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Abstract

To make sense of data, data workers consider different kinds of alter-
natives: they examine a variety of data sources, explore diverse sets of
hypotheses, try out different types of methods, and experiment with
a broad space of possible solutions. These alternatives influence each
other within a dynamic and complex sensemaking process. Current an-
alytic tools, however, make it cumbersome and cognitively demanding
to handle such alternatives during sensemaking.

We focus on sensemaking as a human cognitive process enabled
through appropriate tools. We address the following questions: How
do alternatives fit within the sensemaking process? How can tools
better support the exploration and management of alternatives?

We first conduct semi-structured interviews with twelve data work-
ers to better understand the role of alternatives in sensemaking. We
look at the different kinds and meanings of alternatives for our data
workers, why they explore them, and how these alternatives fit into
their overall sensemaking processes. Drawing upon our analyses and
findings, we characterize alternatives using a theoretical framework
based on participants’ 1) degree of attention, 2) abstraction level, and
3) analytic processes. We show how this framework can help describe
and reason the kinds of alternatives considered in sensemaking, the
related processes, and how tool designers might create more flexible
tools to better support them.

With this general understanding, we then study alternatives in the
qualitative analysis context. We find that practitioners often mix alter-
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native methods, compare multiple analytic lenses, and adopt different
representations. In current tools, these alternatives and relevant arti-
facts are often disconnected, leaving analysts to cobble together work-
flows and apply ad-hoc strategies. We implement a proof-of-concept
prototype, ADQDA, to explore how analysts can appropriate avail-
able digital devices as they fluidly migrate between analytic phases or
adopt different methods and representations, all while preserving con-
sistent analysis artifacts. We validate this approach through a set of
application scenarios that explore how it enables new ways of analyz-
ing qualitative data that better align with the identified alternatives
in sensemaking practices.

Finally, we study alternatives in the context of reuse. Analysts
often reuse contents generated in computational notebooks to other
places like presentation slides. We consider the original content and
its derivative as “alternatives” that diverge from the moment of reuse.
These alternatives might be applied with the same updates or be mod-
ified differently during the sensemaking process. We introduce “com-
putational transclusion” as a novel reuse approach that maintains the
links between pairs of alternatives to facilitate tracking and coordinat-
ing changes. We explore this concept in the context of transcluding
data visualizations. By examining various reuse scenarios, we propose
a set of transclusion properties to clarify the different kinds of links
between the alternatives. We also explore how to reify them in the
user interface to enable flexible (re-)configurations of transclusion to
suit users’ contextual needs.

We conclude that tools can better support sensemaking by adapt-
ing to data workers’ contextual needs and linking associated alterna-
tives as they arise in the sensemaking process. Chapter 3 explores
the kinds of alternatives that arise in sensemaking; Chapter 4 shows
how tools can link alternatives and be appropriated within the specific
context of qualitative data analysis. Chapter 5 probes different types
of links between alternatives within the context of reuse.
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Pour bien comprendre les données, les “data workers” considérent dif-
férents types d’ alternatives: ils examinent une variété de sources
de données, explorent diverses hypotheses, essayent différents types
de méthodes et expérimentent un large éventail de solutions possi-
bles. Ces alternatives s’influencent mutuellement dans un processus
dynamique et complexe de “sensemaking”. Pourtant, les outils d’analyse
actuels sont lourds et cognitif exigeants pour traiter ces alternatives.

Nous nous concentrons sur le sensemaking comme un processus cog-
nitif humain facilité par des outils appropriés. Nous répondons aux
questions: Comment les alternatives s’intégrent-elles dans le proces-
sus de sensemaking ¢ Comment les outils peuvent-ils mieux soutenir
Uexploration et la gestion des alternatives ?

Nous menons des entretiens semi-structurés avec douze “data work-
ers” afin de mieux comprendre le role des alternatives dans le sense-
making. Nous examinons les différents types et sens des alternatives
pour nos participants, les raisons pour lesquelles ils les explorent, et la
maniere dont ces alternatives s’integrent dans leurs processus généraux
du sensemaking. En s’appuyant sur nos analyses et résultats, nous car-
actérisons les alternatives en utilisant un cadre théorique basé sur (1)
le degré d’attention, (2) le niveau d’abstraction, et (3) les processus
d’analyse des participants. Ce cadre est capable d’aider a décrire et
a raisonner les types d’alternatives dans le sensemaking, les pratiques
qui y sont liées, et comment les concepteurs d’outil pourraient créer
des outils plus flexibles afin de mieux les soutenir.
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Avec cette compréhension générale, nous étudions ensuite les al-
ternatives dans le contexte de I'analyse qualitative. Nous constatons
que les praticiens mélangent souvent des méthodes alternatives, com-
parent plusieurs angles d’analyse, et adoptent différentes représenta-
tions. Dans les outils actuels, ces alternatives et les artefacts liées
sont souvent déconnectés, ce qui laisse l'analyste griffonner des flux
de travail et appliquer des stratégies ad hoc. Nous mettons en ceuvre
un prototype, ADQDA, pour explorer comment les analystes peuvent
s’approprier les dispositifs numériques disponibles lorsqu’ils migrent
de maniere fluide entre les phases analytiques ou adoptent différentes
méthodes et représentations, tout en préservant des artefacts d’analyse
cohérents. Nous validons cette approche a travers un ensemble de scé-
narios d’application qui explorent comment ADQDA permet de nou-
velles facons d’analyser des données qualitatives qui s’alignent mieux
avec les alternatives identifiées dans les pratiques de sensemaking.

Enfin, nous étudions les alternatives dans le contexte de la réutil-
isation. Les analystes réutilisent souvent les contenus dans les “com-
putational notebooks” a d’autres endroits, comme les diapositives
de présentation. Nous considérons le contenu original et son dérivé
comme des "alternatives” qui divergent a partir du moment de la réu-
tilisation. Ces alternatives peuvent étre appliquées avec les mémes
mises a jour ou étre modifiées différemment au cours du processus
de sensemaking. Nous présentons la "computational transclusion”
comme une nouvelle approche de réutilisation qui maintient les liens
entre les paires d’alternatives pour faciliter le suivi et la coordination
des changements. Nous explorons ce concept dans le contexte de la
transclusion des visualisations. En examinant divers scénarios de réu-
tilisation, nous proposons un ensemble de propriétés de transclusion
pour clarifier les différents types de liens entre les alternatives. Nous
explorons également comment les réifier dans l'interface utilisateur
afin de permettre des (re)configurations flexibles de la transclusion
pour répondre aux besoins contextuels des utilisateurs.
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Nous concluons que les outils peuvent mieux soutenir le sensemak-
ing en s’adaptant aux besoins contextuels des utilisateurs et en reliant
les alternatives associées dans le processus de sensemaking. Le chapitre
3 explore les types d’alternatives qui apparaissent dans le sensemaking
; le chapitre 4 montre comment les outils peuvent relier des alternatives
et étre appropriés dans le contexte de 'analyse des données qualita-
tives. Enfin, le chapitre 5 examine les différents types de liens dans le
contexte de la réutilisation.
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CHAPTER |
Infroduction

With increasing access to diverse kinds of data sets, analytic tools, and
interactive devices, people from various domains rely on data analy-
sis to gain insight, inform actions, and make decisions. For example,
an HCI researcher may analyze participants’ data collected in experi-
ments to verify the impact of a novel interaction technique. A police
officer analyzes incident and crime reports to connect the dots and dis-
cover crime patterns. We refer them as “data workers.” The process
that people go through to collect, organize, and structure information
for understanding is known as “sensemaking” [1,2].

1.1  Motivation

Data workers often need to solve ill-defined and open-ended problems.
Instead of following a straightforward pipeline, they need to consider
and explore different kinds of alternatives: they examine a variety
of data sources, explore diverse sets of hypotheses, try out different
types of methods, and experiment with a broad space of possible so-
lutions until they feel confident to draw conclusions [3-5]. These al-
ternatives further influence each other within a dynamic and complex
sensemaking process. For example, the application of an alternative
visualization could reveal hidden insights and lead to an alternative
hypothesis. This hypothesis, in turn, could require building different
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models or collecting additional data sets.

Back in the 1960s, John Tukey used the term “exploratory data
analysis” to describe the messy and iterative analysis processes [6].
Data analysis is like experimentation, where “the actual steps are se-
lected segments of a stubbily branching, tree-like pattern of possible
actions”. Later in the 1990s, Pirolli and Card proposed a sensemaking
model to characterize the analytic process. The model contains two
major loops: the information foraging loop where analysts search for
data and transfer it to meaningful information units; and the sense-
making loop where they organize data to schemas and form hypothe-
ses [1]. During the overall sensemaking process, analysts arbitrarily
mix these two loops and iteratively go back and forth between various
analytic tasks.

Building upon their work, we consider data workers’ sensemaking
practices as a series of explorations and iterations on a combination
of different types of “alternatives” — of hypotheses, data, algorithms,
tools, etc. Despite the breadth of work around sensemaking practices,
the particular role of alternatives remains under-explored. While past
work has explored various concepts of alternatives, such as multiples
and multiforms in data visualizations [7] or variations and versions
in coding practices [8,9], what constitutes an alternative remains am-
biguous. Different meanings of alternative exist in different contexts,
and the term itself encapsulates many concepts. To fill in this gap,
the first goal of this dissertation is to provide a deeper understanding
on the particular role of alternatives as they fit within data workers’
sensemaking processes.

Tool designs can impact the way analysts perform, record, and
share their work due to human-tool co-adaptation [10]. Without ap-
propriate external tools, data workers could not conduct efficient sense-
making practices. Technology today might provide good support for
transforming, visualizing, and even identifying potential patterns of
data by using advanced machine learning techniques. Yet sensemak-
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ing is still fundamentally a human activity. Data workers rely on their
working experience and domain knowledge to select pertinent analytic
questions, apply appropriate methods, reason on multiple schemas,
and combine a variety of tools to fulfill these analytic tasks. Multiple
types of data workers need to collaborate to perform more complex
analytic tasks [4,11].

Existing tools tend to serve a specific purpose with some pre-
defined functionalities and workflows. It is hard to extend existing
functionalities, adapt them for alternative purposes, or combine them
based on analysts’ contextual needs. For example, computational note-
books facilitate data workers to explore ideas by experimenting with
code, but users need to apply ad-hoc strategies to version the code,
compare different analytic paths, and record the underlining reasoning
process [8,12].

To explore alternatives, analysts often cobble together workflows,
switch between different files, applications, and apply ad-hoc strate-
gies. As a result, the alternatives which are meant to be related and
connected end up in scattered and isolated files and applications. An-
alysts waste a significant amount of time and mental resources in try-
ing to reconnect them and coordinate them as the analysis continues.
Worse still, they might lose track of the explored alternatives, which
can hamper their analytic reasoning and might lead to poor problem
solving and decision-making [13]. Therefore, the second goal of my
dissertation is to explore how to design tools that can be easily appro-
priated to explore alternatives and can re-establish the missing links
among relevant alternatives to facilitate managing them.

Many inspiring concepts and theories have been brought up to rede-
fine the relationship between tools and human activities. For example,
the “shareable dynamic media” concept [14] imagine systems as infor-
mation substrates that can be easily shared across people and devices,
and can be dynamically modified from within. Instead of designing
tools for certain tasks, Activity Theory studies heterogeneous devices
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as part of an artifact ecology where “one can dynamically interplay
with others and with users’ web of activities” [15,16]. This dissertation
demonstrates how these concepts and theories can be applied in build-
ing more flexible tools to support exploring and managing alternatives
throughout the sensemaking process.

Thesis Statement Data workers consider different kinds of alter-
natives within a dynamic and complex sensemaking process. Digital
tools can facilitate sensemaking by (1) applying various linking mecha-
nisms to help track and manage associated alternatives; and (2) being
re-configurable in terms of devices and features to let the user adapt
these tools to their contextual needs during the overall sensemaking
process.

1.2 Research Questions &
Approaches

This dissertation has two high-level goals: first, to provide a deeper
understanding of alternatives and their role in data workers’ sensemak-
ing processes; second, to explore how to build flexible tools that can
better support the exploration and management of alternatives during
the sensemaking process. We formulate two main research questions
with a set of subsequent questions:

RQ1: How do alternatives fit within the sensemaking pro-
cess? Do data workers consider alternatives in their sensemaking
process? To what extent do they explicitly explore and manage alter-
natives? What are the different kinds of alternatives that arise? How
do they fit within the overall sensemaking process?
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RQ2: How can tools better support the exploration and man-
agement of alternatives? Do current analytic tools sufficiently
support the practices around alternatives? When do they break down?
How do encouraging tool design concepts and technologies can be ap-
plied to solve these problems?

Research Approach To answer these questions, we study sense-
making as the intersection of human cognitive processes and the tools
that enable them. It is essential to combine both deeper understand-
ings of real-world sensemaking practices around alternatives with en-
couraging concepts or theories on designing more flexible tools to sup-
port them. We thus apply a combination of various qualitative meth-
ods, such as interviews and observations, together with designing and
prototyping new forms of tools to identify solutions to existing prob-
lems.

More concretely, we first conduct an empirical study to character-
ize alternatives in data workers’ sensemaking processes. We present
our findings and a framework of alternatives as a systematic way to
think and reason alternatives in general. With the aid of this frame-
work, we look into two specific analytic contexts: 1) alternatives in
qualitative analysis using the affinity diagramming technique, and 2)
alternatives in the context of reuse, where data workers reuse artifacts
from computational notebooks to other places during sensemaking.
We present our vision of more flexible tools which can better support
alternatives in these two sensemaking contexts. We demonstrate show
how new-ish technologies can be combined to realize our vision.
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1.3 Contributions

Based on Wobbrock and Kientz’s seven research contributions types
in HCI [17], the primary contributions of this dissertation fall under
three areas: theoretical, artifact, and empirical.

e Theoretical contributions: a theoretical framework to help
describe, understand, and reason about the role of alternatives
in general data analysis practices (Chapter 3); a design space
on qualitative data analysis tools under the lens of alternatives
(Chapter 4); a concept of “computational transclusion” that
helps track and coordinate alternatives in the context of reuse
(Chapter 5).

Artifact contributions: a proof-of-concept prototype, ADQDA
— a web-based, collaborative, cross-device affinity diagramming
tool for qualitative data analysis (Chapter 4); a web-based sand-
box system for exploring different kinds of reuse cases; and the
implementation of several demonstrative scenarios on transclud-
ing data visualizations (Chapter 5).

Empirical contributions: semi-structured interviews with 12
data workers that report the reasons; triggers and barriers; differ-
ent notions and processes around alternatives; as well as strate-
gies applied by our participants (Chapter 3). Informal inter-
views with 3 affinity diagramming practitioners combined with
our own experience that reveal real-world qualitative sensemak-
ing practices with affinity diagrams and the pain-points with
current tools (Chapter 4).
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1.4 QOutline

We outline the chapters of this dissertation as follows:

Chapter 1 introduces the motivation of this dissertation, our re-
search questions and approaches, as well as our contributions. We
demonstrate why we study alternatives in sensemaking processes and
how current tools fail to support the exploration of alternatives (sec-
tion 1.1). We describe what questions we aim to solve and how we
plan to solve them (section 1.2). Finally we conclude with a summary
of our contributions in this dissertation (section 1.3).

Chapter 2 presents the background of this work, including various
notions around alternatives that have been studied and how exist-
ing sensemaking models capture them (section 2.1); past research on
the different kinds of techniques and systems to support alternatives
and sensemaking practices (section 2.2); the emerging concepts and
theories that lead to redesign digital tools in a more flexible manner
(section 2.3).

Chapter 3 investigates the role of alternatives as they fit within the
sensemaking processes. We present our semi-structured interviews and
our findings (section 3.1, 3.2 & 3.4). We characterize alternatives us-
ing a framework to help better describe, understand, and reason the
kinds and notions of alternatives, as well as the related processes in
sensemaking (section 3.3). We showcase its application on tool designs
by looking at four specific analysis systems (section 3.5). We further
discuss our work by comparing with other existing notions around
alternatives and reflect on its limitations (section 3.6). Finally, we re-
view the potential future research directions of this work (section 3.7).
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Chapter 4 focuses particularly on alternatives in qualitative data
analysis using the affinity diagramming method. We review related
work around affinity diagramming practices and tools that support
them (section 4.2). Based on informal studies and our own experience,
we describe a design space to characterize data workers’ sensemak-
ing processes and the kinds of alternatives involved (section 4.3). We
present our vision of flexible and linkable qualitative sensemaking tools
and a proof-of-concept prototype ADQDA (section 4.4). We validate
this approach through a set of application scenarios (section 4.5). Fur-
thermore, we discuss the kinds of alternatives supported in ADQDA
using the framework of alternatives as identified in section 3.3 (sec-
tion 4.6). We end this chapter by discussing the limitations of this
work and what can be done in the future (section 4.7 & 4.8).

Chapter 5 introduces the concept of “computational transclusion”
as a novel reuse approach that maintains the links between alternatives
in the context of reuse. We first introduces our motivation for envi-
sioning “computational transclusion” (section 5.1). We review related
work on existing reuse techniques (section 5.2). We explore transclud-
ing data visualizations by examining various reuse scenarios using a
sandbox system (section 5.3). We propose six pertinent properties of
transclusion and explore how to reify them in the user interface to en-
able flexible (re-)configurations of transclusion (section 5.4). Finally,
We discuss the limitations of our work as well as what can be done in
the future (section 5.5 & 5.6).

Chapter 6 concludes how our research goals have been achieved
and reviews our contributions in this dissertation (section 6.1). We
further discuss what we have learned and the implications for future
work (section 6.2).



CHAPTER 2
Background

This dissertation investigates how people make sense of data through
the lens of alternatives, and explores how to design tools to better sup-
port exploring alternatives during sensemaking. There are three key
concepts involved: sensemaking, alternatives, and tool design. This
chapter expands on these concepts and their interplays.

In section 2.1, we review various notions and concepts around alter-
natives and present typical sensemaking models which formalize sense-
making processes. We discuss the role of alternatives either explicitly
or implicitly mentioned in these models. In section 2.2, we look at how
interactive systems are designed to support the exploration of alterna-
tives and the overall sensemaking process. In section 2.3, we present a
brief history of software design as well as emerging approaches and the-
ories. We discuss how these theories inspire us to design more flexible
tools to support alternatives in sensemaking.
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2.1 Alternatives and Sensemaking

In this section, to define the scope of our work, we first explain the
concept of sensemaking and the type of analysis tasks we consider. We
then review different notions and concepts of alternatives and their role
in existing sensemaking models.

2.1.1 Sensemaking and data analysis

The term and concept of “sensemaking” was introduced to Human—
Computer Interaction (HCI) by PARC researchers Russell, Stefik, Pirolli,
and Card in 1993 [1,18]. It is also widely applied in domains such as
psychology (Klein’s sensemaking) [19,20], library and information sci-
ence (Dervin’s sense-making) [21] and organizational science (Weick’s
sense-making) [22]. In this dissertation, we take the perspective of
sensemaking in HCI — the process that people go through to build
understanding out of a collection of data, to structure the unknown
into insights, schemas, and hypotheses that can be acted on.

In sensemaking tasks, people often handle open-ended and ill-defined
problems. The analytic process is like experimentation. Instead of fol-
lowing a pipeline, data workers often need to explore a broad space of
alternatives and iteratively go back and forth to update, compare and
manage them. The data to be analyzed could be either quantitative or
qualitative or a mix of them. It could be obtained from diverse sources.
Sensemaking has been viewed as a prerequisite to inform conclusions,
solve problems, and support decision-making [23]. We present a more
detailed review on sensemaking in the following section (section 2.1.3).

There exist another well-known term, “data analysis” We can
use both “data analysis” or “sensemaking” to describe the process of
making sense of data. These two terms could be distinguished based
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on their focus: sensemaking and the studies around it tends to put a
cognitive focus to analyze and describe the data analysis process; data
analysis tends to be used with a computational focus to emphasize
the operations on cleaning, transforming, and modeling data. Data
analysis can be further divided into descriptive statistics, exploratory
data analysis (EDA), and confirmatory data analysis [24]. Among
them, exploratory data analysis, defined as “looking at data to see
what it seems to say” by John Tukey [6], most closely resembles the
kind of analysis tasks we consider.

In this dissertation, we leave aside this difference between these
two terms. We use data analysis or sensemaking interchangeably to
describe the process that people go through to understand data. Data
workers, sense-makers, and (data) analysts are also used interchange-
ably to describe the groups of people who need to gain insights from
data in their daily work. They might not necessarily consider them-
selves as data scientists due to the diversity of their domain knowledge,
levels of programming skills, and degrees of formalism when they han-
dle their analytic tasks.

2.1.2 Various concepts around alternatives

Merriam-Webster’s online dictionary [25] defines an alternative as some
thing that is “available as another possibility or choice.” The notions
and concepts around alternatives have been widely explored in the
domain of data analysis and design. These two domains share com-
mon characteristics: they both portray highly iterative processes and
handle ill-defined, open-ended problems.

Unlike our work, which focuses on the role of alternatives in the
overall sensemaking process, past research on alternatives tends to fo-
cus on specific artifacts or particular analytic contexts. For example,
the notion of “multi-forms and multiples” considers alternative forms
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for data visualization [7]; the notions of “code versions” and “variants”
examine alternative code pieces [8,12,26,27], etc. These studies illus-
trate the diversity of the kinds and notions of alternatives, and why it
is important to data analysis and design processes.

In the domain of design, working with multiple alternatives has
being considered a central activity [28-30]. Tohidi et al. [30] find
that designers, either working individually or in a team, explore mul-
tiple alternatives throughout all stages of the design process. They
further find that exposing the design alternatives to end users can
obtain more critical comments which may lead to better design solu-
tions. Hartmann et al. [3] find that interaction designers build alter-
native prototypes to better understand the design space, reason about
various design trade-offs, and enable effective decision making within
organisations. They identify two distinct types of alternatives: source
code alternatives for testing different application logic, and parameter
variations for tuning and observing interactions at runtime. Terry et
al. [31] further distinguish between the notions of variations and it-
erations for a design: variations are “alternative solutions to a given
problem at a point in time,” and iterations are “the same solution to
a problem at a given point in revision.”

Parametric and generative design methods enable users to explore
a large set of alternative design solutions by tuning the expression of
parameters and rules [32-34]. Woodbury et al. [29] define alternatives
as “structurally different solutions to a design,” while variations are
“design solutions with identical model structure, but having different
values assigned to parameters.” However, the large number of alter-
natives also causes problems and challenges, including choice overload
problem, high cognitive cost, and display constraints to view multiple
alternatives simultaneously [28, 35, 36].

