investigating additional factors that may influence the spatial use of a collaborative
tabletop workspace
As all possible factors impacting the use of tabletop workspace could not be investigated in this research,
additional work is warranted to scrutinize additional factors that may also influence the use of space and
external cognition behavior in tabletop collaboration. Such follow-up work could include tables of the
same size used in this research to enable collection of comparable data, which consequently would be
helpful for further insights related to the design of digital tables. Potential directions to proceed with this
research are as follows.
-

Investigating the impact of group size: Another important design factor that could be investigated is
the group size as this research considered only a pair of participants working collaboratively on a
table. Space management and external cognitive behaviors seem to be different in various group
sizes. Ryall et al. [43] reported that different group sizes lead to different strategies in collaborative
tabletop problem solving. It would be interesting to observe the group size effect in the
experimental setting used in this thesis.

-

Investigating the impact of age, population and cultural factors: Future studies could also include
different user populations to better understand the generalizability of the results from this study.
For example, people of different ages (e.g. children or elderly), people with different physical
disabilities, and people of different nationalities could be included, as previous work has suggested
that such demographic factors may influence people’s spatial use of the table [59].
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-

Investigating tasks with measurable outcomes: The tasks included in the study described in this
thesis were open-ended problem-solving tasks. Other tasks with more easily evaluable outcomes or
measurable aspects could be investigated to enable the outcome quality of the collaborative task or
the completion time to be evaluated in more detail. This would enable, for instance, the ability to
assess the effect of limited table space on product quality and performance of participants.

7.3.2 Replicating the investigation on digital tables
Another research direction that warrants investigation is to replicate the conducted experiment on a digital
tabletop platform. Two similar tables, of sizes comparable to the tabletop workspaces used in this thesis,
or one large digital table could be used, where the “small” tabletop size could be emulated by activating
only a subset (e.g., half) of the tabletop interface. In this study, the width of the large table equaled the
length of small table, thus this approach would provide comparable results, especially if participants are
given a fixed seating configuration.
Even if experiments with two table sizes cannot be replicated on a given digital table platform, a study
investigating the spatial management and accessibility strategies on a digital tabletop platform would
clarify the generalizability of the findings of this thesis to digital tabletop workspaces, as well as
potentially identify additional strategies used to interact with digital media. Though some previous studies
have investigated spatial use of artifacts on a digital tabletop (e.g., [43] and [49]), none have investigated
the impact of workspace use and its interaction with external cognition.
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Appendix A
Recruiting Participants
Department of Systems Design Engineering
University of Waterloo

PARTICIPANTS NEEDED FOR
RESEARCH ON
COLLABORATION IN SHARED WORKSPACES
We are looking for volunteers to take part in a study of
collaborative tabletop interaction.
As a participant in this study, you would be asked to:
x
x
x

Perform two trials of one type of collaborative task (story telling or travel planning) at
different sized tabletop workspaces.
Perform two trials of the other type of collaborative task, again at different sized tabletop
workspaces.
Participate in a brief interview.

Your participation, with a partner, would involve 2 sessions,
each of which is approximately 30 minutes (total 1 hour).
In appreciation for your time, you will receive up to
$20.
The study will be held between Feb3 and feb20, 2009.
For more information about this study, or to volunteer for this study,
please contact:
Sepinood H.Gashti
Department of Systems Design Engineering
at
519-888-4567 Ext. 36813
Email: shajizad@uwaterloo.ca
This study has been reviewed by, and received ethics clearance through, the Office of
Research Ethics, University of Waterloo.
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Recruiting EMAIL
Subject: Participate in a Research Study

Message Body:
We are seeking participants for a study investigating collaborative tabletop
interaction. Participants will be asked to:
Perform two trials of one type of collaborative task (story telling or travel planning) at
different sized tabletop workspaces.
Perform two trials of the other type of collaborative task, again at different sized
tabletop workspaces.
Participate in a brief interview.
Your participation, with a partner, would involve 4 sessions, each of which is
approximately 20 minutes. The study will be video taped.
In appreciation for your time, you will receive $20 for completing all four sessions.
The study will be held between Feb3 and feb20, 2009.
Please contact Sepinood H.Gashti (email: shajizad@uwaterloo.ca, phone 519-8884567 Ext. 36813), Department of Systems Design Engineering, University of Waterloo.
This study has been reviewed by, and received ethics clearance through, the Office
of Research Ethics, University of Waterloo.
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Appendix B
Task Instructions

Task instruction sheet for Story-telling task (Friends series)
Please make a story with pictures of Friends series provided for you. You can choose one from
following themes for your story: Friendship, Family, Roommate, Dating and Entertainment.
If you want, you can make your story lines on the board.
You have 20 minutes for this task.

Task instruction sheet for Story-telling task (Seinfeld series)
Please make a story with pictures of Seinfeld series provided for you. You can choose one from
following themes for your story: Friendship, Family, Roommate, Dating and Entertainment.
If you want, you can make your story lines on the board.
You have 20 minutes for this task.