Focusing on the sensemaking domain, the importance of gener-
ating, elaborating, and testing alternative hypotheses has been em-
phasized in the process of intelligence analysis, a prototypical and
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intensive sensemaking task [37-39]. Analysts often employ competing
hypotheses to evaluate all reasonable alternatives [40]. Similarly, in
the domain of business intelligence, analysts view alternatives as dif-
ferent scenarios explored to inspect the behavior of a complex system
(i.e., the enterprise business). The process is referred to as “what-if”
analysis, measuring variations of a given simulation model by chang-
ing a set of independent variables [41]. In digital marketing, Guo et
al. [42] find that instead of showing the top-one result in event se-
quence prediction, users are more confident in making decisions when
strong alternative predictions are displayed. Boukhelifa et al. [11] fur-
ther study how different kinds of domain experts collaboratively make
sense of simulation models, and find that alternative analysis scenarios
branch out from previous research questions and hypotheses.

For data analysis tasks in general, recent studies show that data
scientists write alternative versions of exploratory code [8,12,26,27],
apply multiple alternative models [43], or probe into variations on a
single model [44]. For example, in sequence models, alternatives are
defined as “reasonable and interpretable modifications of the model
input and internals during inference mode to help with understanding
and debugging.” [45] Kery et al. identify challenges in terms of code
alternatives for data scientists using computational notebooks, includ-
ing duplicated and inconsistent alternatives, difficulty in generating,
cleaning, and tracking alternatives, etc [8,12,46].

Data workers often apply visual analytics to make sense of data. By
reviewing visual analytics systems, including Jigsaw [47], visTrails [48],
and Tableau!, Chen and Guenther identify three typical types of al-
ternatives considered by them: data, visualization, and hypotheses
alternatives [33,34]. Van et al. [7] propose the concept of “small multi-
ples, large singles” which enables users to explore multiple alternative
states of a visualization. Wood et al. [49] emphasize the importance

'https://www.tableau.com/, accessed on 21/03/2021.
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of capturing and sharing design rationales behind each alternative vi-
sualization exploration path, and propose the “branching narratives”
model to prompt such actions.

Apart from data analysis and design processes, conducting research
is also a sensemaking process. Kale et al. [50] focus on the importance
of alternative analyses to managing uncertainty in research synthesis.
They refer to alternatives as a “garden of forking paths” — a series of
analytical decision-points, each of which has the potential to influence
findings. Guo and Laidlaw [51] propose using topic models as an aid
for research idea generation, and find this approach leads to more di-
vergent thinking and encourages users explore more alternative angles
when elaborating the core aims.

The above research provides a variety of notions and concepts
around alternatives. It tends to study specific types of alternatives
under particular contexts. Our studies, instead, focus on the role of
alternatives as they fit within the overall sensemaking process. We find
that the different types of alternatives considered by our data workers
align well with those discussed in previous findings. This dissertation
contributes a theoretical framework to help describe and reason about
the various kinds of notions and meanings of alternatives in sensemak-
ing (chapter 3). It further provides notions of alternatives under two
specific sensemaking contexts: qualitative data analysis (chapter 4)
and sensemaking with computational notebooks (chapter 5).

2.1.3 Alternatives in sensemaking models

To understand how alternatives fit within data workers’ sensemaking
processes, it is important to understand sensemaking in general. Past
research has examined sensemaking processes under different contexts
and from different viewpoints. In this section, we review representative
models developed to describe the sensemaking or data analysis process.
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We discuss how these models consider, either explicitly or implicitly,
the exploration of alternatives, as well as the kinds of alternatives they
consider.

By observing how people make sense of large amounts of infor-
mation about laser printers, Russell et al. [18] develop a sensemaking
model that focuses on the external knowledge representations in sense-
making activities. As shown in figure 2.1, analysts first search for a
good representation and then iteratively encode information in this
representation. The central activity is identified as the “representa-
tion shift loop” — when analysts find data items that do not fit into the
current representation, they need to keep adjusting the representation
for better data coverage. This adjustment could lead to a variant on
the current representation or a new alternative one. We consider that
Russell et al’s model emphasizes the “representation alternatives”.

Klein et al. [20] take macrocognition approach and propose the

Learning Loop Complex

Search for Good Generation Loop
Representations
Representati
Representations Residue 4.eg1‘.er'xm'rolml

- Shift Loop
Instantiate
Representations Data Coverage Loop
(create encodons)

Processing
requirements
of task

encodons

Task Structure

Figure 2.1. Russell et al’s sensemaking model, demonstrating how ana-
lysts iteratively change the representation to fit data [18].
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Figure 2.2. Klein et al’s Data Frame Model, demonstrating an active
two-way process of “fitting data into a frame” and “fitting a frame
around the data.” [20]

Data-Frame theory. They use the metaphor “frame” to represent the
mental models held by analysts on the connections among data. A
frame can be expressed in various forms, such as stories, maps, orga-
nizational diagrams, scripts, etc. They describe sensemaking as an
active two-way process of “fitting data into a frame” and “fitting a
frame around the data.” Frame and data are thus interdependent:
frames are built and iteratively updated based on data and in turn
shape and define the relevant data, as shown in figure 2.2. For exam-
ple, an analyst may generate new alternative frames when detecting
anomalies or inconsistencies. Thus their model describes “frames” and
data alternatives, as well as the interconnections between them.

Pirolli and Card [1] further extend Russell et al’s sensemaking
model for intelligence analysis in general. As shown in figure 2.3, the
processes are structured by degree of effort and degree of information
structure. The overall process contains two major loops: a foraging
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Figure 2.3. Pirolli and Card’s sensemaking model, demonstrating the
iterations between different analytic stages and tasks during the sense-
making process [1].

loop — where analysts search for information, often from various kinds
of sources, and filter it based on the task-specific questions and goals;
a sensemaking loop — where analysts organize the information into
certain kinds of schemas to build mental models and update their un-
derstanding on the analyzed problem. An analysis could begin either
top-down (theory or structure driven) or bottom-up (data-driven). No
matter the strategy, it involves an opportunistic mix of them: analysts
iteratively weave between forgaing and sensemaking processes, as well
as their sub-activities. Each back and forth between analytic stages
could potentially introduce certain types of alternatives. For exam-
ple, the generation of alternative hypotheses could lead to gathering
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alternative data items for processing.

Our research is largely inspired by Pirolli and Card’s sensemak-
ing model. We consider sensemaking as a messy and iterative process
where analysts go back and forth between different analytic tasks with
different kinds of internal or external representations. Instead of fo-
cusing on intelligence analysis, we study the practices of data workers
in general and examine the role of alternatives as they fit within their
analysis process.

Zhang and Dagobert [23] further extend existing sensemaking mod-
els by taking ideas and concepts from the fields of learning and cogni-
tion. As shown in figure 2.4, this model provides a more detailed look
on the activities and cognitive mechanisms engaged in sensemaking.
Similarly, Zhang and Dagobert emphasize the iterations between dif-
ferent activities. In terms of alternatives, they distinguish between the
concepts of “tuning” and “restructuring”: tuning represents the “evo-
lutionary conceptual change in the schemas” or a “weak revision;” and
restructuring, represents “conceptual changes that involve the radical
change of existing structures or creation of new structures.”

All these sensemaking models focus on cognitive process and de-
scribe the high level practices around individual sensemaking. Other
data analysis models, which not necessarily emphasize on the cognitive
process or mechanisms, also consider the importance of alternatives.
Huber [53] identifies nine stages in the overall data analysis process
and stresses the importance of conducting alternative what-if analy-
ses. For example, he suggests pooling some subsets of the data or
using different types of models. Guo [52] characterizes the process
of research programming, where researchers from different domains
write exploratory code to test ideas and obtain insights from data. As
shown in figure 2.5, he identifies “explore alternatives” as one com-
ponent of the model, which ties together the reflection and analysis
process. Although these models consider alternatives as a single stage
of analysis occurring within an iterative sensemaking loop, in practice
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Sensemaking uses many processes, activities, and mechanisms in different iterative patterns. The model tries
to capture often-observed or recommended patterns, suggesting a more orderly process than might exist.
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Information seeking is often divided into searching for data and structure and
searching for / extracting data and pieces of structure.

Most sensemaking processes involve both external and internal representations, and the interplay
between them. In each process, the cognitive mechanisms listed below can be used as applicable.

Inductive Structure-driven Both or Neither
(data-driven, bottom-up) (logic-driven, top-down)
Key item extraction Definition Comparison
Restatement Specification Analogy
Judgment or evaluation Explanation-based mechanisms Classification
Summarization Elimination Stereotyping
Schema induction Inference Semantic fit
Generalization Questioning
Socratic dialogues

Figure 2.4. Zhang and Dagobert’s Sensemaking Model, focusing on the
processes, activities and cognitive mechanisms in sensemaking [23].

it may be difficult to separate the exploration of alternatives from
other sensemaking actions. Huber explains the reason that “alterna-
tives is represented in its own stage because it is difficult to order
the sensemaking phases since they naturally and repeatedly appear in
cycles between different actions.”

In conclusion, despite that these models differ in emphasis and
nuance, the basic pattern of switching and looping between differ-
ent kinds of analytic stages and representations is in common to all
models. They all explicitly or implicitly illustrate the exploration of
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Figure 2.5. Overview of a typical research programming workflow by
Guo [52].

alternatives, some consider it as a component of the model, and some
as a driven factor for, or the consequence of the execution of other
components in the model. Yet, they do not specifically study sense-
making under the lens of alternatives as our work. This dissertation
contributes findings and a theoretical framework to describe and rea-
son about the role of alternatives as they fit within the sensemaking
process in general (chapter. 3). It also contributes the kinds of alterna-
tives as they fit within the specific context of qualitative sensemaking
(chapter. 4).



2.2 Interactive Systems & techniques for Alternatives and Sensemaking 21

2.2 Interactive Systems &
techniques for Alternatives and
Sensemaking

Although data workers explore a variety of alternatives in their sense-
making processes, past research reveals that existing tools cannot ef-
ficiently support them. In this section, we review the systems and
techniques proposed to facilitate the exploration of alternatives in the
domain of data analysis and design (section 2.2.1). We also review
several representative interactive systems that support sensemaking
processes in general (section 2.2.2).

2.2.1 Systems & techniques for alternatives

Many analysis tools, including those used by data workers, rely on
the Single State Document Model [31] — where only one state is sup-
ported in the system (or document) at any point in time. As a result,
users need to develop workarounds and apply ad hoc approaches to
compensate for the lack of sufficient tool support for alternatives. For
example, data scientists duplicate code snippets and functions; inter-
leave comment and un-comment; or rely on redo and undo commands
to explore alternative analysis. They also apply informal or formal
versioning methods to manage the explored alternatives [8,54,55]. De-
signers also improvise various ways to create and manipulate alterna-
tives, such as creating and toggling layers; using a large canvas for
viewing multiple designs; creating file naming conventions; and using
undo and redo to cycle between different states [31].
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Figure 2.6. Subjunctive Interfaces, a technique to extend interface
for exploring multiple alternative scenarios in information processing
tasks [56].

A variety of methods and tools for have been introduced to bet-
ter support the exploration of alternatives. Toomim et al. [57] invent
“Linked Editing,” a lightweight editor based technique to enable simul-
taneous authoring of alternative pieces of code. Terry et al. [31, 58]
introduce set-based interaction techniques which allow simultaneous
manipulation on multiple graphic elements. Side Views [31] supports
explicit preview, comparison and generation of alternative visualiza-
tion. In Parallel Pies [58], users can explore multiple parameter config-
urations of an image by sub-dividing the canvas for different transfor-
mations. Lunzner & Hornbeek’s Subjunctive Interfaces [56] pioneered
techniques for parallel exploration of multiple scenarios by extending
the application’s user interface, as shown in figure 2.6. Hartmann
et al. [3]’s Juxtapose, a system designed for for interaction designers,
supports both code alternatives while authoring application logic, and
interface alternatives when tuning application variables at runtime.
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The above systems and techniques are pioneers in supporting al-
ternatives. They emphasize the requirement of simultaneous viewing,
editing, and comparing multiple alternative instances, including source
code, parameters, graphic or simulation results. In our research, we
consider them as artifact alternatives.

Besides support for parallel editing of multiple alternatives, Zaman
et al. implement post-hoc synchronization of alternatives in genera-
tive design in the GEM-NI and MACE system [36]. Kolari¢ et al’s
CAMBRIA [59] implements two kinds of operations to explore de-
sign alternatives: “pass variables” to enable the exchange of elements
between alternative designs, and “pass values” to enable the propa-
gation of element’s property values to other alternatives with similar
elements. CAMBRIA provides various kinds of layout for comparing
design alternatives, such as juxtaposition and superposition, as shown
in figure 2.7.

The development of interactive machine learning (iML) tools, such

Figure 2.7. CAMBRIA system supports different kinds of operations on
design alternatives and provide various kinds of layouts to facilitate
the comparison of alternatives [59].
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as RapidMiner [60] or orange 2, allow data workers to quickly explore
alternative ML algorithms using visual workflows [61,62]. However,
users can only access to predefined components and methods. It is
difficult to add additional algorithms, alter them for specific needs, or
inspect into each component and vary its behaviors.

In visual data exploration, Elzen et al. [7] introduce the “small
multiples and large singles” method and filmstrip metaphor to help
non-expert users view, compare and interact with alternative visual-
izations to explore multivariate data sets. In the context of mixed
initiative systems, EvoGraphDice [63] combines the automatic detec-
tion of visual features with human evaluation to propose alternative
views of the data in the form of two-dimensional projections organized
in a scatterplot matrix.

Build upon the literate programming concept [64], computational

’https://orangedatamining.com/, accessed on 27/03/2021.

import matplotlib.pyplot as pyplot
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return math.sqrt((x1-x0)%x2 + (yl-y@)sek2)

def computeAngle (pl, p2):
dot = @
= d ® dot with norm U @ ¢ | varients

if computeNorm(p2(@], p2[1]) == @ or computeNorm(p1[0], p1[1])==0:
dot = @
14 else:l
dot = (p2[@]*p1[@]+p2[1]*p1[1])
/float(computeNorm(p1(@], p1[1])%computeNorm(p2[0@], p2[1]))

elif dot < -1:
dot = -1
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Figure 2.8. Variolite extends the traditional code editor to facilitate the
exploration of alternative code pieces in arbitrary sizes [8].
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notebooks enable diverse groups of data workers to explore alternative
ideas and analysis paths using the combination of code, text narratives,
and data visualizations. Yet, the explored alternatives are often messy
and intertwined inside one or more notebooks, making it hard to man-
age and retrieve [8,9,12,26,27]. Kery et al. ’s Variolite [8], as shown
in figure 2.8, attempts to generalize interactions for dealing with alter-
natives in the notebook interfaces. Users can create alternative code
blocks, test different combinations of alternatives, and compare them
by interchanging the running versions. Head et al’s Code Gather-
ing [27] deploys a “post-hoc mess management” strategy to help users
get a clean analysis among all explored alternatives. By selecting
the desired analytic results, Code Gathering automatically generates
ordered, minimal subsets of code that produce them. Kery et al’s
Verdant system enables data workers to trace, replay, and compare
many alternative versions of code and non-code artifacts, in both the
notebook and cell level [9,65].

Computational notebooks are initially designed to prompt the cap-
ture of analytic reasoning by treating analytic narratives as first class
citizen as source code. The Variolite, Code Gathering, and Verdant
systems facilitate the management of code and version alternatives,
but they do not explicitly consider alternatives in the cognitive level.

Based upon and extending the concept of iterate programming [64],
Wood et al. propose LitVis [49] (literate visualization) to capture alter-
native visualization designs as well as the associated reasoning process.
LitVis composes a model of design exposition and a set of narrative
schemas. Analyts need to integrate code for implementing data visu-
alizations with descriptions of their design choices. Mathisen et al’s
Insidelnsights [66] aims to capture the hierarchical and branching na-
ture of data analysis. Users structure their findings into hierarchical
stories and link the analysis states which support them. The final
product is a dynamic and interactive report that can be shared. Both
LitVis and Insidelnsights support the management of alternatives in
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the cognition level and tie them together with the related artifact al-
ternatives.

The reviewed systems and techniques illustrate a variety of ways
to better support alternatives. They tend to tackle a subset of alter-
natives and practices among the overall sensemaking process. Most of
them provide solutions for managing artifact alternatives, such as code,
parameters, and algorithms. Some also provide support for recording
and managing cognitive alternatives like findings and hypotheses.

2.2.2 Systems for sensemaking

In this section, we look at systems that support the overall sensemak-
ing processes. Instead of focusing on specific types of alternatives,
these systems concentrate on supporting the various kinds of analytic
tasks and activities across the sensemaking process.

Figure 2.9. Multiple views in Jigsaw system to facilitate the sensemaking
processes of investigative analysis [47].
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Investigative analysts need to make sense of large collections of
data, often in text documents, to connect the dots and discover hid-
den truths [38,67-69]. Stasko et al. [47] invent a visual analytic sys-
tem Jigsaw for investigative analysis, as shown in figure 2.9. Drawing
upon Pirroli and Card’s sensemaking model [1], Jigsaw tackles on both
loops of information foraging and sensemaking. Jigsaw provides mul-
tiple distinct visualizations. These different views are alternatives for
a same document collection. They enable different analytic methods,
perspectives, and data representations, which are complementary to
each other in the analysis. Besides alternative visualizations, Jigsaw
also enables analysts to organize evidence and build hypotheses. The
system’s primary focus is on “displaying the connections between enti-
ties across the documents” [47]. It allows analysts to establish different
types of links inside a particular view, and also integrate links between
multiple views to facilitate the navigation.

Another system Aruvi, designed by Shrinivasan et al., takes empha-
sis on the analytical reasoning process during interactive data explo-
ration [70]. Besides the common data view where analysts can interact
with various kinds of data representations, Aruvi further introduces a
navigation view and a knowledge view. The knowledge view enables
users to record their interpretations, findings, and hypotheses. Aruvi
automatically captures the exploration states. Users can revisit a state
and branch out alternative analysis by interacting with the navigation
view. They can also establish links between the analysis artifacts in
the knowledge view and a visualization state in the navigation view
to facilitate the validation of a finding or a hypothesis.

In the user study of Aruvi, Shrinivasan et al. find that analysts
highly value the knowledge view and the links between analysis arti-
facts and specific visualization states. These features help analysts to
clearly see the analysis process and also improve their quality of results.
Yet, they find that to compare alternative analysis, users need to keep
switching between the alternative states and views. Some users sug-
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gest that a side-by-side comparison would be a more effective way [70].

Past researches reveal the benefits of combining heterogeneous dis-
plays to enable “space to think” and to support different types of
tasks in sensemaking activities [71-74]. The size, mobility, and inher-
ent affordances of diverse displays all play unique and crucial roles
in supporting different analytic tasks within the sensemaking process.
They together form a display ecology - “a system of displays that en-
gage the entire workflow of a task to better assist analysts in achieving
their desired outcomes” as defined by chung et al. [73].

To facilitate searching, organizing, and synthesizing relevant in-
formation across multiple displays, the system SAViL deploys direct
visual connections among different types of objects on multiple het-
erogeneous displays [74]. Chung et al. find that these visual links
help analysts better perform information foraging tasks, and main-
tain awareness of connections between documents. SAViL also facil-
itate leveraging multiple displays and creating semantic layers over

Figure 2.10. SAVIiL provides direct visual links among different types of
objects on multiple heterogeneous displays [74].
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them [74].

These sensemaking systems share some commonalities: they all
provide multiple views to enable users explore different data represen-
tations and examine multiple analytic perspectives. They also provide
various types of links between these views and analysis artifacts to fa-
cilitate sensemaking. Our study on alternatives in sensemaking also
reveal data workers’ needs of multiple analytic views and the links
between different kinds of alternative artifacts. Our work in chapter 4
explores the alternative views in qualitative sensemaking with affin-
ity diagramming technique. Our proof-of-concept prototype ADQDA
explores different types of implicit links to facilitate tracking and syn-
chronizing related artifacts across these views. Our work in chapter 5
explores different types of explicit links to help manage alternatives in
the context of reuse.
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2.3 Designing Software

In this section, we provide a brief review on the history of designing
software which largely inspire and shape the way we handle informa-
tion today. We then present several emerging concepts and theories
on building more flexible software tools which greatly influence our
research on designing tools for alternatives in sensemaking.

2.3.1 A brief history

In the article “As We May Think” published in 1945, Vannevar Bush
envisioned a device called the Memex (as “memory extender”) to store
massive amounts of information and knowledge in various kinds of
forms, as illustrated in figure 2.11. The Memex would allow people to
efficiently and flexibly access, retrieve, and interact with information

Figure 2.11. Original illustration of the Memex, a theoretical analogue
computer described by Vannevar Bush [75].
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in different kinds of forms. It is an “enlarged intimate supplement to
one’s memory” [75]. Memex is the pioneer in recognizing and envi-
sioning the computer as an empowering tool to externalize, organize,
access, and share knowledge. Even if never built, this vision has deeply
affected how we access and interact with information today.

In the 1960s, inspired by Vannevar Bush’s vision, Ted Nelson
coined the notions of hypertext — “written or pictorial material in-
terconnected in an associative fashion, consisting of units of informa-
tion retrieved by automated links, best read at a screen” [76]. Instead
of emulating physical paper to handle information in a digital world,
Ted Nelson redefined the structure and model of texts in a digital
context. Information in a variety types of forms and across differ-
ent kinds of places is supposed to be flexibly organized to align with
human thought and creativity. These interconnected documents are
powerful external aids to human memory and amplify our ability to
manage complex information resources. The central concept is in this

Figure 2.12. Hypertext as schematically illustrated in 1965 [76].
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vision is the hyperlink. As illustrated in figure 2.12, hyperlinks are
the references to other information material which facilitate the im-
mediate access and navigation among large troves of interconnected
documents.

The concept of hyperlink is widely applied in today’s information
system. For example, the omnipresent World Wide Web, which was
invented by Tim Berners-Lee in 1989, is built upon hyperlinks among
web pages. Whereas another essential component of Ted Nelson’s vi-
sion has been omitted in many of existing tools: “transclusion”. Tran-
sclusion is defined as “the same content knowably in more than one
place” [76], or “reuse with original context available, through embed-
ded shared instancing” [77]. It can be viewed as a mechanism to
compose documents. Through dynamic embedding of a same content
within multiple documents, changes to the embedded content are re-
flected in all the embedding documents in real time. They are not
separate copies, but rather references to the same underlying content.
Our work on “computational transclusion” is largely inspired by Ted
Nelson’s transclusion concept and its extension of “software transclu-
sion” [14,78]. A more detailed discussion on transclusion is presented
on transclusion in chapter 5.

Another great invention in the history is the HyperCard system,
created by Bill Atkinson in 1985. It was a popular form to interact
with information in the pre-Web era. Bill Atkinson describes Hyper-
Card as “a software erector set that lets non-programmers put together
interactive information” [79]. Inspired by Ted Nelson’s Hypermedia
concept, HyperCard are a stack of cards interconnected by hyperlinks.
A card contains both information and interaction. It can hold various
objects, such as texts, graphics, icons, and interactive buttons. Users
can easily build their own interactive systems by using a combination
of various kinds of cards and linking them based on how things are as-
sociated. They can also use the built-in programming language called
HyperTalk to customize new cards, or to redefine and extend existing
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Figure 2.13. A game called Cosmic Osmo implemented in hyperCard.

ones.

There exist many interactive systems built with HyperCard [79,80],
from simple word processing applications to complex ones like business
management applications. Figure 2.13 shows a game created with
HyperCard. HyperCard has been proved to be easy to learn and use
for people from various domains at diverse age range [79]. For example,
primary school kids could use HyperCard for class assignments, or even
build their own systems. Myer et al. evaluate tools using “threshold
and ceiling”: threshold is “how difficult it is to learn how to use the
system” and ceiling is “how much can be done using the system” [81].
HyperCard can thus be viewed as a successful tool due to its high
ceiling and low threshold. It is easy for non-programmers to start.
While the users learn more about HyperCard, they can customize it
to build complex systems for various kinds of needs.

These pioneering systems and concepts all recognize the natural
complexity of human activities. They envision digital tools can help
flexibly organize information and knowledge as the way we think and
use them. Despite this vision, our ability to handle information is
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still largely constrained in today’s digital world. Current tools largely
adopt the application model, which tends to encapsulate information
in silos, impose how interactions should carry out, and limit what
users can do with pre-defined system features. It is hard to extend or
combine these tools to suit users’ situated needs. In this dissertation,
we explore how to build digital tools that can be flexibly appropri-
ated to handle alternatives in the dynamic and iterative process of
sensemaking.

2.3.2 Concepts & theories on designing
flexible fools

More recently, many researches re-question the largely adopted appli-
cation model and redefine the relationship between tools and human
activities. In this section, we demonstrate the concepts and theories
that offer new opportunities on designing digital tools.

Based on how people manipulate objects in the physical world,
Beaudouin-Lafon proposes a new interaction model of “instrumental
interaction” [82]. To interact with a digital object, “the user acts on
the instrument, which transforms the user’s actions into commands
affecting relevant target domain objects.” Unlike direct manipula-
tion [83], instrumental interaction decouples the object of interest and
the instrument used to manipulate them. For example, scrolling a dig-
ital document (the domain object) is mediated by dragging a scrollbar
(the instrument).

In the physical world, an instrument can be used in a flexible way
beyond its original context. The instrument can be appropriated to
various kinds of needs according to its affordances. For example, chop-
sticks are not only limited to getting food but also can be used to roll
up hair in lack of the hair clip. However, in the application model,



2.3 Designing Software 35

tools or instruments are tightly tied to objects. It is nearly impossi-
ble for end-users to apply them differently or to move them between
applications. To leverage the instrumental interaction concept into
applications, Beaudouin-Lafon further summarises three principles for
designing visual interfaces: reification, polymorphism, and reuse [84].
His work has prompted the redesign of software interface in various
domains including graphic design and data analysis, e.g. [84-86].

Another attempt to challenge the application model is inspired by
the field of hypermedia. Instead of treating software as static sys-
tems isolated from each other. Hypermedia, since its creation, values
the flexibility and complexity of human activities. It emphasizes the
collaboration among users, the distribution across places, and the con-
stantly changing procedures in real work [87]. Reflecting on what
software can learn from hypermedia, Klokmose et al. introduce the
“shareable dynamic media” as an alternative model [14]. Shareable
dynamic media are collections of information substrates, which em-
body content, computation, and interaction. Substrates can be easily
shared among users and be distributed across diverse devices and plat-
forms. Substrates can evolve over time and be dynamically modified
and extended from within. Like HyperCard, there is no clear separa-
tion between authoring and consuming the software artifact. It can
act as “documents or applications or a mix of the two according to
the context”.

Klokmose et al. further provide an experimental implementation
of this model - the Webstrates. Changes to each webstrate (web doc-
ument) are synchronized through all its instances so that a webstrate
can be shared across people and devices. Webstrates can be com-
posed using the transclusion mechanism, embedding one webstrate
within another. As discussed earlier, transclusion enables dynamic
sharing rather than just copy the content. Substrates can be com-
posed in various ways. For example, one substrate can define the be-
haviors of another or give structure to another. The generative power
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of Webstrates has been proven by the following creation of research
prototypes in a variety of domains, such as Codestrates for computa-
tional notebooks [88], Videostrates for programmable video manipula-
tion [89], and Vistrates for visual analytics [90]. Our prove-of-concept
prototype ADQDA (chapter 4) and our sandbox for exploring “com-
putational transclusion” (chapter 5) are all built upon the Webstrates
platform.

As technology evolves, the way to think about the human-tool
relationship has been evolving as well. Interactive devices, such as
mobile phones, tablets, laptops, tabletops, and wall-sized displays, are
becoming increasingly accessible and pervasive in our daily life. It is
common for both individuals and organizations to own a combination
of devise displays. These different type of devices have their affor-
dances and technical capabilities, in terms of their forms, sizes, input
modality, and input accuracy. They all play unique and crucial roles
in supporting different analytic tasks within the sensemaking process.

The activity theory acts as one of the most fundamental theoret-
ical approaches in the design and evaluation of many interactive sys-
tems [91,92]. The introduction of activity theory shifts the attention
of designing tools for certain tasks to understand humans, activities,
and the larger contexts as mutual factors where one can influence and
determine another. Bgdker and Klokmose [15,16] further developed
the Human-Artifact Model. They emphasize studying heterogeneous
devices as part of an artifact ecology where “one can dynamically in-
terplay with others and with users” web of activities”. Many studies
explore the combination of various displays to support sensemaking
activities, both for individuals and for groups [72,90,93, 94].

This dissertation demonstrates how these concepts and theories
can be applied in building more flexible tools to support exploring
and managing alternatives throughout the sensemaking process.
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CHAPTER 3

A characterization on
Alternatives

In this chapter, we aim to answer the first research question - how do
alternatives fit within the sensemaking process? We present our
study on semi-structured interviews with twelve data workers from a
variety of disciplines. We focus on the different kinds and meanings of
alternatives for our data workers, and how these alternatives fit into
their overall sensemaking practices .

Section 3.1 presents how these interviews were conducted and the
types of analysis performed on the collected data. Section 3.2 explains
why data workers explore alternatives and the triggers and barriers to
doing so. Section 3.3 demonstrates a framework of alternatives to help
describe and reason how data workers consider alternatives in their
analyses, and how tool designers might create tools to better support
them. Section 3.4 discusses our data workers’ strategies to cope with
alternatives. Section 3.5 shows how this framework can be used to
describe and analyze analytic tools through the lens of alternatives.
Section 3.6 compares the proposed framework with existing notions of
alternatives and discusses the study limitations. Section 3.7 ends this
chapter by discussing remained questions for future work.

!This chapter draws heavily upon our TVCG publication [5].
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3.1 Study Design

We conducted semi-structured interviews with twelve data workers
with different types of expertise. Through these interviews, we aim to
understand the following questions in particular:

Q1 To what extent do data workers explicitly consider alternatives
in their workflow?

Q2 When do they consider alternatives? Are there specific triggers
& barriers for exploring alternatives?

Q3 What types of alternatives do they consider?
Q4 What strategies do they deploy to cope with alternatives?

3.1.1 Participants

We recruited twelve participants who perform data work daily. Ages
ranged from 22 to 63; three identified as female, nine as male. Par-
ticipants were recruited by email through our social and professional
networks. They come from a variety of disciplines: four participants
work in industry, in sectors such as marketing, medical data model-
ing, and cost management. Eight participants work in research do-
mains including Human-Computer Interaction (HCI), humanitarian
research, and biology (see Table 3.1). They held a range of job ti-
tles from “researcher” to “assistant project manager,” “cost manager,”
“consultant,” and “data analyst.” Most (nine) are junior in terms of
experience in dealing with their specific domain of activity (1-5 years).
Three have nine or more years of experience. While all participants
have experience in data work, they have diverse levels of domain and
computational expertise. In Kandel’s categorization [4], which focuses
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Experience

P# Org Domain Analysis Tools
with data

1(H) E Cost management 1.5 years Excel, VBA

2(H) E Medlca¥ 3D 3 years Visual Studio, OpenGL
modeling

3(S) R Visual tracking 5 years Matlab, Python

4(A) E  Project management 2 years Excel

5(S) R InfoVis research 1.5 years D3 js, Tableau

6(S) R Optimization 9 years Python

7S) R HCI research 2.5 years JupyterNotebook,

PyCharm

8(H) E Food delivery 2 years Jira, Python, Metabase

9H) R Topological 10 years TTK (customized)
research

10(A) R Humanitarian 3 years Excel, Tableau
research

11(S) R Ecosystem services 5 years QuantumGIS, Matlab

12(A) R Education 30 years Paper, digital folders

Table 3.1. Interview participants by domain of expertise. Brackets after
IDs refer to S: Scripter, H: Hacker, A: Application User. Org is short
for Organization, where R: research, E: enterprise.

on computational tool capabilities, four can be classified as hackers,
five as scripters, and three as application users.

3.1.2 Setting and procedure

The study was conducted through semi-structured interviews. Inter-
views were conducted in English, French, or Chinese, depending on
the participant’s preference. Seven interviews were conducted in the
participant’s primary workplace. Five were conducted by videocon-
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ference, including the participant’s computer desktop, for practical or
workplace security restrictions.

Questions were open-ended to encourage participants to describe
their experiences in their own words. Each interview consisted of three
phases, as demonstrates in figure 3.1. The first phase aimed at under-
standing the participants’ general work context (goals, data, methods,
tools, role in the team, etc.) and workflows. In the second phase,
participants were asked to describe their workflow in more detail and
to walk us through a recent analysis, step-by-step. (Participants were
asked to prepare this analysis walkthrough during the recruitment
phase.)

During recruitment and these first two phases, we did not reveal
to participants that this work focussed on alternatives. Participants
were told that we were interested in their reasoning and sensemaking
process and in understanding their workflows. Our goal was to under-
stand whether and how participants think about alternatives through-
out their sensemaking process [Q1]. We did ask questions of the form
“Did you think of other ways to do this?” or “Did you generate any
other [artifacts, e. g., models|?” to encourage participants to describe
any tacit alternatives they may have explored without explicitly ori-
enting their thinking toward alternatives.

In the third phase, we revealed to participants that the main goal
of this study was to understand the role of alternatives in their work.
However, we attempted not to give any concrete definition of alterna-
tives so as to reveal participants’ own interpretations. If pressed, we
gave vague definitions such as “different possibilities you considered
or tried out” or grounded them in the descriptions participants had
already shared: For example, if a participant mentioned having tried
several machine learning models, we might ask, “Do you think the
different models that you explored are alternatives?” and if so, “Are
there any other kinds of alternatives?” The goal of this third phase
was to understand what alternatives meant to participants and to fo-
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( goal of the analysis, ( focus on reasoning and ( what are alternatives?
data, methods, tools, sense-making process, how you cope with them?
general workflows, encourage them to tell

?
role in the team, etc. ) story behind success ) what are the challenges? )

Figure 3.1. Our interviews contain three main phases: phase 1 to under-
stand the participants’ general work context; phase 2 to their sense-
making workflow, analytic reasoning process; and phase 3 to under-
stand the particular role of alternatives in their sensemaking practices.

cus more deeply on how they specifically managed them throughout
their workflows [Q2-4].

3.1.3 Data collection and analysis

All interviews were recorded, generating 827 minutes of recordings in
total. Recordings were transcribed into 73 895 words. Two authors
individually open-coded the transcripts, highlighting interesting por-
tions of text or key ideas. We then collectively cross-checked these ex-
tracts to reach agreement, yielding 585 unique extracts (which we call
notes or snippets). We then used an iterative coding approach based
on grounded theory [95] and digital affinity diagramming. We itera-
tively grouped notes based on common themes using a custom appli-



44 3 A characterization on Alternatives

cation on a wall-sized multi-touch display. Multiple analyses grouped
snippets according to different facets drawn from the initial study
goals (e.g., types of alternatives, tasks around alternatives, strategies
for dealing with alternatives, triggers barriers) as well as those that
emerged during the analysis phase (e.g., the role of expertise, collab-
oration). We further created higher-level diagrams to identify themes
amongst the different categories (or clusters) of direct observations.
This analysis yielded a collection of the various topics and themes
extracted directly from the participants’ interviews.

We also conducted a second analysis that aimed at describing the
overall workflows the participants followed. This analysis consisted of
four steps: 1) we analyzed the transcript data and drew a high-level
process diagram of the participant’s workflow, figure 3.2 demonstrates
some of them,; 2) each diagram was submitted to the correspond-
ing participant for validation; 3) we analyzed the validated workflow
diagrams to better understand when and how participants explore al-
ternatives and the link between the different stages of analysis.

amE

[

B

Figure 3.2. Diagrams on the overall workflows for different participants.
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3.2 Why Data Workers Explore
Alternatives

In this section, we present the reasons why data workers consider and
explore alternatives in their sensemaking processes and the triggers
and barriers to dealing with alternatives.

3.2.1 General reasons

We found four main reasons why participants valued exploring alter-
natives during sensemaking: to clarify goals and processes, to delay
decision making, to build confidence in a solution, and to partition the
sensemaking workload.

The very nature of data work and sensemaking is messy, with
partial hypotheses, loosely defined goals, and incomplete methods to
address them, particularly at the start of an analysis. Analysts must
instantiate multiple ideas and iteratively update them to better define
the problem and a reasonable path to solve it. P9 describes how he
needs to consider multiple visualisation and analysis methods: “One
of the things that is specific to our research is that [data providers] are
not sure what they want. So if there are several options there, possible
or interesting for them, they need to be able to switch between them.”

When different exploration paths are equally viable, data workers
may delay decision making by considering as many of them as possible.
In such cases, deciding which analysis path is the most pertinent does
not have to be taken at the start of the exploration. As P6 observes,
“For machine learning, ..it’s correct that there is no single technique
that is the best for every problem. ..so you try them all.”
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Other participants considered alternatives when they felt their cur-
rent alternative was just “not good enough.” By considering alterna-
tives, they would either find a better solution or build their confidence
in the current solution. This lack of confidence can also originate from
the analyst’s lack of experience, as expressed by P8: “If you have more
experience, maybe you will know, for this type of data that method will
always be bad, so you don’t need to try it, but this needs more experi-
ence. So for now, we just try all the possibilities that we can.”

Often collaboration with other data workers led our participants
to consider new alternatives. For example, a colleague might suggest a
new direction to consider: “I tried with some evolutionary algorithms
I coded myself with Matlab. Then I worked with [a colleague/, he
proposed to use some packages for evolutionary algorithms” (P11). In
this way, participants would partition the sensemaking workload.

3.2.2 Triggers & barriers

We coded interview transcripts to look for specific triggers or barriers
to considering alternatives. We found four main triggers evoked by
our participants that led them to consider alternatives and six main
types of barriers that reduced the likelihood of doing that. Table 3.2
summarizes these findings.

Triggers It is common for a data worker to run into a dead-end
during analysis or to find evidence counter to the current hypothe-
sis. These events act as triggers to finding alternate solutions. For
example P7 initially wanted to model his data with machine learning
algorithms, but he failed to find an appropriate solution and decided
to manually annotate the data instead: “All of these things [ML algo-
rithms] we explored, they don’t work as we would like them to. Because
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Triggers of Barriers of
Exploring alternatives Exploring alternatives

- confront a dead-end - limited availability

- realize limitation - too much learning effort
- cognitive leap - time limitation
- collaboration - cognition bias

- lack of expertise
- collaboration

Table 3.2. Triggers and barriers to alternative exploration.

in the end, they are very prone to errors, outliers... In the end, we
decided to annotate our data manually instead” (P7).

When data workers recognize a limitation or deficiency in the cur-
rent solution, they may consider new alternatives. For example, when
P10 realized that online data scraping was not providing the rich in-
formation she needs, she recognized the “..need to go and collect data
with refugees themselves.”

When inspiration strikes, a data worker’s cognitive leap might trig-
ger a new collection of alternatives to explore. For example, P9 made
the cognitive leap that a less-realistic orientation of the data would
lead to easier interpretation of the data: “everybody showed it the real
way, ..but I figured that to see the geometry of the thing, it was better
to flip it and we would have a better view.”

Finally, collaboration events can trigger the pursuit of alternatives.
Different people in a team may have diverse background and exper-
tise, which can bring new points of view on how to solve a problem.
For example, P11 used a manually-created model until his collabora-
tor suggested trying out machine-learning approaches. Similarly, P5
changed his coding environment to Jupyter Notebooks to facilitate
communication with his mentor.
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Barriers To identify barriers to exploring alternatives, we included
questions of the form, “What stopped you from trying alternatives?”
and “You just mentioned you considered other options, did you pur-
sue them? (If not) why not?” Participants also revealed such barriers
through their own descriptions about the difficulties or problems en-
countered. We coded transcripts for these kinds of barriers, yielding
six common types of barriers amongst our participants.

Limited data and tool availability often prevented participants
from instantiating their ideas. For example, when P11 wanted to en-
rich his model, he could not because “..at that moment, I didn’t have
the data” (P11). Similarly, when he wanted to perform a different
analysis, he found that his open-source tool did not have that feature
implemented. Just as financial constraints limited his tool availabil-
ity, time constraints prevented participants from exploring potential
alternatives. As P5 succinctly described: “we didn’t have that much
time.” Similarly, too much learning effort hindered efforts to attempt
new solutions, as when P10 was hesitant to try a new tool “because
there are not that many tools that you can learn how to use without
training.”

A lack of expertise prevented some participants from judging or
evaluating alternative approaches. For example, P4 abandoned au-
tomating her analysis pipeline using Excel macros because she real-
ized she did not sufficiently understand the VBA language used to
write them. More generally, such lack of expertise often acted as a
counterforce to recognizing, evaluating, or pursuing alternatives.

While a lack of expertise can act both as a reason why participants
considered alternatives and as a barrier to considering alternatives, we
do not include it as a trigger since we did not see it act as a specific
catalyst to considering alternatives.

Cognitive biases tended to guide participants to reuse alternatives
that they had considered in previous projects, thus preventing them
from considering new alternatives. Conversely, participants sometimes
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justified excluding alternatives because they had found them not to
work in a past project. This tendency has been recognized as a bias
that can lead intelligence analysts and policy makers to make poor
decisions [13].

Finally, collaboration effects can act not only as a trigger but also
as a barrier to exploring alternatives. In order to maintain consis-
tency within an organization, improve communication efficiency, and
facilitate management, data workers often follow certain predefined
pipelines and use a set of predetermined tools. Introducing a new tool,
analysis, or model not shared by collaborators introduces a collabora-
tion cost, even if individually it may be worthwhile to pursue. For
example, P1 continues to perform analyses using Excel: “Personally,
I would like to try Python, but if we use Python, it’s kind of difficult
for others to manipulate the interface or the code inside.... The people
who need to see are not developers, but likely managers or directors.”

3.3 A Framework of Alternatives

Rather than treating the exploration of alternatives as a separate stage
of the data analysis pipeline [53] or as a separate activity that ties
reflection with analysis during research programming workflows [52],
our participants revealed that alternatives and their impact on data
analysis activities are ubiquitous.

Just what constitutes an alternative, however, can be ambiguous.
Alternatives could encompass multiple iterative versions of the same
artifact or refined versions of a given hypothesis or altogether distinct
methods to analyze data. Intuitively, however, these different kinds of
alternatives seem fundamentally different.

To clarify these multiple notions and roles of alternatives, we struc-
ture our observations in terms of participants’ degree of attention
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(section 3.3.1) and around the abstraction level of alternatives (sec-
tion 3.3.2). We further characterize alternatives based on the high-
level processes performed around it (section 3.3.3). These three pri-
mary dimensions: 1) degree of attention, 2) level of abstraction, and
3) processes on alternatives, together, form our proposed framework
for understanding alternatives within the sensemaking process. We
explain them in details in the following sections.

3.3.1 Degree of attention

According to the amount of attention paid by the analyst, we classify
alternatives as: Multiples are analytic artifacts generated or explored
during the sensemaking process, such as code versions, annotations in
a notebook, or visualisation trails. They exist as direct entities evoked
during ideation and exploration, drawn from the larger universe of pos-
sibilities. Data workers are aware of them, but no special attention is
put on any single one. Options are drawn from these multiples as they
are brought into the analyst’s consciousness for closer examination or
deeper consideration, such as when the analyst narrows down focus to
a smaller set of potential analyses drawn from the literature. Choices
are options that are actively pursued in analysis.

The distinction between multiples, options, and choices thus de-
pends on the amount of attention paid by the analyst. In the remain-
der of this dissertation, we refer to this as the M-O-C model. We use
the term alternative to refer to the union of multiples, options, and
choices, regardless of the analyst’s degree of attention.

Fluidity of Attention At different phases throughout the analytic
process, a given alternative might be a multiple, then an option, a
choice, and end up a mere multiple. At any given time, there may
be any number of each of these types of alternative. Multiples may
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Figure 3.3. (a), left: Alternatives characterized based on the data
worker’s degree of attention. (b) A workflow showing alternatives
for P5. Alternatives are grouped along the y-axis according to their
degree of attention. Along the x-axis are different stages along the
analysis. We can see different alternatives migrate between different
attention degrees at different stages of the analysis as their frames of
reference evolve.

be generated as an initial step in exploration to enlarge the possible
solution space. For example, P2 collected around 50 papers describing
potential methods to use in modeling organs. We can think of these
articles as multiples drawn from the larger universe of potential meth-
ods. P2 then skimmed through these multiple methods to identify two
options to pursue. At first, she implemented one technique, making a
choice. Later, she implemented the other one. After comparing these
two options and analyzing the trade-offs, she chose to continue her
project with the first technique.

The distinction between multiples, options, and choice can be fuzzy
as alternatives fluidly move both up and down among these three
levels. A multiple can turn into an option or even a choice along the
sensemaking process. On the other hand, a choice can become again
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an option or multiple when the analyst gives consideration to other
alternate options.