Task instruction for travel-planning task (Calgary)
You are going to plan a trip for a family (parents with two children, a 13-year old son and an 18-year
old daughter). They intend to go to Calgary in July for a weekend, from Friday morning to Sunday dinner
time. They have prepaid for a hotel located in downtown. They have also rented a van (prepaid and
unlimited miles). They have dedicated $800 for sightseeing and food (this budget excludes rental car, and
gas expenses).
Your task is to plan an appropriate itinerary for three days and two evenings using the materials
provided for you. Don’t worry about accommodation, car rental and gas fees.

Task instruction for travel-planning task (Vancouver)
You are going to plan a trip for a family (Parents and two children, a 13-year old son and an 18-year
old daughter). They intend to go to Vancouver in July for a weekend, from Friday morning to Sunday
dinner time. They have prepaid for a hotel located in downtown. They have also rented a van (prepaid and
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unlimited miles). They have dedicated $800 for sightseeing and food (this budget excludes rental car, and
gas expenses).
Your task is to plan an appropriate itinerary for three days and two evenings using the materials
provided for you. Don’t worry about accommodation, car rental and gas fees.
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Appendix C
Experimental Design

For each layout, two experiments was run.

G2 & G13:
Friends

Seinfeld

Vancouver

Calgary

G3 & G14:
Friends

Seinfeld

Vancouver

Calgary

G6 & G8:
Vancouver

Calgary

Friends
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Seinfeld

G7 & G15:
Vancouver

Calgary

Friends

Seinfeld

G9 & G16:
Friends

Seinfeld

Vancouver

Calgary

G10 & G17:
Friends

Seinfeld

Vancouver
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Calgary

G11 & G18
Vancouver

Calgary

Friends

Seinfeld

G12 & G19:
Vancouver

Calgary

Friends
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Seinfeld

Appendix D
Information sheet for participants

UNIVERSITY OF WATERLOO

INFORMATION SHEET FOR PARTICIPANTS
Title of Project: Investigating the effects of tabletop workspace design on group work.
Student Investigator: Sepinood Hajizadehgashti, Systems Design Engineering, 519-884-4567 x
37745
Faculty Supervisors:

Dr. Stacey Scott, Systems Design Engineering, 519-888-4567 x 32236
Dr. Edward Lank, Computer Science, 519-888-4567 x 35786

Summary of the Project:
This project is part of a research program aimed at the design of multi-user, large screen computer
interfaces, such as digital tabletop and wall displays. In order to develop effective interfaces for this
technology, we need to understand what types of collaborative interactions these systems should support.
Thus, this project focuses on understanding collaborative task and group interaction behaviour patterns on
different types of tabletop workspaces. Through observation of participants performing collaborative
tabletop activities the researchers hope to further understand common patterns of use related to tabletop
space and task resources during tabletop collaboration. The information gathered in this study will be
used to develop tabletop computer interfaces that support natural collaborative behaviour.
Procedure:
Your participation in this study will involve performing several social planning and layout activities
at tabletop workspaces, over two sessions held on successive days. You will complete these activities
with a partner.
A description of each activity follows.
Session 1 (to be completed today): You will receive an introduction to the experiment and then you
will be asked to:
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x
x
x

Complete a collaborative tabletop activity with a partner. In the activity, you will either create a
photo story using photos from a popular movie or television show, or produce a travel itinerary
based on supplied tourist attraction pamphlets from a given Canadian city.
Complete the same type of collaborative activity, using new materials, at a different tabletop
workspace.
Schedule your next session.

In Session 2 (to be completed on a subsequent day): You will return with the same partner. In this
session you will be asked to:
x
x
x

Complete the alternative collaborative tabletop activity listed above with your partner (e.g., travel
planning if you completed the photo story task in Session 1, or vice versa).
Complete the alternative collaborative activity again, using new materials, at a different tabletop
workspace.
Participate, with your partner, in a short interview with the experimenter related to the four
collaborative activity trials you have performed.

Each session will take approximately 1 hour. During each session, a researcher will observe and take
notes regarding your interactions with the activity resources and the tabletop, as well as your interactions
with your partner in sessions. You will also be videotaped and any task materials produced during the
session will remain with the researcher. You may withdraw your participation at any time without
penalty.
Confidentiality and Data Security:
All information you provide is considered completely confidential. Your name will not appear in any
publication resulting from this study; however, with your permission anonymous quotations may be used.
In these cases participants will be referred to as Participant 1, Participant 2, … (or P1, P2, … ) or
collectively as a group (Group A, B, … ). Data collected during this study will be retained indefinitely in
locked cabinets or on password protected desktop computers in a secure location. Electronic data will not
include personal identifying information such as names.
You will be explicitly asked for consent for the use of photo/video/audio data captured during the
study for the purpose of reporting the study’s findings. If consent is granted, these data will be used only
for the purposes associated with teaching, scientific presentations, publications, and/or sharing with other
researchers and you will not be identified by name.
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Compensation for Your Participation:
You will be compensated for your participation in this study, for a total of $20 if you complete both
sessions. If you choose to withdraw your participation from the study prior to study completion, you will
be compensated at the following rates:

Compensation for
Session

Hourly rate

1hour of participation

Session

$5/hour

$5

$15/hour

$15

1
Session
2

Expected Total Compensation

$20

Risks and Benefits:
There are no risks involved. Beyond the remuneration detailed above, there are no direct benefits to
you. However, the results of this research may contribute to the knowledge base of Human Systems
Engineering research and to lead to the development of digital tabletop workspaces.
I would like to assure you that this study has been reviewed and received ethics clearance through the
Office of Research Ethics at the University of Waterloo. However, the final decision about participation is
yours. If you have any comments or concerns resulting from your participation in this study, please
contact Dr. Susan Sykes at this office at 519-888-4567 Ext. 36005.
Thank you for your assistance in this project.
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Appendix E
Informed consent by subjects

UNIVERSITY OF WATERLOO

INFORMED CONSENT BY SUBJECTS TO PARTICIPATE IN A RESEARCH EXPERIMENT
Project: Investigating the effects of tabletop workspace design on group work.

I have read the information presented in the information letter about a study being conducted
by Sepinood H.Gashti of the Department of Systems Design Engineering at the University of
Waterloo. I have had the opportunity to ask any questions related to this study, to receive
satisfactory answers to my questions, and any additional details I wanted.
Sometimes a certain image and/or segment of videotape clearly show a particular feature or
detail that would be helpful in teaching or when presenting the study results at a scientific
presentation or in a publication.
I am aware that I may allow video and/or digital images in which I appear to be used in
teaching, scientific presentations, publications, and/or sharing with other researchers with the
understanding that I will not be identified by name. I am aware that I may allow excerpts from
the conversational data from this study to be included in teaching, scientific presentations and/or
publications, with the understanding that any quotations will be anonymous.
I am aware that I may withdraw my consent for any of the above statements or withdraw my
study participation at any time without penalty by advising the researcher.
This project has been reviewed by, and received ethics clearance through, the Office of
Research Ethics at the University of Waterloo. I was informed that if I have any comments or
concerns resulting from my participation in this study, I may contact the Director, Office of
Research Ethics at 519-888-4567 ext. 36005.
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Please
Circle One

Please Initial
Your Choice

With full knowledge of all foregoing, I agree, of my own free will, to
participate in this study.

YES

NO

____

I agree to be videotaped, photographed, and audio-taped

YES

NO

____

I agree to let my conversation during the study be directly quoted,
anonymously, in presentation of the research results

YES

NO

____

I agree to let the Videotapes/Digital Images/Audiotapes be used for
presentation of the research results

YES

NO

____

Participant Name: ______________________________________________________ (Please print)
Participant Signature: ___________________________________________________
Witness Name: ________________________________________________________ (Please print)
Witness Signature: _____________________________________________________
Date: ________________________________________________________________

114

Appendix F
Thank you letter for participants
Dear Participant,
I would like to thank you for your participation in this study. As a reminder, the purpose of
this study is to understand task and group interaction behaviour with task resources and a shared
workspace during tabletop collaboration.
The data collected during the study sessions will contribute to an improved understanding of
design requirements for collaborative, large-screen display systems, such as digital tabletop and
wall displays.
Please remember that any data pertaining to you as an individual participant will be kept
confidential. Once all the data are collected and analyzed for this project, I plan on sharing this
information with the research community through seminars, conferences, presentations, and
journal articles. If you are interested in receiving more information regarding the results of this
study, or if you have any questions or concerns, please contact me at either the phone number or
email address listed at the bottom of the page. If you would like a summary of the results, please
let me know now by providing me with your email address. When the study is completed, I will
send it to you. The study is expected to be completed by December 31,.
As with all University of Waterloo projects involving human participants, this project was
reviewed by, and received ethics clearance through, the Office of Research Ethics at the
University of Waterloo. Should you have any comments or concerns resulting from your
participation in this study, please contact Dr. Susan Sykes in the Office of Research Ethics at
519-888-4567, Ext., 36005.
Sincerely,
Sepinood H.Gashti
Master Candidate, Department of Systems Design Engineering
University of Waterloo
phone: 519-884-4567 Ext. 37745
email:

shajizad@uwaterloo.ca
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Appendix G
Coding

This appendix is in the enclosed CD (for the sake of brevity). The content on the data disc is available
from the Department of Systems Design Engineering, upon request.
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Appendix I
Reprinting Licenses
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This is a License Agreement between Sepinood HajizadehGashti ("You") and Association for
Computing Machinery, Inc. ("Association for Computing Machinery, Inc.") provided by Copyright
Clearance Center ("CCC"). The license consists of your order details, the terms and conditions
provided by Association for Computing Machinery, Inc., and the payment terms and conditions.
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