These definitions thus depend on the analyst’s “frame of reference.”
For example, P5 collected multiple potential datasets to visualize. Dur-
ing this process, the different datasets are active alternatives that
move up and down along the three-levels. Once he had selected a
given dataset and moved on to considering what type of visualisa-
tion to use, the consideration of alternative datasets faded into the
background. As such, under his new frame of reference, the dataset
becomes a fixed choice and different visualisation types become the
current active alternatives, as shown in Figure 3.3.

Moreover, exploration can start at any of these three levels, de-
pending on the strategy involved (section 3.4). In a breadth-first, or
“shotgun,” strategy, multiple multiples are selected first to identify
and focus on as options. In a depth-first, or “sniper,” strategy, a
data worker may make an immediate choice to focus on a given path
until some trigger motivates the exploration of other alternatives (sec-
tion 3.2.2).

3.3.2 Level of abstraction

We performed a bottom-up analysis of interview transcripts and iden-
tify ten types of alternative considered by our participants: hypoth-
esis, mental model, interpretation, data, model, representation, tool,
code, parameter, and method. Most of these alternative types, such
as methods, were explicitly identified by participants. Others, such
as mental models, were not explicitly mentioned by participants but
were revealed in the course of their interviews. We group these types
of alternative into three levels of abstraction based on their role in the
analytic process:
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Cognitive alternatives pertain to human reasoning, including alter-
native hypotheses, mental models, and interpretations.

Artifact alternatives relate to different types of concrete artifacts,
such as alternative data, models, representations, or tools.

Execution alternatives refer to how data workers carry out an activ-
ity, including method, code and parameter alternatives.

While these ten types of alternative are not intended to comprise
an exhaustive taxonomy of the different kinds of alternative that may
exist, we do expect any other alternative types to fit within these three
layers of abstraction.

Cognitive Alternatives pertain to data workers’ evolving mental
processes throughout the different iterations of their analysis. Data
workers may develop alternate interpretations, adjust their mental
models, and formulate new hypotheses. For example, when analyzing
apps built for migrants, P10 considered alternative hypotheses about
their production rate: “When these apps were built, is there kind of a
pattern there [e. g. following refugee crises], or it’s like 20 every year?”
P7 expressed alternate interpretations of a finding on people’s behav-
iors in log data: “This is also an interesting result, because this may
indicate that people actually started considering to switch... before they
actually did, or maybe this finding is just noise.. we need to analyze
more data to see.”

Artifact Alternatives involve the different things involved in anal-
ysis, such as data, models, representations, or tools: which data sets
are to be analysed, what kinds of models to use on the data, what
visual designs are best-suited for presenting results, or which analysis
tools to use to perform these tasks. Each of these types of artifact
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alternative describes a collection of different specific kinds of alterna-
tive. For example, data alternatives include all alternatives pertaining
to data, such as using different data sets, data providers, dimensions,
or even different values. Model alternatives involve, for example, dif-
ferent machine learning algorithms, statistical models, mathematical
models, or other ways of structuring the interpretation of data. They
may be machine-centric (e.g., neural networks or random forests),
human-centric (e.g., manual annotation or hand-crafted models), or
even hybrids of the two. Representation alternatives pertain to differ-
ent ways of depicting the various artifacts in the sensemaking process.
Finally, tool alternatives include the different analytic tools that can
be used, including software tools (e.g., Excel, Tableau, home-grown
libraries) or analyses.

Execution Alternatives involve the means by which the data worker
carries out an activity. This can include method, code, and parameter
alternatives. For example, to obtain data from a given data source,
P5 would choose between directly downloading data or using a data
scraper. Six participants described tuning parameters of their models.
Another six participants described using or creating different versions
of code. In all of these cases, execution alternatives describe the means
by which to accomplish a particular task.

The abstraction level of an alternative can further depend on its
degree of attention. For example, when tuning a model, different
parameter alternatives fall in the execution level: they pertain to the
means by which the data worker carries out the activity. At some point,
however, different parameter configurations of the same model might
themselves become distinct artifacts, as when P3 compares different
computer vision solutions. As such, the type of an alternative does
not appear to be a concept intrinsic to the alternative; rather, it seems
to at least partially depend on the data worker’s frame of reference.
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Interdependency among alternatives Alternatives arose through-
out the data analysis processes and at different abstraction levels.
They are often interdependent: changing between alternatives at one

level can influence the others. For example, changing hypotheses may

lead to building alternate models, running scripts with different param-

eters as input, or even changing the underlying methods. Similarly,

choosing new parameter values can result in new findings that lead to

alternate mental models and hypotheses.

This interwoven nature among different types of alternatives cor-
responds to the complex, intertwining processes of data analysis ac-
tivities. The analytic results or insights generated are also sensitive
to these alternatives at different layers—how data are collected, what
features are extracted, what methods are used to produce them. Any
alternative in the analysis pipeline can lead to different results. As
such, different types of alternatives cannot be treated as wholly inde-
pendent.

3.3.3 High-level processes on alternatives

In this section, we describe five high-level processes, or abstract tasks,
that our participants engaged in when handling alternatives: Generate,
Update, Reduce, Reason, and Manage (see Figure 3.4). Each process
operates on alternatives. The first three differ in the shape of how
they affect the cardinality of the alternative space. The other two do
not directly produce alternatives, but operate on them. As we will
see below, Generate, Reduce, and Manage apply to alternatives at all
three levels of attention, whereas Update and Reason seem to apply
only to options and choices. Each process happens at all three layers
of abstraction.
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Figure 3.4. The five high-level processes around alternatives: Gener-
ate, Update, and Reduce are distinguished by their different “shapes”
within the alternative space (divergent, parallel, convergent). Reason
and Manage do not directly produce alternatives, but operate on them.

Generate expands the alternatives space. It encompasses tasks such
as formulating new hypotheses, finding a new visual design (e. g., from
the D3 example gallery), identifying a new data collection method,
combining parts of several methods to make a new one, or creating
a new code branch. All participants generated alternatives during
their analysis, either in a preparatory phase prior to exploration or
during the analysis as situated actions [96] in response to new task
requirements.

For example, prior to analysis, P3 performed a literature review
and consulted with colleagues to select several promising approaches
to improve a visual tracking application. During analysis, however, he
found that the results were still not satisfactory, so he investigated a
different family of methods.
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Update refines an existing set of options and choices. At first glance,
this process might seem to be contradictory: updating an alternative
typically produces a new alternative. For example, when tuning (up-
dating) an image saturation parameter, this refinement yields a new
(tuned) alternative in addition to the original. In most cases, however,
either the original alternative or its update becomes a mere multiple:
it no longer receives any attention. As such, while the number of
alternatives may increase, the number of options or choices remains
constant. In other words, the difference between updating an alterna-
tive and generating a new alternative largely has to do with whether
the user intends to come back to both alternatives.

For example, P10 who studies the use of technology by migrants,
regularly receives new, updated, data. Although each new update
provides more up-to-date information, P10 continues to store all the
different versions: “I stored all of them... For now, I don’t need to
look at the previous versions, but I feel safe that they are there. I can
reach them when needed.”

Reduce decreases the number of alternatives and represents the con-
vergent phase of analysis. It includes tasks such as filtering, excluding
data sets (e.g., those identified as poor in quality), and merging mul-
tiple code versions. These operations can be manual, automatic, or
semi-automatic. For example, P6 works on a multi-objective problem
where he needs to present the set of alternative optimal solutions to
a decision maker. He deploys a two-level filtering approach, where he
first uses a multi-objective optimization algorithm to automatically
select a subset of optimal solutions (the Pareto front), then the de-
cision maker manually selects the best solution(s) according to his
preferences.
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Reason encapsulates all tasks that result in the generation of thoughts,
insights, or decisions on alternatives. We identified reasoning tasks
such as compare, inspect, examine, interpret, understand, and eval-
uate. The process of reasoning is often a combination of a series of
tasks. For example, P6 created a table to compare the performance of
different classifiers and regressors, revealing that decision trees tend to
produce better results. Reflecting on his past experience and domain
knowlege, he could confirm this finding and share it with colleagues.

Manage refers to the operations that structure, organize and main-
tain alternatives for later reference or reuse, such as annotating (e. g.,
comments on pros & cons of alternate methods), versioning pieces
of code, and writing scripts to remove multiples that are no longer
needed.

3.4 Strategies to Cope with
Alternatives

In this section, we share various strategies deployed by our partici-
pants, structured by process. We do not try to give an exhaustive
categorization by enumerating all possible strategies. Instead, we pro-
vide descriptions based on recurring strategies observed among partic-
ipants.

The two most common strategies for exploring alternatives could
be called depth-first (or “sniper”) and breadth-first (“shotgun”). In
the depth-first strategy, the participant would concentrate on a given,
promising alternative (choice), considering other alternatives only when
needed (such as when recognizing a dead-end). In the breadth-first
strategy, the analyst would generate many multiples or options to pur-
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sue before eventually focusing down on one or two promising choices.
For example, P6 would throw “all” of the machine learning algorithms
in his tool chest at a particular problem (“So you try them all”) before
winnowing them down to those that perform best.

3.4.1 Generafing, updating and reducing
alternatives

In each of these three processes, participants would often consult ex-
ternal resources; draw on past experience or domain knowledge; or
use trial and error. Participants frequently consulted external sources
to generate new methods, update current models, or eliminate im-
pertinent alternatives. These external sources could be artifacts (e. g.,
research papers, code repositories) or human (e. g., colleagues, domain
experts). For example, P2 often consults external resources before us-
ing a sniper strategy: “..I read a lot of papers, and then I will see
which algorithm is highly referenced among those papers and can apply
to a wide range of cases.” Participants also rely on their past ana-
lytic experience or domain knowledge to generate, update and reduce
alternatives, as when P3, P10-12 generate new hypotheses or when
P2 eliminated algorithms based on past experience: “We had a previ-
ous project about liver which used the first method. ..It’s about 20 000
points. The first method was already time-consuming. So this time
we have more than 50 000 points and a more complicated structure, so
sure the first one cannot meet our requirements, so we directly used
the second.”

When a problem is poorly defined or the goal is unclear, partici-
pants might employ “trail & error.” For example, P9 describes generat-
ing visualisations for clients: “We need to talk with them to understand
what they mean by block, or by thing. Once we think we understood,
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we write down a mathematical definition of the object, we compute it,
and show it to the people and say this is what you were talking about,
this geometry here. They are like yes or no.”

When working in a team, participants might adopt a divide &
conquer strategy, with each team member exploring a subset of the
alternatives. For example, P5 and his teammate individually collected
potential datasets. After separately filtering and clustering, they pre-
sented the clusters to their professor to decide which one to pursue.
Similarly, P7 works with two other colleagues to find a model for their
data collected in experiments, where each of them implemented one
or more algorithms to see whether it works.

3.4.2 Reasoning about alternatives

Reasoning About Alternatives often involves sub-tasks. One common
task is to compare and contrast alternatives to inform evaluation or
decision-making. Some participants would use metric guidance for this
comparison, as when P3, P6-8 calculated percentage accuracy, error
rate, or deviation from a baseline. Other participants used qualitative
approaches, such as making visual comparisons between alternatives
(P1-2, P5, P9). Our participants expressed the need to view and com-
pare multiple alternatives simultaneously, as was also highlighted in
other studies on alternatives [3,7,56]. They often compared alterna-
tives side-by-side (P1-3, P5, P7, P11), such as when comparing two
program files. Others used layering (P3, P5-6, P9) and animation
(P2, P6). Some alternatives exist for the sole purpose of comparison.
For example, P1 created an intermediate alternative of a spreadsheet
calculation that served as a link to a past version that he could use
when communicating with his boss.

Reasoning also involves drawing on data workers’ past experience
or domain knowledge, as when P3 and P10-12 rely on their domain
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knowledge to generate new hypotheses. P3, for example, would inter-
pret the results of different visual trackers by inspecting their output
layers in a convolutional neural network. When beyond their exper-
tise, they might consult external resources, such as by asking doctors to
make sense of different modeling results or consulting data providers
to better understand data features.

Reasoning is harder when facing a large scale of alternatives. Four
participants needed to tackle a large number of alternatives during
their analyses (P1, P3, P6, P9), ranging from hundreds of alternative
graphs to thousands of data alternatives. For example, P1 analyzes
graphs of hundreds of model simulations. His approach resembles the
small multiples technique, where he arranges the resulting graphs in
a matrix, providing an overview and allowing comparisons. He de-
scribes, “We have pictures of more than 80 cartographies, with differ-
ent parameters. We save them as pictures to Powerpoint, like a list
of images or matriz. At that moment we can start looking at them,
to analyze the change of parameters and the impacts, what changes,
why it changes, when it changes, changes how.” P6, instead, uses an
optimisation algorithm to narrow the solution space before focusing
on specific simulations.

3.4.3 Managing alternatives

Participants managed alternatives either informally via annotations,
using folder systems, or via dedicated versioning tools such as Git or
Microsoft TFS. Often, however, they used a combination of methods
and tools. Some distinguish alternatives management at different ab-
straction layers. For example, P2 records different interpretations in
her notebooks, saves parameter trails in spreadsheets to facilitate fu-
ture analyses, and uses TFS to collaborate with colleagues. P6 saved
all generated multiples in one place and moved promising options to a
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separate folder. Four users felt tension between exploration and man-
agement, as P11 struggled, “if I'm in the mode of exploring, I really
don’t want to lose time in making things clean...” Two participants
performed post-hoc cleanup, while another tried to balance generat-
ing alternatives with maintaining a cleaner record of those explored.
Another admitted to rarely cleaning up: “I want to go and clean it up
afterwards, so that I can share it with other people. It’s kind of my
responsibility to do it afterwards, but I don’t do it, in theory you can
easily delete a cell, but I don’t do it” (PT7).

3.5 Application of Alternatives
Framework on analysis tools

In this section, we apply our alternatives framework to four data
analysis systems drawn from the literature. We chose the first two
systems— Variolite [8] and LitVis [49]—because they seem conceptu-
ally similar: both explicitly address non-linear, branching processes
involved in data science coding activities, and both build in a code edi-
tor environment. Whereas the first two systems focus on code-oriented
tasks, the second two systems—FEvoGraphDice [63] and Aruvi [70]—
both focus on interactive data exploration and modeling. These two
systems address different kinds of problems, both conceptually and in
terms of their fundamental relationship to alternatives. We demon-
strate how the alternatives framework can help reveal the different
kinds of alternatives they address.

Variolite integrates version tracking/history logging similar in con-
cept to Git directly into the code editing environment [8]. It introduces
the conceptual concept of code variants, where the user creates alter-
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nate implementations directly in the code editing environment—for
example to use a “strict matching” vs. a “fuzzy matching” implemen-
tation of a search function, as shown in figure 2.8. These variants
can be revisited through a branch map directly embedded within each
variant.

In terms of degree of attention, a variant under active development
is a choice, with other variants as options. As the user no longer
considers certain variants, they may become multiples rather than
options until the user eventually (perhaps) revisits them. As such,
Variolite provides explicit support for managing these three types of
alternative.

The key insight of Variolite is in the execution abstraction level,
focusing on providing support for how the user can manage such al-
ternatives directly within the coding environment and reducing the
interactive friction involved. Rather than managing chronological ver-
sions of a whole project, the user explores these alternatives and their
combinations directly in the interface through explicit support for
the execution-oriented processes: generating, updating, reducing, and
managing alternatives. Variolite reduces the friction involved in the
management of these execution and code artifact alternatives so that
more cognitive resources can be devoted to the cognitive aspects of
the task, beyond the scope of the system.

LitVis also provides explicit support for alternatives in a code edit-
ing environment, focusing on the concept of design expositions rather
than code variants in the context of a literate visualisation compu-
tational notebook [49]. Instead of creating alternatives in a single
document as in Variolite, in LitVis a user generates alternatives by
adding a new parallel “branch.” Each branch is a single file which
can be referenced in the root file and can further diverge into sub-
branches by referencing to other files, which together form a document
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tree structure, as shown in figure 3.5. As the user’s attention shifts
in the analysis processes, the role of these branches can move along
multiples, options, and choices. Alternatives can arise at a more fine-
grained level—for example, a single branch can contain many code
blocks, each of which can render a different visualisation with various
encodings or take different data as input.

LitVis also introduces “narrative schemas,” which drive visualisa-
tion designers to reflect on and share each design’s rationale, reifying
these cognitive alternatives in the system design. For example, by ap-
plying the Socratic questioning schema, users answer questions such
as “What would you do differently if you were to start the project
again?” As put by the authors, “Each branch in a tree can represent
alternative potentially competing designs each with their own ratio-
nale...intend to capture the rationale and knowledge associated with
visualization design decisions at a more granular level.”

Comparing these two systems in terms of the alternatives frame-

Design Exposition 1 Design Exposition 2 - Branching Narrative
exposition1.md exposition2.md
ﬁ
exposition2b.md

abstraction 1

exposition2a.md abstraction 2b \
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abstraction 2a
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Figure 3.5. A more traditional single litvis file (left), vs. A branching
narrative structure in multiple files (right) in LitVis [49].
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work, both systems thus provide explicit support for multiples, options,
and choices. Variolite focuses primarily on the execution abstraction
level, leaving cognitive alternatives beyond the direct scope of the sys-
tem. In contrast, LitVis provides more explicit support for cognitive
alternatives, while providing more limited, coarser-grained support for
execution-level alternatives.

EvoGraphDice helps users explore multidimensional datasets on a
large number of alternative projections [63], as shown in figure 3.6.
The primary alternatives here are different visual projections. Evo-
GraphDice combines the automatic detection of visual features with
human interpretation and focuses on the generation of new multiples
as well as the transition between multiples, options, and choices. The
tool first presents the user with a scatterplot matrix of potentially in-
teresting views based on principal component analysis (PCA). In terms
of degree of attention, the individual views in the scatterplot matrix
are multiples, receiving only limited attention from the user. As the
user explores and considers different multiples, those with meaningful
or interesting visual patterns often become options. The user can se-
lect a specific view to inspect and can provide a satisfaction score to
help guide the system as it uses an evolutionary algorithm to breed new
candidate projections. Users iteratively repeat this process until reach-
ing a satisfactory finding. Using the notion of “frame of reference,” the
user’s choice itself becomes a multiple amongst the new generation of
multiples bred by the evolutionary algorithm. As such, EvoGraphDice
is the only one of the four systems to provide explicit support for the
Generation of multiples. Moreover, a “selection history” panel helps
users manage insightful views by saving them as favorites (options)
and revisiting previously saved configurations (making choices).

In terms of abstraction level, we find that EvoGraphDice provides
limited support for alternatives at the cognitive or execution layers.
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Figure 3.6. EvoGraphDice enables users to explore multidimensional
data sets on a large number of alternative projections [63].

The latter would seem beyond the scope of this system. For the former,
the user can generate, update, test, and discard hypotheses, but the
application provides little explicit support to manage them beyond
saving interesting views.

Aruvi aims to better support the sensemaking process during inter-
active data exploration [70]. Of the four tools, it provides the most
explicit support for all three abstraction levels. The system interface
combines three views—a data view, a knowledge view, and a naviga-
tion view, as shown in figure 3.7. The user can explore artifact and
execution alternatives in the data view, such as for testing different
types of visualizations and various encodings. The knowledge view
supports generating and managing cognitive alternatives such as dif-
ferent hypotheses and mental models. It provides a flexible graphical
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Figure 3.7. Aruvi system combines tree different kinds of views (data,
knowledge and navigation) to support analytical reasoning process in
visual data exploration [70].

environment where users can construct diagrams to externalize their
cognitive alternatives. These cognitive artifacts can be linked with
related visualizations in the data view to provide context and argu-
ments.

During the exploration process, all changes made in the data view
are captured automatically and represented as a history tree in the
navigation view. The interdependency among artifact/execution al-
ternatives and cognitive alternatives is partially shown on this tree, as
the node which represents a specific state in the data view is marked
when linked to a cognitive artifact in the knowledge view. With these
three views, it is relatively easy for the user to navigate alternatives,
recover contexts, and generate new ones based on existing state.
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3.6 Discussion

In this section, we compare our findings on alternatives with past work
and discuss the limitations of our study.

3.6.1 Comparison with other notions
around alternatives

Many of the alternatives we have identified can be found in past re-
search. For example, code and data alternatives correspond to the
types of alternative mentioned in prior work [3,8,34,43,56]. In con-
trast to our work which study the role of alternatives in the overall
sensemaking process, past studies focus on a subset of alternatives in
specific sensemaking contexts or stages.

As discussed in section 2.1, past work has distinguished between
alternatives, variations and versions (e.g., [8,26,27,52]), with these
definitions depending on the iteration of the alternative. While this
distinction is useful, we find it incomplete: alternatives can evolve
throughout the analytic process. What might be ephemeral (a multi-
ple in our framework) at one stage might become the focus of attention
later (an option or a choice).

Taking the example of tuning a model, according to past definition,
the different parameters tested are often viewed as variations to a given
model. In our framework, at one point, parameter alternatives can fall
in the execution level and act as multiples, such as when P1 writing
a script to help him test out different combinations of parameters.
It’s just a means to carry out his analysis activity, and no particular
attention was put on any single parameter setting; at some point,
however, the combinations of parameters themselves become distinct
artifacts, as when P1 trying to inspect into the intermediate results to
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explain the difference caused by the different sets of parameters, thus
they become options.

As we discussed earlier, the type of an alternative does not appear
to be a concept intrinsic to the alternative; rather, it seems to at least
partially depend on the data worker’s frame of reference. In our frame-
work, the orthogonal combination of degree of attention with level of
abstraction can help clarify the different, often conflated, notions of
alternatives in sensemaking activities, and can enrich our vocabulary
to describe them. It enables us to better capture the transitions of
roles of alternatives, and their fluidity in sensemaking activities.

Moreover, past studies tend to focus most on artifact or execution
alternatives and invent techniques or systems to support them. Our
framework, instead, reveal the equal importance of the cognitive, ar-
tifact and execution alternatives. Our framework further emphasizes
the interdependency between artifact alternatives and alternatives at
the cognitive and execution abstraction layers. When designing tools
to support alternatives in sensemaking, it is important to consider the
links between them.

The third dimension in our alterntives framework describes the
processes around these different kinds of alternative. In general, it
contains a divergent process to generate many alternatives, followed
by maintaining and updating all or some of them (the parallel pro-
cess), and eventually a convergent process to narrow down the scope of
possible solutions. Our high-level processes around alternatives share
similarities to Peng’s double-diamond metaphor on the data analy-
sis process [97]. While we further demonstrate the various kinds of
reasoning and management activities around alternatives (figure 3.4).
They are two essential parts accompany the throughout of divergent,
parallel, and convergent processes.
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3.6.2 Study Limitations

The proposed framework for alternatives is only an initial attempt to
unpack the notion of alternatives in data work. In this section, we
reflect on the limitations of our work from three aspects, conceptual,
method and sample limitations.

Conceptual limitation Data analysis is often not performed alone,
same as the exploration of alternatives. Although collaboration takes
an essential part in sensemaking activities, in this study, we under-
stand and structure alternatives by observing and studying individual
sensemaking process. This focus on individuals might constrain our
findings. We could potentially neglect some types of alternatives that
are more likely to happen in a collaborative context. The processes
around alternatives and the strategies to cope with them could also
be not the same.

Yet, in our semi-structured interviews, some collaborative factors
that influence alternatives still get captured. When analysing the rea-
sons why people explore alternatives, participants declared collabora-
tion as both triggers and barriers of exploring alternatives. Our par-
ticipants also revealed that they consult collaborators or other types
of domain experts to better reason on alternatives and to inform eval-
uation or decision-making. Various kinds of strategies also have been
applied to communicate alternatives to their collaborators, such as P1
always created an intermediate alternative of a spreadsheet calcula-
tion that served as a link to a past version that he could use when
communicating with his boss.

Method limitation Before adopting the interview method for this
study, we initially collected online data stories such as blogs and com-
putational notebooks (e.g. from Kaggle and other open sources [98]),
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as well as from the IEEE VAST challenge reports. Although these
resources are valuable to track the provenance of data analytics, they
vary in terms of how much they reveal on the high-level goals of the
analysis; the analysis processes data workers go through; the amount
of detail regarding how the analysis is performed; and most impor-
tant, the false starts or the dead ends encountered during analysis.
Table 3.3 compares the four approaches we investigated: data stories,
computational notebooks, reports from the IEEE VAST challenge, and
interviews.

We found that data stories and blogs contain more detail about
difficulties data workers meet during analysis, how they explore dif-
ferent alternatives, and how they reason about them. However, the
number of high quality data stories we could find was limited. Compu-
tational notebooks combine code, visualizations, and text in a single
document. Though computational notebooks are designed to support
the construction and sharing of analytical reasoning, it has been shown
that data workers tend to use them to explore ideas rather than to tell
an explanatory story of a real world analysis scenario [26]. Similarly,

Analytic ., False
Goals Prochs Details Starts
Online Data Stories X X X
Kaggle X X
Vast Challenges X —
Interviews X X X

Table 3.3. Four study methods based on how they reveal: high-level
analytic goals; data workers’ analytic processes; detailed descriptions
on how they worked; any dead-ends encountered. Mark x represents
a good information coverage. Partial information is represented by a
line.
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the computational notebooks we collected are either personal, messy
artifacts that are hard for others to understand, or cleaned versions
used to share distilled findings or to teach others. VAST challenge
reports explain how new techniques and visualization systems func-
tion and share findings reached using those systems. However, few or
no rich details can be found on the sensemaking process (especially
failed analyses). As a result, we opted for a semi-structured interview
method to unpack the processes behind successful and failed analysis
scenarios.

While, interviews, as a retrospective method, has its own limita-
tions. It could be common for participants to not be able to recall all
the details happened during the analysis, as well as all the rationale
behind. As a result, we could potentially miss certain “branches” of
the real exploration process. Especially in our study, we intentionally
design our interviews in a way that no explicit questions on alterna-
tives were asked when inquiring their sensemaking processes (in order
to not bias or orient our participants towards the specific role of alter-
natives).

Other types of studies could be further conducted to overcome
this limitation, such as we can follow and observe the practices as
data workers are conducting the analysis, and further combine with
“think aloud” protocols to know what they are thinking. However,
often a complex analysis can takes for weeks or even months, it could
be difficult to conduct in practice. Other methods such as dairy study
(a self-reporting of specific aspects of users’ natural behaviors and
thoughts) [99], or interaction logs could also be useful. For example,
to study a certain type of alternatives, the frequency of different kinds
of behaviors, or to study alternatives at different granularities.

Sample limitation With a sample size of 12 participants, we do not
claim generalizability of our results. Our focus is on getting a deeper
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Figure 3.8. Participants’ diverse levels of expertise in terms of compu-
tational skill and domain knowledge. Most participants belong to one
of the following two groups: group “mDomainExperts” (mostly do-
main experts), who have more domain knowledge than programming
skills; and participants with mostly strong computational skills but
little knowledge of the application domain, “mHackers.”

and rich analysis, rather than generalization from a larger sample size.

Our participants have diverse levels of computational expertise and
domain knowledge; they play different roles within their broader or-
ganisational contexts. These different types of expertise may influence
both the kinds of alternatives data workers tend to consider during
analysis and the various coping strategies they generally deploy.

Although we did not control for expertise in this study, our study
participants fell into two main categories (figure 3.8): those with high
programming skills and little domain expertise (mHackers), and those
with high domain expertise but little programming skills (mDomain-
Experts). We believe that many data workers in practice fall into those
two groups. Our framework however does not assume any specific level
of data work expertise.
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3.7 Future Work

In this section, we identify design challenges for sensemaking tools in
terms of supporting alternatives; and discuss other research directions
for future work.

3.7.1 Design challenges for sensemaking
tools

By looking at analytic systems under the proposed framework of alter-
natives, we find that current analysis tools often lack or have limited
support for alternatives at the cognitive layer. Cognitive alternatives
are intrinsically difficult to manage, as it requires getting tacit reason-
ing out of the head of the individual and into a form that can more
easily be shared.

LitVis [49] provides one solution to reduce this friction by pro-
viding various kinds of schemas for analysts. These schemas allow
users to structuring computational notebooks around their visualiza-
tion design narratives. But this approach may not easily transfer to
other contexts. In collaborative sensemaking context, Wang et al. [100]
value team discussions in terms of externalizing design rationales and
explaining alternative analytic paths. They design Callisto that in-
tegrates conversational messages as part of computational notebooks.
Callisto further provides various kinds of links to enable two-way in-
teraction between messages and related notebook contents.

We observed that our participants often use a combination of: note-
taking tools (both digital or physical) to record cognitive alternatives;
analysis tools to perform execution alternatives; and save artifacts
alternatives in files, or other type of applications, such as Microsoft
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PowerPoint. Linking and navigating alternatives across abstraction
levels and tools remains an open challenge.

In general, current analysis environments break the chain of alter-
natives across different abstraction levels, as data workers often use a
combination of tools to record alternatives at the cognitive, artifact,
and execution levels. As such, these alternatives are treated as tangen-
tial and independent, separate from the actual analytic process. Users
must mentally manage and navigate these different alternatives across
distinct tools and environments.

Moreover, tool designers could consider providing more explicit
support for managing data workers’ degree of attention and the non-
linear, fluid nature of alternatives. Many systems leave the manage-
ment of alternatives beyond the scope of the system, leaving data
workers to create ad-hoc solutions. How to design tools that make
the generation, management, and exploration of various kinds of alter-
natives a fundamental element within the sensemaking process is an
open challenge.

As discussed in section 2.3, the software application model makes it
difficult to extend a tool, exchange information across multiple tools,
and to combine different tools based on users’ situated needs. We
believe that to support alternatives in sensemaking is more than just
add on a new feature in one existing system, or integrate an extra
component in the interface. It requires more radical changes on the
fundamental way tools are designed.

3.7.2 Other research directions

Though our study provides a deeper understanding on the nuance of
alternatives and reveal its role in data sensemaking process, lots of
challenges and questions still remain unexplored.
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As discussed previously, further study using complementary meth-
ods is necessary to help reveal data workers’ true underlying practices.
For example, more detailed case studies can be conducted to ensure
richer capture of alternatives.

The role of expertise in alternatives exploration also need to be
analysed in more depth. Our study find some relationships between
expertise and types of alternatives, such as participants with strong
domain knowledge tend to mention cognitive alternatives more often;
or participants who work in research organisations tend to explore
more tool alternatives than participants who work in an enterprise, etc.
(More details in paper 2). Further research is necessary to help under-
stand the impact of expertise in terms of alternatives exploration.

Furthermore, future research could explore the role of alternatives
in collaborative sensemaking contexts. We would imagine new insights
on various strategies deployed to coordinate exploration of alternatives
within groups, to communicate the explored alternatives with others,
and to evaluate or validate an alternative. New challenges could arise
and new walk-around methods could be deployed to compensate for
the lack of adequate features in the current tools.

In our interviews, we find that participants frequently struggle with
other challenges around alternatives, such as how to evaluate them
properly, how to decide when to stop exploring more alternatives, or
how to compare, reason about, and manage a large space of alterna-
tives. One direction could be researching how to leverage the power of
machine, such as different kinds of algorithms, with human-in-the-loop
in terms of generating, reasoning, and reducing alternatives. Another
topic could be studying how to support the comparison of a large
amount of alternatives given the limitation on cognitive and computa-
tional resources, as well as the limitation on screen size.

2See our publication here: https://ieeexplore.ieee.org/abstract/document/
8805460
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CHAPTER 4

ADQDA - Supporting
Alternatives in
Qualitative Data
Analysis

With the general understanding on alternatives as fit within the sense-
making process, we then move on to the second research question -
How can tools better support the exploration and manage-
ment of alternatives? This chapter identifies the kinds of alterna-
tives within the specific context of qualitative data analysis with affin-
ity diagramming technique. We provide a vision and proof-of-concept
prototype ADQDA to support analysts appropriating available devices
to fluidly migrate between multiple analytic phases or adopt alter-
native analytic methods and representations. By embedding various
kinds of linking mechanisms, ADQDA preserves a consistency between
alternative artifacts as they arise in the process.

Section 4.1 introduces the affinity diagramming technique and how
it is applied to qualitative data analysis. Section 4.2 reviews literature
on affinity diagramming, qualitative sensemaking, as well as systems
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designed for supporting them. Section 4.3 presents a design space
for qualitative sensemaking tools and identifies painpoints of existing
systems. Section 4.4 demonstrates our vision for more flexible sense-
making tools and the design and implementation of a proof-of-concept
prototype, ADQDA. Section 4.5 validates ADQDA through a set of ap-
plication scenarios. Section 4.6 discusses ADQDA using the proposed
alternatives framework in chapter 3. Section 4.7 discusses the limi-
tations of our work and section 4.8 presents the directions for future
work.

4.1 Intfroduction

Affinity diagramming (also known as the KJ method) is a spatial clus-
tering technique where analysts manually move around and group in-
dividual data items based on their similarity or relevance to a shared
topic [101]. It has been applied for a wide variety of tasks in different
domains, such as Human—Computer Interaction (HCI), anthropology,
and management [101-103]. It is generally applied for three kinds
of purpose [104]: to elicit diverse input, such as in brainstorming or
project planning; to organize data into a known categories; and to
analyze data, where people exploit spatial organizations to help them
make sense of unstructured and seemingly fuzzy qualitative materials,
such as interview transcripts. This work focuses on this last category.

Many activities are involved in building such understanding from
collections of data: analysts need to closely examine original mate-
rials; make highlights or annotations while reading; extract related
pieces of information to put them in space; experiment with different
kinds of arrangements to explore conceptual alternatives; they might
also build higher level diagrams to abstract the emerged concepts, etc.
During the sensemaking process, analysts often mix alternative meth-
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Figure 4.1. An example analysis using paper, where the user has cus-
tomized the environment to support various analytic activities and rep-
resentations in qualitative sensemaking. Source: Sarah Scarsbrook.”

ods, go back-and-forth between different analysis stages, and adopt
various kinds of representations [1,5]. Fig. 4.1 shows a real analysis
environment customized to support various activities and representa-
tions with physical paper and walls '. Instead of discrete pieces, these
analytic artifacts and representations are connected in various ways.
For example, a participant’s quote in a sticky note would make little
sense without its context in a transcript.

During analysis, many additional factors may come into play: whether
the analyst is working alone or collaborating with others; what kinds
of analytic methods they prefer, such as open- or closed-coding or a
mix of the two; whether they are working in the same location or
from remote work sites; the tasks they are engaged in; or available
devices. When working on a common analysis project, different col-
laborators might adopt different tools, artifacts, data representations
and methods to gain insights from the data, and they might tackle on
the analysis from different perspectives [105,106]. Even a single user
might need to adopt different displays or methods when works from
office or from home.

Despite the pervasive of all kinds of displays, many analysts still
prefer using paper tools due to its flexibility and easy to be extended

'https://theartsjournal .net/2019/03/28/the-coding-cave/, accessed on
31/03/2021.
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to enable “space to think” [71]. Yet practitioners report wasting large
amounts of time to maintain relevant artifacts across multiple repre-
sentations which distracts them from the real analysis tasks [107,108].
The sensemaking process is often a long and mentally effortful process,
where analysts can face hundreds or even thousands of notes and can
keep working on the analysis for weeks or months [104,107]. With the
absence of connections between relevant artifacts, analysts might even
lose track of them. Paper tools are not persistent and also cannot
support remote collaborations.

Digital tools, on the other hand, tend to support one particular an-
alytic method or stage, or impose certain analysis workflows. They do
not address the holistic process of qualitative data analysis. It is hard
to combine them to fluidly migrant between different analytic phases,
or adopt various methods and representations. Moreover, digital tools
are often designed for specific displays, such as desktop-based applica-
tions. It is difficult to appropriate different devices or combine them
to extend space for multiple diagrams.

We present a vision and proof-of-concept system ADQDA (Affinity
Diagramming for Qualitative Data Analysis), a cross device, collabo-
rative affinity diagramming tool for dynamic and iterative sensemak-
ing process. In our vision, users may work alone or in collaboration
across the different activities and representations of qualitative data
analysis. Users may seamlessly flow between these different analytic
phases, methods, and representations in arbitrary order, all while pre-
serving consistent analysis artifacts. They may use any appropriate
or available device for the task at hand, for example by having multi-
ple users code interview transcripts on their individual laptops, then
appropriate a large wall-sized display for affinity diagramming, or us-
ing a whiteboard-sized display in an office. They may use their wall
in conjunction with a laptop, phone, or tablet as they need space to
think [71] or to display related information. As such, the analysis
tool should be flexible and dynamic—in terms of analytic process, in
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number of devices, in number of users.

ADQDA applies the concept of shareable dynamic media [14] in
multi-surface environments to allow the dynamic distribution of dif-
ferent devices across multiple users. Changes are synchronized live
across devices to all users, similarly in concept to online collabora-
tive word processors. ADQDA embeds various linking mechanisms to
preserve consistent analysis artifacts throughout the process. We fur-
ther design various multi-surface interaction techniques to reduce the
cognitive demand of users when iterating between different analytic
views, and offer awareness mechanisms to solve potential cognitive
breakdowns of collaborators.

The contributions of this work are thus:

« a vision for collaborative, cross-device affinity diagramming for
qualitative data analysis, drawn from our own experience and
from interviews with practitioners,

» a proof-of-concept prototype, ADQDA, implemented as a dis-
tributed web-based system using Webstrates [14], and

 a series of demonstrative scenarios that show how ADQDA real-
izes this vision and can potentially facilitate richer, deeper qual-
itative data analyses.

4.2 Related Work

In this section, we review related work on how affinity diagramming
is applied to make sense of data and the tools that support it. We
then present different approaches to analyze qualitative data in general
and the representative analysis tools that support them. Finally, we
consider the device ecology in the web of analysis activities.
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4.2.1 Affinity diagramming practices & tools

Affinity diagramming is a frequently-used tool for organising ideas and
making sense of them [101,102]. Harboe and Huang [104] investigated
real-world affinity diagramming practices by interviewing 13 partici-
pants. They found that the term affinity diagrams captured a variety
of practices, with different purposes and procedures. When used “To
Elicit Diverse Input,” such as brainstorming or project planing, the
number of notes tends to be smaller and the duration shorter; when
used “To Analyze Data,” such as from surveys [109, 110}, field inter-
views and observations [5,111-113], it tends to be more cognitively
intensive with relatively large numbers of notes and a longer dura-
tion [104].

Many current digital diagramming systems, such as Affinity+ [114]
or AffinityTable [115], are designed to support brainstorming-like sce-
narios. In this work, we focus on making sense of collected qualitative
materials. When dealing with increasing numbers of notes, space con-
straints are often a problem [104,107,108]. With paper tools, people
often appropriate available space, such as by spreading out to other
walls or tables [107,108]. Digital tools, however, “.. [are] thought to
restrict users to the confines of a pre-determined space such as a desk-
top instead of using any and all space available to them” [108]. Some
commercial diagramming tools, such as Miro ? or MURAL 3, use an
infinite canvas to facilitate an ever-expanding diagram, but still are
limited to a single window’s viewport. Different strategies are adopted
under such space contraints, such as only working on one part of a di-
agram at a time or omitting less important ones, which can harm the
analysis [104,116].

Another common painpoint is the transition of artifacts between

Zhttps://miro.com/, accessed on 05/04/2021.
3https://www.mural.co/, accessed on 05/04/2021.


https://miro.com/
https://www.mural.co/

4.2 Related Work 85

different systems [104,117]. For example, Harboe et al. found some
participants spent as much time just copying highlights to sticky notes
as on the analytic task itself [104]. Tools can help transforming paper
notes to digital [117,118]. Much of today’s data are collected initially
in digital forms; transforming directly between digital systems seems
appealing. However, many current digital diagramming tools focus on
scenarios where inputs are primary ideas—as in brainstorming—rather
than data items extracted from documents. Additional tools, such as
word processors, need to be integrated in the process. Since each
system has its own design abstractions, transitioning data from one
to another could be much more cumbersome than just using import,
export functionality.

Sensemaking is an iterative process [119], and affinity diagramming
as a specific sensemaking technique inherits this nature [101]. Analysts
iteratively go back and forth between different analytic phases and rep-
resentations. In this context, the disconnect between analytic artifacts
in each phase and representation could lead to cognitive breakdowns
or otherwise hinder the analysis. For example, Judge et al. [108] ob-
served that “Even if interview transcripts are available to users, as
the number of notes increases, it becomes impractical to look up the
meaning and context of notes.” Based on their observations of differ-
ent affinity diagramming sessions, they suggest to attach snippets of
original transcript to the notes, and to provide personal workspaces
for individuals in conjunction with the wall sized display, and also
facilitate users as they transition between them. Practitioners may
also generate multiple diagrams, such as for the purpose of looking at
data from a different perspective [5,113], which may add on additional
challenges.

Our research identified similar painpoints that align with the re-
lated work. We propose addressing space constraints by allowing users
to add in additional available displays, such as using a digital white-
board in conjunction with a wall size display. Additionally, we propose
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linking the various artifacts in different contexts, and providing inter-
action techniques to help users iteratively transition between analysis
phases and representations.

Moreover, affinity diagramming is often performed collaboratively [101,
108]. The number of users can range from a small group of two, to a
group of more than twenty collaborators [104,107]. Paper and some
digital tools, constrain users to a shared location. Digital tools, such
as Distributed Designers’ Outpost [120] or Miro? support remote col-
laboration on the same diagram, and provide extra awareness mecha-
nisms such as shared cursors or shadows of the remote collaborator for
presence. Our approach aims to not impose any specific collaboration
style. Users can join an analysis in any phase, at anytime, in the same
location or from remote places.

4.2.2 Various sensemaking methods &
approaches

Affinity diagramming, as a specific sensemaking technique might be
used together with other approaches, such as coding, which is more
structured and is embedded in documents [121,122]. Even within
the context of affinity diagramming, various strategies could be ap-
plied [104]. Two common strategies are open coding and closed coding,.
Open coding, also called substantive coding or grounded coding, as an
inductive form of analysis, emphasizes gradually identifying themes
and concepts that emerge from data to construct new theories [123].
Closed coding, also called a priori coding or template coding, takes
a deductive approach where codes are created beforehand based on
certain theoretical frameworks or pre-existing knowledge and are used
to frame the data into a coherent construct [124].

In practice, rather than following one approach, practitioners often



4.2 Related Work 87

blend the two into different variations to suit for their own needs. For
example, they can begin with a set of a priori codes based on inter-
view questions and iteratively add to them as new themes emerges.
In other cases, researchers start with open coding to get some pre-
liminary categories, and follow by closed coding to identify more spe-
cific themes [125,126]. As Elliott observed, “The most pragmatic
researchers will typically use both in a single research project” [127].
Blair found that a combination of these two can reduce confirmatory
bias since they “speak to, and counter, one another” [128|. Chan-
drasegaran et al. [129] show how the processes of Grounded The-
ory [130] parallels Pirolli and Card’s sensemaking model [119], where
analysts iteratively switch between bottom-up (from data to theory)
and top-down (from theory to data) activities. Both coding and dia-
gramming or a mix of the two could be adopted to these models based
on concrete projects.

Commercial computer-aided qualitative data analysis software, such
as MaxQDA 4, ATLAS.ti ®, and NVivo ¢, support both coding and dia-
gramming. However, they impose a certain analytic sequence, such as
coding before diagramming. They are also limited to a desktop-based,
single-user model. We focus on the need to blend diagramming and
coding in different analytic phases, across heterogeneous devices, with
multiple users working in the same place or remotely.

‘https://www.maxqda.com/, accessed on 05/04,/2021.

“https://atlasti.com/, accessed on 05/04/2021.

Shttps://www.gsrinternational.com/nvivo-qualitative-data-analysis-
software/home, accessed on 05/04/2021.
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4.2.3 Arfifact ecology in collaborative
sensemaking actfivities

Real-world analytic processes are often dynamic, with users from same
or different locations arbitrarily joining in any analytic task among a
network of activities [104, 107]. Instead of designing tools for cer-
tain tasks, Bodker and Klokmose’s Human-Artifact Model emphasizes
studying heterogeneous devices as part of an artifact ecology where
“one can dynamically interplay with others and with users’ web of
activities” [15,16].

Interactive displays, such as mobile phones, tablets, laptops, table-
tops, and wall-sized displays, are becoming increasingly accessible and
pervasive in our daily life. Different type of devices has their own af-
fordances and technical capabilities, in terms of forms, sizes, input
modality and input accuracy. Brudy et al. classify the diverse de-
vices as Ad-hoc/Mobile, Semi-fixed and Fixed, based on their support
degree for dynamic changes and reconfiguration [109]. In Scharf et
al’s taxonomy, devices can be categorized based on ownership, access,
and distance [131]. The unique characteristics of each of these devices
make them more suited to certain collections of tasks and interactions.
Different kinds of devices are often combined as an ecosystem for more
complex tasks and knowledge work [15,73].

Taking data analysis activities as an example, smaller devices, offer
better mobility, portability and privacy [132]. They are often used at
a personal scale or to mediate the interactions with large displays in
multi-surface environments. Larger displays, by contrast, allow simul-
taneous access and can present much more information, often acting
as a shared sensemaking space [93,94, 133, 134].

To open up new opportunities to design tools for more flexible
and dynamic practices, Klokmose et al. introduce Webstrates [14]. As
discussed in section 2.3.2, Webstrates provide a malleable and col-
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laborative environment. Users can easily access to it with any devices
that provide modern web browsers. Different types of webstrates (web
pages) can be assembled in a flexible manner to achieve asymmetric
collaborations. Moreover, user can dynamically modify and extend
the environment from within. Webstrates thus blur the boundaries of
tools, devices and activities. Badam et al’s Vistrates, built on top of
Webstrates, demonstrates how heterogeneous devices can be flexibly
combined to support dynamic activities around data visualization [90].
Similarly, our prototype ADQDA is built on top of Webstrates and
we focus on the dynamic interplay of different types of devices and the
various analytic activities within the context of qualitative sensemak-
ing.

4.3 Design Space for Qualitative
Sensemaking Tools

In this section, we describe our informal studies on gaining insights
into how practitioners analyze data using affinity diagramming. We
present a design space drawn from the literature, our own experience,
and that of our participants to describe the various kinds of activities,
methods, artifacts, and tools engaged. We then discuss the painpoints
with current tools as revealed based on this design space.

4.3.1 Informal studies & analysis of
collected data

As researchers in the HCI field, we have used affinity diagramming as
a principal analysis method for taxonomic or interview-based studies
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published at flagship HCI conferences. Besides reflecting on our own
experience, we further conducted informal interviews with three prac-
titioners, two HCI researchers and a sociologist, with rich experience
using affinity diagrams. All had experience using paper, one had ex-
perience using a wall-size digital tool, and one had experience using
desktop affinity diagramming software. Two had recently used affin-
ity diagramming to analyze interview transcripts, while one had most
recently used it to cluster social network diagrams. Interviews were
took place in either their analysis environment or our multi-surface
environment, with their own laptops or other related artifacts.

In our interviews, participants shared photos, videos, or websites
of affinity diagrams generated in their past projects. They further
walked through the process used to generate them. The goal of the
interviews was to better understand how our participants used affinity
diagramming in their research, their sensemaking processes, and to
tease out potential painpoints they had experienced.

We then showed them an initial version of ADQDA with rudimen-
tary support for creating basic affinity diagrams on a wall-sized display.
It included basic support for importing notes from a .csv file, collab-
oratively organizing them on a multitouch wall (or with a mouse and
scrollbars on a desktop computer), and adding textual annotations.
(The primary affinity diagram view shown in Figure 4.3 is based on
this initial version.) This part of the interview was aimed at helping
participants to project themselves into the experience of conducting
digital affinity diagramming on a wall-sized display.

Our analysis is based on the combination of literature reviews, re-
flections on our own experience, and that revealed by our participants.
We applied grounded theory to the ensemble of all these sources, and
focus on different themes, including the various kinds of activities in
qualitative sensemaking process, the kinds of artifacts and represen-
tations involved, the different kinds of analysis methods applied, and
the main pain-points that exposed.
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4.3.2 Five dimensions in qualitative
sensemaking

Drawn from the literature, our own experience, and that of our infor-
mal interview participants, we develop a design space to describe the
different artifacts, representations, and analytic tools used in qualita-
tive data analysis. In qualitative data analysis (with affinity diagram-
ming technique), there are five main dimensions to be considered: (A)
analysis phases, (B) conceptual methods, (C) analytic lens, (D) modes
of collaboration, and (E) types of devices used. Various kinds of al-
ternatives exist along these identified dimensions. In the following
contents, we explain these dimensions as well as the related alterna-
tives in more details.

4.3.2.1 (A) Analysis Phases

To better capture the sensemaking process, we first identify three core
analytic phases in qualitative data sensemaking: 1) extract related
data items from raw materials, 2) assign data items into categories
(often called codes), and 3) draw connections between categories to
form higher-level concepts, as shown in fig. 4.2 along the horizontal
axis.

To analyze interview transcripts, analysts may adopt different ap-
proaches: some analysts may perform open coding, extracting coded
concepts in a bottom-up fashion from the underlying data (starting
from the first phase and moving right). Others may perform closed
coding, where the specific concepts are defined in advance (starting
from right and moving left). Frequently, the two are mixed. No matter
the strategy applied, users may seamless flow between these different
phases of analysis in arbitrary order. For example, codes or concepts
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Figure 4.2. A design space for sensemaking tools: (A) analysis phases,
along the x-axis; three primary analytic phases for qualitative data
analysis; and (B) conceptual or analytic tools, such as coding (in blue)
and affinity diagramming (in orange) as complementary methods for
analysis. (C) Multiple Lens, multi-faceted analysis shown as stacks of
coding systems or affinity diagrams. The links between phases and rep-
resentations show the transitions and iterations between them during
the sensemaking process. (D) modes of collaboration and (E) types
of devices. Users arbitrarily join in any analytic task among a web of
activities, and appropriate pertinent device for situated tasks.

could be updated as more data items are extracted (transition from
phase 1 to 2 or 3); insights derived in one coding system could trigger
the creation of another focused on a specific concept (loop inside phase
2) or could trigger a new pass over the raw transcripts (from phase 2
to 1); the emergence of new concepts or hypotheses could lead to col-
lecting more data (from phase 3 to 1), such as conducting additional
or follow-up interviews, etc.

Our interviews and experience align well with Pirolli and Card’s
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sensemaking model where analysts iterates on information foraging
and sensemaking activities [119]. Instead of being discrete phases in
a linear pipeline, these phases are indeed closely connected as one can
influence and also rely on another. These phases describe iterative
activities within the sensemaking process.

4.3.2.2 (B) Conceptual Methods

While we focus on using affinity diagrams as a tool to analyze data,
it often is not used alone. We have seen practitioners mix coding and
diagramming in a flexible way during different phases of their analysis.
The blue and orange colors in fig. 4.2 demonstrate these two commonly
used conceptual tools to conduct qualitative analysis.

Coding processes (in blue) represent analysis activities which are
more structured. Such coding often entails highlighting text segments
in the documents (phase 1); annotating highlights with keywords or
tags - the codes (phase 2); and organizing or structuring those codes,
such as into a hierarchy (phase 3). Affinity diagramming processes
(in orange) are more spatially-oriented analysis activities, where the
analyst uses “space to think” [71]. Extracting data is done by extract-
ing them from their source and transforming them into notes, such
as physical post-its or digital text snippets, that can be arranged spa-
tially (phase 1). By clustering these notes into groups (often with
theme notes to summarise the abstract ideas of a cluster), the ana-
lyst assigns data items into categories (phase 2). These theme notes
can be further clustered to form higher level concepts, resulting in
hierarchical diagrams (phase 3).

To be clear, the term coding does not share a universal definition,
it can generally mean organise data to schemas no matter the concrete
methods applied. Coding can be defined as “the process of analyzing
qualitative text data by taking them apart to see what they yield
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before putting the data back together in a meaningful way” [?]. In
this dissertation, we separate the two terms, coding and diagramming,
to better distinguish these two kinds of conceptual methods and put
emphasis on their different characteristics.

We consider coding and diagramming as two alternative concep-
tual methods to analyze qualitative data. We find that instead of
choosing either coding or diagramming, these two alternatives are of-
ten combined and mixed in a flexible way. They could be applied by
different data workers in a same analysis project, some use coding and
some diagramming; or be adopted by a single analyst, where he/she
chooses appropriate methods depending on different contexts, such as
using coding in the lack of empty wall space.

Coding and diagramming enable different kinds of complementary
analyses, and both contribute to the cognitive interpretation of the
data. In coding, ideas can be quickly recorded while reading. High-
lights and margin codes are embedded in raw materials, which main-
tain their surrounding context. On the other hand, the act of moving
notes around in space frees the analyst from the structure of the source
document, helping to explore connections and categorizations of the
data—at the cost of this context. In diagramming, moreover, the
placement of notes, clusters or the distance between them can convey
extra conceptual messages, such as a note put between two clusters
could convey the uncertainty an analyst might have in mind of which
cluster this note should belong to.

4.3.2.3 (C) Analytic Lens

During the sensemaking process, we found that analysts may need to
view data through more than one lens, such as testing the fit of dif-
ferent ways of structuring the data [122]; structuring the data from
the perspective of different analytic questions (e. g. strategies involved
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vs. tools used vs. collaboration, etc.) [113]; partitioning the analysis
across individual participants and then assemble them up to find com-
mon themes [5]; or exploring alternate hypotheses or interpretations
by different collaborators. These analytic practices result in multiple
alternative affinity diagrams, or multiple sets of coding systems.

We represent this multi-faceted analysis as stacks of coding systems
or affinity diagrams in fig. 4.2. In this case, analysts often struggle
at finding more space to arrange multiple diagrams. Though each
diagram represents different interpretations and organizations of the
underlining data, they often hold various kinds of relationships based
on the users’ mental model. For example, analysts may need to com-
pare two alternative diagrams with overlapped notes to examine how
a given note is clustered in each of them; or to form up higher-level
analysis based on multiple diagrams. All of these representations as
well as their relationships form up the conceptual map to understand
what transpires in the data. Analysts hope for better ways to compare,
link, and navigate among these alternatives.

In all, as shown in figure 4.2, the ensemble of these three dimensions
- the different analytic phases, various conceptual methods, and mul-
tiple analytic lens - are integral parts of the whole analysis. Analysts
iteratively flow between different analytic phases, choose or combine
alternative methods across these phases, and generate, reason, man-
age multiple analytic representations and artifacts along the overall
processes.

4.3.2.4 (D) Modes of Collaboration & (E) Device
Types

An analysis can involve a dynamic number of collaborators at dif-
ferent analytic phases. They could conduct the analytic activities
synchronously or asynchronously, co-located or from distributed work
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sites. They may engage in the same or different phases or activities,
using the same or different conceptual methods. Various coordination
strategies could be adapted to their mode of collaboration. For ex-
ample, based on our interviews and experience, some analysts might
partition the data to work on distinct subsets at a given time; others
may work on a first level diagram while a colleague simultaneously
works on a higher level diagram; some use coding while others use di-
agramming. While although qualitative data sensemaking tend to be
collaborative, sometimes the analysis could also been done all alone,
such as the example shown in the introduction in this chapter”.

In our study, we observed various kinds of heterogeneous devices
that could participant in the overall analysis environment, including
laptops, tablets, mobile phones, tabletops, and wall-sized displays.
Modern technology has reduced the cost of interactive displays. It
is common for both individuals and organizations to own multiple de-
vices, from desktops or laptops to tablets, phones, and smart watches.
Wall and table displays are also becoming more affordable. These
alternative devices share some overlapping characteristics and still dif-
fer in terms of their physical affordances and computational properties,
such as the size, form, input modality, input accuracy, etc.

The characteristics of alternate devices make a set of tools align
well with some specific tasks. For example, coding interview tran-
scripts might make most sense when using a keyboard and mouse or
with a digital pen and a tablet, whereas affinity diagramming may be
more natural when using a touch display and on a relatively larger
screen. While it does not mean that a tool should be bonded with
certain type of tasks, a user should be able to choose or combine the
available technological devices best suited to the task at hand, just as
a wood worker would use a chisel to sculpt wood and a screwdriver to

"https://theartsjournal.net/2019/03/28/the-coding-cave/, accessed on
16,/09/2020.
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join pieces.

With paper tools, it is common to expand to multiple walls and
surfaces when requiring “space to think”.We see examples where ana-
lysts take advantage of empty walls, tables, and windows in the room.
Though digital displays have size limitations, the analysis view could
be extended by combining multiple of them. Depending on the con-
text, users should be able to adopt any appropriate and available de-
vice for the task at hand.

4.3.3 Painpoints: where current tools break
down

In our study, practitioners also reveal various kinds of difficulties and
challenges that they encounter. The design space stated above helps us
to understand these painpoints and where current tools lack support:

Different analytic phases and methods are often treated as
particular silos. Current tools tend to impose that users choose a
certain conceptual method or follow certain analytical sequences. For
example, digital affinity diagramming tools such as Affinity+, Miro,
tend to focus on clustering techniques without considering where the
notes come from or supporting coding in documents. Users must com-
bine with other text editors such as Microsoft Documents. However,
transitioning information between these tools requires a cumbersome
export-import and potential data transformation. Qualitative data
analysis tools such as MaxQQDA seem to assume that users perform cod-
ing before diagramming. Re-coding ends up breaking existing affinity
diagrams, such as changing the previously assigned locations of notes.
A system brings barriers when users want to mix these conceptual
methods, or could even prevent them from using another.
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Though in real analysis processes, data workers frequently iterate
between different analytic phases, mix coding and diagramming across
these stages, we have find no tools that provide sufficient support for
the overall sensemaking process as a whole.

Different analytic artifacts are frequently disconnected. As
identified in the design space, qualitative data sensemaking involves
a variety of analytic artifacts. These artifacts could be related to
the two alternative conceptual methods: the pairs of highlights and
notes, codes and theme notes. They can also be introduced by the
multiple analytic lens, such as multiple diagrams focusing on different
analytic perspectives, or alternative diagrams developed by different
collaborators.

In current tools, these artifacts are often disconnected from each
other, leaving users apply ad-hoc strategies to manage this mass of
intertwined information, hidden in different locations and updated at
different rates. For example, an excerpt from an interview transcript
may no longer make sense or may take on a different meaning when
extracted from its surrounding context. Judge et al. observed that,
with paper tools, “Even if interview transcripts are available to users,
as the number of notes increases, it becomes impractical to look up
the meaning and context of notes.” [108]. Some users manually write
down participant number and page number in every notes to facilitate
tracking back in the documents.

Another example considers mixing coding and diagramming. The
asynchronization between the related artifacts could confuse data work-
ers on their process or potentially cause mistakes. Users need to
maintain a strong mental model to navigate between them and make
sense of these artifacts distributed across multiple contexts and an-
alytic stages. Even though the computational power of digital tools
seems promising to maintain the various kinds of connections, extra
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challenges could be introduced due to the messy iterations and the
different characteristics of coding and diagramming.

Current systems are often designed to suit for some spe-
cific displays or collaboration modes. As identified in the de-
sign space, an analysis environment in real world is highly dynamic,
in terms of the number of collaborators, their collaboration modes,
and the number and types of digital devices involved. Users arbi-
trarily join in any analytic task among a web of activities, they may
bring in new devices, remove devices no longer required and transition
between different devices for situated tasks.

However, current tools are often designed for some specific displays
or collaboration modes. For example, both MaxQDA and NVivo are
designed for laptop-based environments, and are ill-suited for use on
a wall-sized display. Paper tools make it hard to collaborate remotely.
As one participant put it, “one of the biggest painpoints is that it needs
people to appear in one place. But we have teams in other cities, it’s
just impossible to collect all to this room for example, standing in
front of the wall to work together.” All participants described chal-
lenges arising from the locality of the affinity diagram. For example,
the sociologist shared with us affinity diagram photos taken to support
working from the office, in a different room. Moreover, when collabo-
rators were travelling or otherwise working remotely, it was difficult
to collaborate around the same affinity diagram.
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4.4 ADQDA - A Proof-of-Concepft
Sensemaking Tool

Drawing upon the design space and analysis of painpoints, in this
section, we present our vision on qualitative sensemaking tools, and
demonstrate a proof-of-concept prototype, ADQDA (Affinity Diagram-
ming for Qualitative Data Analysis), where users can appropriate avail-
able devices to flow between different analytic phases, methods, rep-
resentations, all while preserving consistent analysis artifacts.

4.4.1 Design vision & design goals

Rather than split the user’s analytic workflow into discrete processes
performed across independent tools, we envision qualitative data anal-
ysis as a holistic process, with consisting of fluid analytic phases, con-
ceptual tools, interactive devices, and modes of collaboration.

Users should be able to seamlessly migrate between different ar-
tifacts, data representations, and analysis methods, and carry across
those analyses as they do so. They should be able to combine whatever
digital devices they have as they are suited to the analysis at hand.
Users should be able to adopt the collaboration style that suits their
context, whether they be colocated or across different time zones.

We summarize this vision with the following design goals:

[G1] Support different analytic phases and the iterative transitions
between them.

[G2] Support the heterogeneity of analytic methods and the flexible
mix between them.
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[G3] Link related analytic artifacts in different phases, methods and
representations.

[G4] Allow users to appropriate available digital resources based on
situated tasks.

[G5] Allow users to apply flexible collaboration modes.

4.4.2 ADQDA Design

Based on these identified goals, we design and implement the ADQDA
(Affinity Diagramming for Qualitative Data Analysis) system. We ex-

plain ADQDA in details and explain how the design goals are achieved
in ADQDA.

4,421 System main components

ADQDA treats the three analytic phases as well as two conceptual
tools as first-class citizens ([G1,G3]). The system consists of three
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(8) meta-diagram view

(1) coding view Profect

(2) affinity diagram view

Figure 4.3. The main components of our system and the links between
them: (1) coding view, (2) affinity diagram view, (3) meta affinity
diagram view.
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main components: (1) a coding view, (2) an affinity diagram view and
(3) meta-diagram view, as shown in fig. 4.3.

The coding view contains the source document for analysis (fig. 4.3A)
and a “notes panel” for identified data items (fig. 4.3B). New docu-
ments can be added and the one in current view can be switched.
Users read through the documents and highlight content while read-
ing. Once a text excerpt get highlighted, a corresponding note is auto-
matically generated in the “notes panel”. Users can directly tag these
excerpts in the notes panel. Long clicking a highlight will navigate to
the corresponding note in the notes panel and vice versa (fig. 4.3C).
Documents can also be accessed on their own to facilitate read-only
cases, such as when checking the context of a note on a mobile phone.

Users can switch the current view to an affinity diagram or create
a new diagram using the navigation menu at the bottom. Affinity
diagrams contain two types of notes: standard notes (colored in yellow)
contain data extracted from raw materials; and theme-notes (colored
in blue) contain user-assigned messages, often keywords that describe
a given cluster in the diagram, as shown in fig. 4.3(2). The left “messy
pile” region (fig. 4.3D) in an diagram contains notes that have not
been analyzed.

Users create theme notes by double clicking/tapping on the dia-
gram background. The theme-notes together with the notes grouped
around it construct clusters(fig. 4.3E). All notes can be dragged around
in space as in physical affinity diagrams. Every cluster can be moved
as a unit as well. To group a note in a cluster or remove from it, users
move the note near or far away from the cluster, a tag will appear or
disappear on the note as a visual feedback. All tags within a cluster
are synchronized: when the content of a theme note gets updated, all
related tags are synchronized to the updates as well.

Meta-diagram is used to form up higher-level analysis from the
basic diagram. In the meta-diagram view, standard notes (the yellow
ones in 4.3B) are hidden by default, and theme-notes are turned
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to standard notes and can be clustered under “higher-level theme-
notes” (fig. 4.3F).

4.4.2.2 Iterating between phases

ADQDA aims to support non-sequential sensemaking by letting users
fluidly iterate between the three analytic phases ([G1][G3]) - 1) ex-
tract related data items from raw materials, 2) assign data items into
categories (often called codes), and 3) draw connections between cat-
egories to form higher-level concepts.

Iterating between Phase 1 and 2: When doing affinity diagram-
ming, users often spend significant effort to coordinate documents and
notes [108]. ADQDA facilitates this transition by automatically gener-
ating a note in existing affinity diagrams for each highlight in real time.
Users can further navigate between these contexts: notes are linked
to their source documents and vice-versa. In a diagram, the users can,
for example, click the “show me more” menu on a note to open it

DRER
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affinity diagram view corresponding meta-diagram view

Figure 4.4. Cluster information generated in each hierarchy level is hid-
den in another by default. But it can be acquired on demand: Inquir-
ing meta-cluster information in a basic diagram (left graph). Inquir-
ing hidden notes from lower-level diagram in the meta-diagram (right

graph).
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in the corresponding transcript on a pre-registered device, such as a
phone or tablet. Additional devices can be registered by navigating to
the session’s URL on the new device. Similarly, long-pressing on note
in the coding view highlights it in its diagrams.

Iterate between Phase 2 and 3: In ADQDA, users can further
generate meta-diagrams for higher level analyses. The notes to be
analyzed in a meta-diagram come from the theme-notes in the basic
diagram(s). It can come either from a single diagram or from the
theme-notes in a combination of diagrams. To help users concentrate
on current analysis, cluster information generated in one hierarchy
level is hidden in another level by default. But it can be acquired
on demand: In the basic diagram, users can turn on “seeing meta
info” mode to examine corresponding meta cluster information, as
shown in fig. 4.4; in the meta-diagram, users can expand notes to
reveal the individual notes they collect at the lower level. To maintain
spatial cognition [108] (fig.4.4G), this expansion preserves the spatial
arrangement of the notes underneath as in the lower level diagram.

Iterate between phase 1 and 3: During the analysis, users could
also go directly from meta analysis to original documents, such as to
include additional participants data; or from phase 1 to 3, such as
when new arguments find in documents reject a current hypothesis.
In ADQDA, though users can view the basic notes (those extracted
from documents) in a meta diagram, they are not allowed to directly
moving these notes from the meta diagram. Users are not allowed to
directly assigning a meta tag to a note in the document view as well.
Thus the iterations between phase 1 and 3 happen more implicitly
through the manipulation on the basic affinity diagrams.

Using the navigation bar at the bottom of each view, users can eas-
ily switch their current view to any other views. Moreover, the docu-
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ment view, the multiple diagrams and meta-diagrams can be accessed
simultaneously on different devices, allowing users to make compar-
isons and iterate their current analysis focus by simply switching their
attention from one display to another.

4.4.2.3 Mixing coding and diagramming

In ADQDA, the three pairs of artifacts: notes and highlights, tags
and theme notes, hierarchical codes and meta-diagrams, are treated as
alternative forms of the same entity. ADQDA automatically maintains
a bijection or a synchronization-mapping between coding concepts and
their equivalent diagramming concepts ([G2][G3]).

Mapping Diagramming Activities to Coding: Theme notes are
treated as tags (codes). Adding a note to a given cluster thus tags
that note with its theme, and removing it from the cluster untags
it. In the coding view, a highlight thus shows its associated themes
as tags. If it has been clustered in different diagrams, it thus has
multiple tags. When viewed in a diagram, the note only appears in its
own cluster(s); tags from other diagrams are thus not shown to avoid
distraction. Deleting a note from a diagram removes it from that view,
but does not remove it from other views.

Mapping Coding Activities to Diagramming: When coding,
users tag highlights in the document. To create a tag, users either dou-
ble click the highlight or its corresponding note in the “notes panel” by
side (fig. 4.3B). They can choose from a list containing all up-to-date
cluster information or edit new ones. A highlight or a note can be
assigned with multiple tags. The flowchart in figure 4.5 demonstrates
how this coding action is mapped to corresponding diagramming ac-
tions: If the tag does not yet exist, the system prompts the user to
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Figure 4.5. Flowchart demonstrates how a coding action is mapped to
corresponding diagramming actions. Blue represents different kinds
of input expected from user; green represents system reactions and
outputs; orange represents the working logic.

indicate which, if any, diagram the tag should apply and creates a
new theme note in that diagram. If the tag exists, the highlight’s
note is added to the corresponding diagram’s cluster. If a note is
tagged to multiple clusters in the same diagram, the user may choose
between duplicating the note or moving it. Untagged notes as well as
auto-generated theme notes in a diagram are added to a “messy pile”
(fig. 4.3D) until the user arranges them in the diagram.

Users can also modify an existing tag directly from the coding
view. This may lead to the following three situations: 1) change to
a new theme which does not exist before. Similarly, ADQDA will
confirm with user before creating a new theme note in the same affinity
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diagram. 2) change to a theme which belongs to the same diagram,
this will move the note from its previous cluster to the one just assigned
to. 3) change to a theme which belongs to another diagram. Since our
system assume that each affinity diagram represents a different lens
to analyze data, or a different framework, thus we don’t allow users
to change a tag that initially belongs to one diagram to another.

4.4.2.4 Managing multiple analytic lens

ADQDA allows users to create multiple diagrams where each has a
unique name, or assign multiple tags to one note or highlight. Yet
multiple diagrams and multiple codes have differences: ADQDA hides
cluster information generated in one affinity diagram from another to
reduce distraction. With basic affinity diagram view, we have feed-
backs and intuitions that users prefer being able to concentrate on
a particular analytic lens, and to form up the analysis with other di-
agrams in a different stage. Whereas the coding view provides an
overview on the cluster information, that means all tags are shown on
the notes or highlights from the coding view.

Figure 4.6. Two different affinity diagrams on two large displays, and
a coding view opened in a laptop. Long press a note in any of them
highlights notes with same content in the others.
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Cross-linking among Multiple Views: Due to the multiple an-
alytic lens and the mix between coding and diagramming, the same
content can thus appears across different contexts and representations.
ADQDA supports “cross-linking” ([G3]) to facilitate tracking and
comparing notes in different views. As shown in fig.4.6, when long
pressing a note, either in diagram view or coding view, it will high-
light in all views to help users locate a specific note in multiple places.
ADQDA also provides search functionality to help users find certain
artifacts when they have some keywords in mind. They can perform
a basic search in a single view or cross search in multiple views.

4.4.2.5 Distribute views across users & devices

So far, we have discussed how ADQDA can achieve the first three
design goals ([G1][G2][G3]) to support flexible iterations among the
various analytic phases, conceptual methods and multiple representa-
tions. As for design goals [G4][G5], ADQDA allows each view hav-
ing multiple synchronized instances. These multiple instances can
be opened in heterogeneous displays and be manipulated by multiple
users both synchronously or asynchronously. The different views and

Colaborative A Clustering from
Sensemaking =N\ 4 different lens

Figure 4.7. Analysts work in different contexts across the analysis pro-
cesses, e.g., (a) coding in a laptop (b) collaborative diagramming in
a wall-sized display (c) developing multiple diagrams from different
analytic lens, with a mobile phone to check notes’ contexts.
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their instances constitute an integrated, holistic analysis system and
can be extended based on users contextual needs.

Developed as a web application, users can access ADQDA through
a single URL link, and choose a desired view or create new ones using
the navigation menu. Multiple instances of the same view are synchro-
nized. For example, moving a note in one view causes that note to
move on the instances opened in other devices. Two users who access
to the same diagram can thus follow movements in real time. A name
tag appears below the note to indicate who is currently moving it.

ADQDA can be adopted for a variety of collaboration modes. We
list a few examples to demonstrate how ADQDA could be appropriated
under different situations: A single user can code the data with her
laptop and arrange the notes on a larger screen (figure 4.7a); multiple
users can collaborate on a same affinity diagram using a wall-size dis-
play (figure 4.7b); multiple users work on individual affinity diagrams
by adopting multiple displays at hand and then put them side-by-side
to compare (figure 4.7¢). We develop the application scenarios in more
details in section 4.5.

4.4.2.6 “Inboxes & Outboxes” for awareness

The synchronization-mapping and cross-linking mechanisms in ADQDA
save users the efforts to maintain a consistent analytic progress among
multiple representations, and facilitate the iterative transitions be-
tween them. However, they also bring challenges:

Awareness Issues across Multiple Linked Views: In an affinity
diagram, changes can be triggered by other views, even in the absence
of collaboration. A user might retag a snippet in the coding view but
not realize that will alter its associated diagrams (the note changes
from one cluster to another automatically). Or a user might make
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Figure 4.8. The “inbox, outbox” of a theme note. Users can track the
updates caused by coding. They can expand a thumbnail to check the
note, and manually drag it to the cluster or choose "drop in” to let
the system automatically assign the position.

changes in another diagram hierarchy. When collaborating, it is more
difficult for different collaborators to understand what happened. The
propagated changes can introduce conflicts, such as when two users
modify the cluster information of a same note in the same time, one us-
ing coding and one diagramming. In any case, users could potentially
lose track of changes across views and collaboration.

Asymmetric Mapping between Coding and Diagramming:
Though notes and highlights, and theme notes and codes are conceptu-
ally equivalent, the are not identical. Affinity diagrams are inherently
spatial, whereas tags/codes are not. Coding an excerpt does not pro-
vide spatial information necessary to determine its notes’ position in a
diagram. It is possible to algorithmically position such notes, but this
spatial arrangement also plays a part in the user’s mental model. The
“messy pile” on the left of a diagram works when new notes and theme
notes come, yet it can not handle the tagging or re-tagging cases.
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“Inboxes & Outboxes” as Solution: In ADQDA, each theme-
note has an “inbox” and an “outbox”, as shown in fig. 4.8. If a note
is tagged to a theme from the coding view, instead of directly moving
the note from one cluster to another, it will be put in the theme-note’s
“inbox” in a thumbnail format, with the time of modification and the
user name to indicate who did it. Similarly, if a note is removed
from that theme from coding view, it will be put in the theme-note’s
“outbox”. Users can expand a thumbnail and further drag it into a
specific position in the cluster, or just choose “drop in” option to let
the system automatically put the note in the cluster. They can also
perform “drop in” on a group of thumbnails in “inbox”.

A stable spatial allocation is also helpful for users to maintain or
recover their mental state. Furthermore, we don’t want to impose a
certain rule on the layout of notes, such as linearly spread out below
a theme note. Different people might prefer different layout styles
and give different conceptual meanings to them. With “Inboxes &
Outboxes” mechanism, users can distinguish the updates caused by
coding, and can flexibly choose between automation and manual allo-
cation of notes’ positions.

This “inbox, outbox” concept not only addresses the asymmetric
mapping problem, but also helps the user keep track of changes in
other views or by other collaborators.

4.4.3 ADQDA Implementation

We build ADQDA on top of Webstrates [14] using standard web tech-
nologies (HTML, JavaScript, CSS).

In an HTML document, elements on the interface are represented
as node objects in a tree structure, called the Document Object Model
(DOM). In webstrates, all changes made to the DOM get persisted on
the server and synchronized to all connected clients by default. It
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Figure 4.9. transclusion structure in ADQDA.

thus allows multiple users to collaboratively edit a document in real-
time. We can locally control the look and behavior of a document by
using scripts or style rules that do not affect elements in the DOM.
For example, we can hide a note or a tag by inserting a “display:
none” rule on that object to manipulate accordingly its appearance in
multiple diagrams.

More importantly, we can compose documents using transclusion
(a technique of dynamic embedding documents within another, where
changes to the embedded document are reflected in the embedding doc-
ument. The embedding document can access and manipulate objects
in the embedded and vice versa). These concepts and mechanisms
challenge the old application models and open up new opportunities
to design tools to support more flexible and collaborative practices.

We adopt these techniques and generate ADQDA system based
on a transclusion architecture, as shown in fig. 4.9. There are two
kinds of webstrates(documents) in general, those implement the appli-
cation logic, such as coding and clustering, and control the document’s
appearance, such as the color and position of a note (similar to the
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view and controller concepts in MVC model); and those that store the
analysis artifacts, such as notes, highlights, themes, in its DOM tree
to ensure a real-time synchronization (similar as the model concept in
MVC model).

To be more specific, there are six different types of basic webstrates:
(1) “User Interface” webstrate that dynamically loads other webstrate
instances in its interface based on user’s choice of view through the
navigation menu; (2) “Coding View” webstrate which contains the
coding logic, controls the appearance for documents and notes panel.
It further embeds the “Raw Material” webstrate and the “ADQDA
Database” webstrate to store and update notes and tags information;
(3) “Diagram View” webstrate implements diagramming logic, such
as moving, clustering, and injects style rules to control the positions
of notes in each diagram. It embeds the ADQDA database webstrate,
and a diagram database webstrate which stores the positions of notes
in a particular diagram; (4) “Meta Diagram View” webstrate embeds
its lower-level diagram, and stores additional position information in
the meta diagram’s DOM. (5) “Raw Material” represents a list of
documents to be analyzed; (6) “ADQDA Database” stores all analytic
information, including notes, theme notes, tags, as well as the different
kind of relationships among them in its DOM tree.

More webstrates can be generated by prototyping one of these
basic webstrates. For example, multiple diagrams can be created by
prototyping the basic diagram database webstrate, where each stores
different positions and clusters information while sharing the same
programming logic.

This transclusion architecture ensures the linking and mapping
mechanisms of ADQDA. Analytic artifacts, such as highlights, notes,
theme notes all have their unique id and attributes’ values. By default,
if a view embeds the Database, all information in the database will
be shown. We dynamically inject different CSS style rules to selec-
tively show information depending on the context. For example, in
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the coding view, all notes are linearly presented, while in each affinity
diagram, the notes’ positions are changed based on the position infor-
mation stored in each diagram’s DOM. Each theme note has a creator
attribute and a “themelevel” attribute to indicate which diagram it be-
longs to, thus it can be properly hidden or showed in multiple diagram
views.

Furthermore, by using different kinds of mutation observers (which
provides the ability to watch for changes being made to the DOM tree),
every change in all views is recorded. Each view can make proper
reactions to a change depending on different situations. For user iden-
tification, we use the embedded client management in webstrates to
monitor users connected to any webstrate.

Considering the following use case: as shown in fig. 4.10, a user
changes the current diagram named “trigger” to another diagram
named “barrier” by clicking on the name list in the navigation menu.
The ADQDA interface originally transcludes the diagram view which
embeds the ADQDA database and the “trigger” diagram database.

4% | ADQDA Database
Diagram View W [note], [theme], [tag]
Ti lud
Changea ADQDA Interface | Iranscludes | Filter notes
diagram - Get positions Tra"Sc/ - -
- Inject css rules % Diagram-trigger
[notelD-(x,y)]

it

Figure 4.10. When a user switches the current diagram named “trig-
ger” to another diagram “barrier”, ADQDA dynamically transcludes
corresponding diagram database to ensure proper representations of
notes.
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The interface detects the clicking input with the desired diagram name
- barrier. It then changes the translusion source in diagram view to
the desired one, by updating the “src¢” attribute of the correspond-
ing <iframe> element. Once finish transcluding/loading, the diagram
view filters notes and theme notes that belong to the “barrier” dia-
gram with the aid of creator attribute of each note. It then gets the
corresponding (x,y) positions of filtered notes from the “barrier” dia-
gram database. Finally, diagram view injects proper style sheet rules
to show notes in their correct locations and hide irrelevant informa-
tion. Thus the two diagrams share same programming logic but show
its proper analysis representation.

Another example demonstrates how two users can work on a same
diagram with different devices, as in figure 4.11. User A and B both
have the same diagram opened in their individual devices. When user
A drags a note, diagram view detects the action and updates the style
sheet rule on the position of that note. It further updates the (x.y)
element stored in the underneath diagram database. Since changes to
the database’s DOM tree get persisted on the server and synchronized
to all connected clients, the diagram view on the side of User B listens
this change as well. The diagram view get the new (x,y) and update
the location of note on B’s side accordingly. Thus A and B see the

R Dregandt ADQDA | - Transeludes GDiagram we“,'t. Update the_ | Diagram DB
A Interface - Get mouse position x.y) of note )
- Change style rule oy [notelD-(xy)] | N\
lebstrates
Server

Note moves
DOM Sy|1chronised
R Note moves | ] Transcludes GD:::"am V:ew) Change Diagram DB /
B - Getthe new (x.y) listened notelD-|
- Change style rule ! oyl

Figure 4.11. The different instances of same diagram database get syn-
chronized to ensure two users collaborate on the same diagram with
different displays.
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same movements of note in real time.

4.5 Application Scenarios

ADQDA presents a vision and proof-of-concept implementation for
affinity diagramming across the various analytic stages, conceptual
methods, devices and collaboration modes. In this section, we use
a set of application scenarios to probe the utility and novelty of the
ADQDA prototype.

As discussed in section 4.2, there exist many related systems; we
pick four representative systems of their types: Affinity+ [114], a re-
search prototype for digital affinity diagramming; Distributed-Designer’s
Outpost [120], a digital whiteboard supports remotely organising notes
in space; Miro?, a commercial online collaborative whiteboard plat-
form; and MaxQDA*, a commercial computer-assisted qualitative data
analysis software. We compare ADQDA with these current tools
around the application scenarios and the design space to show ADQDA
is able to solve previously unsolved problems, and reduce interaction
viscosity during analysis [135].

Scenario 1. Alice and Bob meet in a lab room to analyze interview
transcripts. The room has a wall-sized interactive display, an interac-
tive table, and Alice and Bob’s own laptops, phones, and tablets. They
each open the transcripts on their laptops and begin coding them in
ADQDA. They highlight pertinent snippets of the transcripts while
they read. After going through a few participants, Alice moves to the
wall while Bob continues to code transcripts. She loads the URL for
their analysis session and creates a new affinity diagram, which au-
tomatically contains the extracted snippets in a pile in the corner of
the display. While she organizes these snippets, Bob’s new snippets
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continue to be added to pile. Meanwhile, Charles, working from his
office in another city, joins the analysis by opening Alice’s diagram on
his laptop. They work collaboratively, following each other’s notes as
they move around in real time on the shared diagram, Alice using her
fingers and Charles his mouse. Charles decides he would rather not
pan around in the diagram, so he walks down the hall to his studio
and opens the diagram on its interactive board.

Discussion: This scenario illustrates multiple users working in dif-
ferent places and with different types of devices. Moreover, the users
are able to choose the available devices best suited to their task at
hand, extending the environment or switching devices by merely open-
ing the shared session URL and choosing the shared artifact (tran-
scripts or diagrams) to work on.

Comparison to Other Tools: Most tools, such as Affinity+, Miro,
and Distributed-Designer’s Outpost focus on only one type of analy-
sis or artifact (coding or affinity diagramming). They may provide
more refined interactions for these specific activities, but transitioning
between these activities requires a cumbersome export-import and po-
tential data transformation. MaxQDA does support both activities
in the same tool, but it is neither collaborative nor does it support
multiple device types or interactions beyond a single user on a single
desktop system.

Similarly, few tools allow for users to bring different devices into
an analysis. Affinity+ does let users add in multiple phones and
tablets as personal input devices, but the main analysis view—affinity
diagrams—can not be extended. Miro can be used on both mobile
devices and larger displays, treats them as views of a single repre-
sentation. We are not aware of any other tools besides paper that
supports the ready addition of extra available displays to extend the
analysis across phases and representations.
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Scenario 2. Joining Alice on the wall, Bob realizes he is not sure of
the meaning of one of the notes. He uses the menu on the note to send
it to his phone, which he had previously registered with the session by
opening its URL. His phone displays the pertinent transcript focused
on the selected snippet. Meanwhile, Alice is not sure that a note is in
the right category. She sends it to her tablet, finding in the transcript
that the underlying meaning was misinterpreted without its surround-
ing context. She continues to read the rest of the transcript to make
sure that the other snippets have not been similarly misconstrued. In
the transcript, the diagrams’ cluster information appear as tags on
each snippet, so she can make sure that each tag makes sense. She
re-tags several misidentified snippets and adds a few more snippets as
she identifies new themes that had not emerged before.

Meanwhile, Bob and Charles continue working on their shared di-
agram. Alice’s new notes now appear in the uncategorized pile on the
diagram, while each of the notes she has re-tagged in the transcripts
now appears in its new theme’s “inbox” and its old theme’s “outbox”.
Collectively, they walk through each of the items in inbox to make
sure that they agree with this new categorization before either drag-
ging the note into place in its new cluster, letting the system do so
automatically, or sending it back to its old cluster.

Discussion: This scenario shows how analysts can smoothly mix
different conceptual methods and iterate between different phases of
analysis, from coding to diagramming and back again, throughout a
given analysis session. Fach analytic artifact reveals different contex-
tual information through its spatial construct that the analyst needs to
be able to fluidly navigate as the analysis evolves. Similarly, different
analyses may be better suited to different devices, whether ephemeral
in nature or more focused.

Comparison to Other Tools: Tools that focus on a single type of
analysis cannot provide support for such iterative analyses. They may
be able to provide links back to transcript context, as in MaxQDA,
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but such references are effectively read-only. MaxQDA does support
multiple analytic artifacts, but the analysis is effectively linear, with
coding preceding affinity diagramming: changes made in coding al-
ter the spatial positions of affinity diagrams. As one user in one of
MaxQDA’s own tutorial videos comments, “when MaxQDA brought
the new coding results into the project, it re-sorted all the groups into
alphabetical order for reasons I don’t entirely understand.”

Scenario 3. Some days later, Alice, Bob, and Charles decide to
re-analyze the data, focusing on how participants use their artifacts
rather than just on the types of artifacts under study. Alice creates a
new affinity diagram from the same set of transcripts, which loads all of
the notes into the initial pile. The three of them collectively build their
new diagram, Alice and Bob in their lab and Charles in his home office.
Once the diagram has taken shape, Alice and Bob gather around the
table in their lab and load the initial diagram. As they select notes
in the new diagram, they highlight in the initial one, helping them to
compare the relationship between the different analyses. Charles does
not have a board in his home office, so follows along in the transcripts
view on his tablet. As Alice and Bob highlight notes in their diagram,
the corresponding snippet highlights in Charles’ view, showing any
alternative tags it may have from the other diagrams.

Discussion: This scenario shows how analysts can carry out paral-
lel analyses of their data from different analytic lenses, but still main-
tain a link between them. The analysts can treat these analyses as
independent, focusing on just the one, as we see in the first part of
the scenario, or they can compare across them, as in the second part.
To help facilitate such comparison, the different users can bring in
the different available devices to extend the space for their analysis.
Similarly, they can collaborate asymmetrically, as when Charles works
along from the transcript view.
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Comparison to Other Tools: While most, if not all, tools allow the
creation of multiple diagrams from the same data, they are typically
treated as independent diagrams. As such, iteratively going back to a
different phase of analysis, such as re-coding the data, would require
manually updating the diagrams accordingly. MaxQDA does support
associating multiple diagrams to the same data, but, in addition to
the limitations shown in Scenarios 1 & 2, can only show one diagram
at a time.

Scenario 4. Alice, Bob, and Charles agree that both diagrams re-
veal essential facets of the collected data. Alice and Bob begin a
meta-analysis of the first diagram, looking for higher level concepts.
They create a new meta-diagram, which transforms theme notes from
the first diagram into regular notes in the new diagram. They further
import the theme notes from the second diagram, allowing them to
combine the themes from both analyses into a single higher-order anal-
ysis. As Alice is combining two notes into a common theme, she wants
to make sure she is correctly interpreting the theme’s label. She first
expands the note to reveal its associated snippets to confirm before
them grouping the two themes together. Meanwhile, Charles contin-
ues refining the second diagram on the board in his studio. To ensure
a shared understanding of both diagrams and to follow along as his
themes are organized into new higher-level concepts, Charles turns on
the “show meta info” mode.

Discussion: The first part of this scenario illustrates how users
can transition between analytic phases, while still maintaining links
to higher or lower levels of abstraction. The second part of the scenario
illustrates how multiple users can simultaneously iterate on different
analyses at different levels of abstraction.

Comparison to Other Tools: We are not aware of any other tool
that provides explicit support for meta-diagramming activities across
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analytic phases. MaxQDA does support meta-diagramming, but for
one device and one analysis at a time. Other tools support such anal-
ysis by extracting themes and creating a new diagram; as such they
would be treated as independent artifacts.

4.6 ADQDA through the Lens of
Alternatives Framework

Qualitative sensemaking involves a flexible mix of alternative meth-
ods, multiple representations, and the adding or removing of multiple
diverse devices across three main analytic phases.

ADQDA considers alternatives at all three abstract levels - the
cognitive, artifact, and execution alternatives. Cognitive alternatives
are indirectly supported: they are often off-loaded and externalized
through the various representations. ADQDA lacks direct support for
cognitive alternatives, such as memos or annotations to record the rea-
soning process. Yet users could potentially appropriate theme notes
for the same kinds of functionalities. ADQDA provides support for
a variety of artifact alternatives, including highlights and notes, tags
and theme notes, the different representations of them, as well as the
heterogeneous displays. Some of these artifact alternatives are intro-
duced by alternative execution methods, coding, and diagramming.

In terms of the “degree of attention”, we can view the analysis in
terms of different granularity levels: under different frames of reference,
the active analysis focus can vary from a single artifact, such as a
highlight, a note, to a group of artifacts, such as a cluster in a diagram,
and to the entire diagram or even a combination of them. When a
user focusing on categorizing a single note or highlight, it acts as a
choice. The different clusters are multiples, while several are options
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in case the user considers among which this note should belong. Once
choosing a cluster, this cluster becomes a choice. After being arranged
into a proper position inside the cluster, the note turns to a multiple
as the user continues to pick another note.

The user might also focus on a particular cluster or theme, and goes
through multiple notes, highlights, or even the raw materials to check
which data item is of relevance. In this case, the cluster is a choice
and the different kinds of data items flow between multiples, options
and potentially become a choice. Moreover, the user could also focus
on the entire diagram or a combination of them as a whole, such as
when considering different mental models or constructing higher-level
concepts. Here each singer artifact is a multiple since no special atten-
tion is paid to them. The different diagrams flow between multiples,
options, and choices as the user changing the active view or switching
attention from one display to another.

In the proposed alternatives framework, five high-level processes
around alternatives are identified: generating, updating, reasoning, re-
ducing, and managing. In ADQDA, the creation of alternatives is
achieved by both users and the system itself. Users manually gener-
ate multiple diagrams and appropriate different devices. While the
system automatically produces pairs of identical analysis artifacts for
the alternate methods - coding and diagramming. Similarly, Updat-
ing a diagram requires users to manually moving notes around, while
analysis artifacts related to coding and diagramming get updated au-
tomatically for mapping synchronization.

The asymmetric views, the cross-linking mechanism between views,
and the fact that ADQDA can be easily deployed to combinations of
devices facilitate reasoning alternatives, such as to compare two di-
agrams. Alternatives get reduced as users remove certain diagrams
or clusters, or merge multiple diagrams into one. As affinity diagram-
ming is highly subjective, ADQDA does not implement any algorithms
to reduce the number of alternatives automatically. Considering man-



4.7 Discussion 123

aging alternatives, ADQDA acts as a repository for all analysis arti-
facts and representations, and further provides linking and mapping
mechanisms to maintain the interdependency among different kinds
of alternatives.

4.7 Discussion

In this section, we present other design alternatives considered. We
discuss the limitations of our work in terms of the prototype itself and
conceptual limitations.

4.7.1 Design Options Considered

While designing ADQDA, several alternative solutions have been con-
sidered:

Integrating or Separating Hierarchical Diagrams: Instead of
separating phase 2 and 3 into affinity diagram view and meta-diagram
view, we could also put them in one representation, such as using a tree-
like structure as in Klemmer et al’s designers’ outpost system [117],
or other free structured diagrams where users can draw links between
notes.

Through our interviews and experience, we find several reasons
that practitioners prefer the separated representation, especially with
relatively large amounts of notes. Firstly, it is hard to find a wall
space to present these levels together. Secondly, in a tree structure,
the operations are cumbersome when moving a note with all its sub-
trees. Thirdly, users might want to keep focused in each analytic
stage, too much information is overwhelming and may distract their
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attention. Last but not least, we might have users work on different
phases at the same time, this separation can facilitate this type of
work division. Based on these observations, we decide to design the
basic diagrams and their meta diagrams as two different views.

In fact, each option is appropriate for certain analysis scenarios.
This separation of views may not make sense with a smaller amount
of notes. The all-in-one view can better provide an overview of the
analysis, and a more flexible level assignment. In the current system,
we have not yet implemented other types of views, but ADQDA could
be extended to complimentary views in future work, such as through
a plugin. Users should flexibly choose the analytic artifacts and repre-
sentations as they see fit for their situated task or analytic goal. These
artifacts should be a linked part of the entire analytical environment.

Tracking the Context of a Note: To trace the original context
of a note when diagramming, ADQDA shows the source document on
an extra display, such as a mobile phone or a tablet. To facilitate
collaboration, users can further choose to send the content to other
collaborators’ devices, either in the same place or at distance.
Instead of introducing extra devices, we initially designed it as a
pop-up window nearby the note. Users can further choose whether to
synchronize the window with other remote instances. We find each
of these two options has its trade-offs. The pop-up window saves
users the efforts to reach a new device that needs to be previously
registered. However, diagramming with a large amount of data items
is highly information-intensive, where users often struggle with a lack
of space. Pop-up windows could potentially obscure other notes nearby.
By adding extra displays, the diagram stays the same and users can
access both information by just switching their attention. It also seems
similar to the natural practices with paper artifacts, where users grab
related documents when needed and leave them by side while not in
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use. ADQDA could be implemented to support both options and let
users choose the way they want based on their contexts.

4.7.2 Prototype Limitations

The primary focus of the ADQDA prototype is to support qualita-
tive data analysis through affinity diagramming by (1) appropriating
available interactive devices to create ad-hoc cross-device analysis envi-
ronments, and (2) providing various linking mechanisms to help track
and coordinate alternative artifacts across different analytic phases
and representations. As such, support for coding and affinity dia-
gramming could be considered a minimum viable product: it provides
basic support for coding textual transcripts and for rearranging snip-
pets and groups of snippets, clustering, and annotating snippets in
affinity diagrams.

Richer interactions for multi-touch gestures [136], provenance and
history tracking [114], or large-scale interaction techniques such as
Bring and Go [137] or portals [138], etc. are not currently implemented.
There are currently no additional visualizations or color coding to con-
vey, for example, the stability of clusters or to reinforce participant
numbers or participant roles (e.g., managers vs. executives vs. work-
ers).

While the implementation is designed with collaboration as an ex-
plicit design goal, there is little support for in-system coordination. All
such coordination must currently be done out-of-band using telecon-
ferencing or using ad-hoc social conventions (such as jiggling a note
to convey a shared focus).

Finally, ADQDA is implemented using Webstrates [14], a research
prototype environment. It can handle around a hundred simultaneous
connections and tens of simultaneous edits to the same shared docu-
ment. It is built on web technologies with their associated constraints.
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4.7.3 Conceptual Limitations

Beyond the technical limitations of the current prototype, there are
also conceptual limitations in the current approach and design, espe-
cially related to collaboration, device heterogeneity, and conceptual
compatibility between different views.

Our system supports various collaboration modes, multiple users
can be colocated or remote, on the same device or different devices,
simultaneously or asynchronously. Conceptually, however, different
interactions are better suited to each of these scenarios. For example,
a technique that works well to highlight a given note across multiple
views for a single user across multiple devices might distract or confuse
other users. Similarly, different incompatible interaction techniques
might be better suited to multiple users working on the same wall vs.
multiple users collaborating across distant walls. Furthermore, the
various collaboration scenarios might also rely on different kinds of
awareness mechanisms [139, 140].

Similarly, the different views are currently only minimally adapted
to the constraints of the device. For example, displaying a wall-sized
diagram on a smaller display such as a laptop or a smartphone cur-
rently uses a mix of panning and zooming. It is both useful and
possible, but awkward. Moreover, it assumes that the relative dimen-
sions of the canvas will not vary across devices. For input, touch and
click events are currently treated as equivalent, but little additional
support is currently made to handle the different input modalities of
different devices.

Finally, the underlying design of the approach assumes that it is
possible to define a consistent mapping to maintain dynamic links be-
tween all related analysis artifacts. For example, a note in a transcript
must maintain a link to its snippet in an affinity diagram, but under
certain scenarios such a bijection may be untenable or impossible to
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maintain across different layers of abstraction.

4.8 Future Work

In this chapter, we identify the kinds of alternatives within the spe-
cific context of qualitative data analysis through affinity diagramming.
We present our vision and a proof-of-concept prototype, ADQDA, to
explore how analysts can appropriate available digital devices as they
fluidly migrate between analytic phases or adopt different methods
and representations, all while preserving consistent analysis artifacts.

We have previously discussed ADQDA in terms of its support for
alternatives, the prototype limitations, as well as the conceptual limi-
tations. In this section, we discuss several directions for future work.

Conducting Empirical Evaluation In section 4.5, we validate
ADQDA through a set of application scenarios. We show the differ-
ent kinds of alternatives supported in ADQDA and how this support
leads to more flexible sensemaking practices. This work could be fur-
ther evaluated through various empirical studies to gather real user
feedback on the design concepts.

For ADQDA, it is insufficient to consider the novelty of individual
problems or individual technological solutions, nor are we aiming to
provide empirical evidence that the specific design decisions or fea-
tures in the prototype are the right solutions. Rather it is the vision
where users flexibly flow between the integration of alternative tools,
artifacts, representations, and displays that challenges the traditional
application model for handling data analysis tasks.

Letting practitioners using ADQDA in their real analysis projects
could bring inspiring observations and valuable feedbacks. Especially,
we are interested to see how they appropriate ADQDA to create their
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own analysis environments and workflows. Even with a small num-
ber of participants, we could potentially see the use of ADQDA in a
variety of ways. We can also conduct laboratory studies to compare
ADQDA with other existing analysis tools, such as MaxQDA or Mu-
ral, for given analysis tasks or goals. Instead of gathering quantitative
measurements, we are more interested in qualitative feedback such as
what features or functionalities of ADQDA they consider helpful or
not helpful in the sensemaking process.

Enhancing support for alternatives Though ADQDA provides
good support for alternatives at different abstraction levels and the
high-level processes around them, it could be further improved in dif-
ferent aspects.

First, instead of creating a new diagram each time, generating alter-
native diagrams by forking or branching an existing diagram might be
helpful. Better alternatives management might be achieved through
various kinds of versioning techniques. To facilitate the practices
around reasoning alternatives, the current version only supports track-
ing notes one by one across diagrams, further versions could add more
features to help to compare, such as to show all intersections of two dia-
grams. Besides, the current linking mechanism follows a strict match.
Yet fuzzy match might be helpful to compare data items with high
similarity.

Apart from the current coding and diagramming views, ADQDA
should allow extensions of other kinds of views. For example, to pro-
vide more explicit support for cognitive alternatives, views with free-
form drawings, annotations, and memos could be added to preserve
thoughts and ideas.

Enhancing Collaborative Sensemaking ADQDA only provides
a rudimentary implementation for collaborative sensemaking. For ex-
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ample, the synchronization among multiple instances of the same view
provides basics for remote collaboration. Yet ADQDA has not put spe-
cial attention to any particular collaborative scenario and design in-
teractions and features to support them. As said, the “cross-linking”
feature to track notes across multiple views for a single user might
distract or confuse other users. How to balance the features that facil-
itate sensemaking for a single user and those for multiple collaborators
remains an open issue.

When collaborating, the distinction between personal and collab-
orative space is proved important [108]. In ADQDA, except for the
document view, all other views are treated as shared space where up-
dates by all users get synchronized immediately. It could be further
developed to provide this separation when needed, such as letting two
users individually highlight transcripts before presenting these high-
lights for cross-validation.
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CHAPTER ©

Computational
Transclusion -
Managing
alternatives in the
context of reuse

This chapter explores how to design tools to manage alternatives in the
context of reuse. Analysts often reuse contents generated in computa-
tional notebooks to other places like presentation slides. We consider
the original content and its derivative as “alternatives” that diverge
from the moment of reuse. Based on various needs during sensemak-
ing, these alternatives might be applied with the same updates or be
modified differently. We introduce “computational transclusion” as a
novel reuse approach that maintains the links between pairs of alter-
natives to facilitate tracking and coordinating changes. We further
explore “computational transclusion” in the context of transcluding
data visualizations.

Section 5.1 introduces our motivation for envisioning “computa-
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tional transclusion” Section 5.2 reviews related research, including
content reuse practices during sensemaking processes; the original con-
cept of transclusion; and other existing reuse techniques. Section 5.3
explores transcluding data visualizations by examining various reuse
scenarios using a sandbox system. Section 5.4 discusses the identified
transclusion properties and how to reify them in the user interface to
enable flexible (re-)configurations of transclusion. Finally, section 5.5
& 5.6 discuss the limitations of our work as well as what can be done
in the future.

9.1 Infroduction

Computational notebooks have been widely adopted by people from
various domains, such as science, finance, and education, to perform
data exploration tasks [141-144]. By integrating narrative texts, code
pieces, data frames, and interactive visualizations in one single doc-
ument, computational notebooks support both experimenting with
ideas and presenting analysis results.

Rule et al. [26] point out that a single notebook can hardly support
the overall sensemaking process: a notebook for exploring ideas often
contains “messy” code that is hard to understand; while a notebook
for presenting results often lacks of the details of the analytic pro-
cess. Analysts thus often apply multiple notebooks in a single analysis
project to support various analytic tasks; other environments, such as
presentation slides or note-taking software, could also be adopted to
compensate for the inadequacy of notebooks.

Contents that are initially generated in one notebook could be
reused to these other places for different purposes. For example, a
visualization could be moved from a “messy” notebook to a clean-up
version to present analysis results. We consider the original content
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and the derivative (or reused content) as “alternatives” that diverge
from the moment of reuse. Instead of each being an independent en-
tity, the alternatives often hold complicated links based on users’ men-
tal models during the sensemaking process. For instance, considering
reusing a visualization, analysts might customize the styles for each
visualization to suit different color themes but synchronize the data-
binding logic to involve newly-collected data in both visualizations.
Sensemaking is often messy and iterative, analysts often need to go
back and forth between these places to update them or to coordinate
changes.

Existing technologies provide a variety of ways for content reuse.
For example, users could simply perform “copy & paste” commands
or “export & import” to move an artifact across different places. How-
ever, these techniques tend to treat the alternatives as individual
copies, leaving users to apply ad hoc strategies to track and coor-
dinate changes that might appear on both sides. New techniques have
also been invented to facilitate reusing portions of content from com-
putational notebooks. For instance, the “embed cell” technique in
Observable! allows users to put working contents of notebooks, like
visualizations, inside another website. Despite that “embed cell” can
keep the reused contents as updated as the original one, it is difficult
for users to make changes from the reused side or to alter the relation-
ship between the two alternatives based on their situated needs.

Back in the 1960s, Ted Nelson pictured a digital world where mul-
tiple instances of the same content dynamically connect as the way we
think and use them [76]. Instead of each a separate copy, the instances
across different places can be tracked and synchronized with one and
another. He coined the term transclusion to describe “reuse with origi-
nal context available, through embedded shared instancing” [77]. Built

'https://observablehq.com/@observablehq/introduction-to-embedding,
accessed on 21-04-2021.
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upon his idea, we believe that the original content from computational
notebooks and its derivative in another place should stay connected as
the way users expect. While different from the original “transclusion”
that keeps the same content, we explore the asymmetric reuse where
both the original and the reused content could evolve independently
as the analysis continues.

We envision “computational transclusion” as a novel reuse ap-
proach that maintains various kinds of links between pairs of original
and reused contents to facilitate tracking and coordinating changes in
asymmetric reuse cases. With “computational transclusion”, analysts
can carry on these alternatives as they move back and forth between
multiple sensemaking stages and different analysis places. Users can
also flexibly alter the way the alternatives are linked based on their
contextual needs during the sensemaking process.

In our current work, we explore “computational transclusion” in
the context of transcluding data visualizations. Analysts often ex-
plore various kinds of data visualizations and interact with them to
gain insights [145-147]. Visualizations can also help share insights,
communicate findings, and present analysis results [26]. In the tran-
sclusion context, we refer the original content as being transcluded and
the reused or derived content as transcluding. Our research questions
are: (1) What are the components of computational transclusion of
visualizations? (2) What are the various kinds of links users might
want between the transcluding and the transcluded? and (3) How to
reify these links in the user interface to enable flexible manipulations
of transclusion?

To answer these questions, we explore various reuse scenarios using
a sandbox system built upon the Webstrates platform [14] (section 5.3).
Through our explorations, we explore the dependencies between dif-
ferent components of visualizations and how the alternative contents
might be linked. We propose six properties of transclusion — linking,
role of artifact, application of changes, direction of propagation, linking
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granularity, and linking depth — to help clarify different kinds of links
between the transcluding and the transcluded (section 5.4.1). We also
explore how to reify the identified concepts in the user interface to en-
able flexible and fine-grained control over transclusion (section 5.4.2).
Finally, we discuss the limitations of our work as well as what can be
done in the future (section 5.5 & 5.6).

5.2 Related Work

Our work builds upon previous research on practices around artifact
reuse in computational notebooks; painpoints of existing reuse tech-
niques; and novel reuse concepts and techniques.

In this section, we first introduce computational notebooks as a
medium for data workers to conduct sensemaking activities. We re-
view the reuse practices conducted around computational notebooks.
We then discuss existing reuse concepts and techniques around three
groups of work: (1) the original concept of “transclusion”; (2) tech-
niques like “intelligent copy & paste” or “linking & embedding” which
considers the links between the original and the reused content; and
(3) coordination of multiple instances of visualizations as distributed
in different devices.

5.2.1 Sensemaking in computational
notelbooks

Computational Notebooks Dating back to Knuth’s idea of “lit-
erate programming” in 1984 [64], computational notebooks consider
narratives as first-class citizens as the code to prompt the capture of
the reasoning behind the analysis processes.
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Narrative Text Sampiing from the generative model Code and Visualizations

Notebook title and introduction T ————

*—— Importing external packages

Description of model parameters

*—— Implementation of parameters

Description of need to profile data

e—— Profile plotting code

e—— |Inline plot

Figure 5.1. A computational notebook combining narrative text, code
pieces, and the visualization result [26].

Computational notebooks integrate code, text narratives, as well
as analysis outputs such as data frames and visualizations in a single
document. As shown in figure 5.1, a notebook is based on a linear
collection of units called “cells”, each of which contains text or code
that can be executed to compute results or generate visualizations.

There are many examples of today’s computational notebooks,
either as research prototypes or commercial products. For exam-
ple, Jupyter Notebook?, as an open-source web application, has been
adopted by millions of users. Google Colab® enables synchronous edit-
ing of a notebook to facilitate collaboration. Observable* tracks the

’https://jupyter.org/, accessed on 29/04/2021
Shttps://colab.research.google.com, accessed on 29/04/2021
‘https://observablehq.com/, accessed on 29/04/2021
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dependencies between cells to facilitate code exploration and manage-
ment. Codestrates [88] makes it possible to change the notbook envi-
ronment from within. After analyzing 60 notebook systems in both
academia and industry, Lau et al. [141] characterize these notebooks
across four major stages of sensemaking: importing data, editing code
and prose, running code to generate outputs, and publishing notebook
outputs.

Artifacts Reuse around Notebooks Studies around computa-
tional notebooks show the general phenomenon of artifacts reuse. Rule
et al. [26] find that analysts often “reuse snippets of code from prior
or others’ notebooks.” They also “copy analytic results to other me-
dia for sharing and presenting.” Kery et al. [8,46] observe that their
participants use copy & paste to create code variations or transfer
“most successful parts” to a new notebook. Chattopadhyay et al. [148]
find analysts continuously copy-paste code to customize visualizations.
Subramanian et al. [149] find that data workers tend to move code seg-
ments across multiple applications.

However, the constant copy-pasting is considered frustrating. Ana-
lysts might “lose their mental model of the task” as a result of excessive
switching between clones [149]. The excessive cloning also makes it
more difficult to maintain the code. Chattopadhyay et al. [148] further
point out that reusing small portions of a notebook out of the box is
challenging because of the intertwined dependencies among cells. Fo-
cusing on the dependency issue, Head et al. [27] contribute the Code
Gathering tools, as extensions to computational notebooks, to help
analysts identify a minimal set of content dependencies that generate
a specific result.

More generally, studies around laboratory notebooks show ana-
lysts’ work as a complex web of interrelated repeated content. Tabard et
al. [150] identify that biologists’ notebook content is “repeated either



138 5 Computational Transclusion - Managing alternatives in the context of reuse

over time or related from one stream to another.” Klokmose and Zan-
der [151] report physicists’ vision on future lab notebooks — flexible
media that can be broken into pieces and be brought to other places.
They give the example of reusing control instruments from a notebook
to a mobile phone, where changes on the mobile side can be reverted
to the original notebook.

Our work builds on these observations of content reuse around
notebooks. We focus on asymmetric reuse cases where the original and
reused content could be modified alternatively for different analytic
goals. Based on explorations of various scenarios, we review different
kinds of mental models that users might hold on the relationships
between the original and reused content.

5.2.2 The original concept of transclusion

The network of repeated information contents was examined by Ted
Nelson since the early 1960s. He argued that instead of emulating
physical paper to handle information in a digital world, we should
rather take advantage of computing and rethink the structure and
model of texts in a digital context. He envisioned computing systems
can help create, manage, and share information contents that align
naturally with human thought and creativity.

Ted Nelson coined the term “transclusion” to describe “the same
content knowably in more than one place” [76], or “reuse with original
context available, through embedded shared instancing” [77]. Rather
than separated individual copies, transclusion treats same contents
over places as shared instances. It establishes a permanently live con-
nection between fragments. As a result, these contents can be retrieved
and changes made in one place are reflected in others as well.

Ted Nelson also discussed interesting application scenarios for tran-
sclusion, including creating alternative versions or alternative organi-
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zations of documents; transcluding alternatives side-by-side to com-
pare them; or creating composite documents [87,152]. More recently,
Krottmaier and Helic [153] demonstrate three application contexts of
transclusion: in electronic publishing, since scholar papers often quote
contents from published ones; in discussion forums to achieve more ef-
ficient communication; and in organizing courses materials, which are
inherently related. They further discuss issues of transclusions, such
as intellectual property — how to make the transcluded part visible as
a “reuse” not a “stolen” artifact; and how to handle the changes made
in the transcluded. Bernstein [154] proposes three different types of
linking for transclusion: montage, transformation, and collage. Di
and Lumley [155] focus on the transparency of a transclusion to both
users and applications, as well as the operations users are allowed to
perform.

Transclusion challenges how digital contents are organized and rep-
resented, as well as the way we manipulate and interact with them.
Klokmose et al. [14,156] further apply transclusion in web technologies
to generate “malleable, shareable, and distributable” software systems.
They create the Webstrates platform, where different web documents,
representing data or interaction logic, can be flexibly composed to
handle different kinds of tasks. Webstrates dissolves the isolation be-
tween individual applications. Tchernavskij [78] defines this as “soft-
ware transclusion” — “software systems as networks of information
substrates applying transclusion as a fundamental composition mech-
anism and user interaction.” Tchernavskij further discusses the poten-
tials and challenges of this approach around three themes, reconfig-
urable software, asymmetrical collaboration, and ecology of software
artifacts.

The concept and vision of transclusion inspires us to explore the
interconnections between alternatives in the context of reuse. We
propose “computational transclusion” as a novel reuse approach that
links contents originally from computational notebooks to other reused
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places like presentation slides. “Computational transclusion” can help
users to track and coordinate changes between the alternatives in a
flexible and fine-grained manner.

5.2.3 ‘Intelligent” copy-paste, linking &
embedding techniques

Transclusion emphasizes permanently live connections among the same
contents. Yet in other reuse cases, the original and the reused contents
could be modified to different alternatives and might need different
types of synchronization mechanisms.

In this section, we discuss reuse techniques around “intelligent”copy-
paste and “linking & embedding” which provide various kinds of link-
ing mechanisms between the original and the reused content.

Document:  Stoplight [redo
4= Procedure Procedure state
change-light : 4 () = |change-light-fast : procedure base: »
input stoplight input stoplight -> ‘red’ a-number: 0
Try Try - PASSED stoplight: ‘green’
if stoplight = ‘red’ if stoplight = ‘red' - TRUE change-light : procedure
stoplight set ‘green’ stoplight set ‘green’ change-light-fast 4== change-light : procedure
else else > SKIPPED
if stoplight = ‘green”’ oplight = ‘green UE
stoplight set 'yellow A stopligh
else N
if stoplight = ‘yellow '
stoplight set ‘red’
end end

Figure 5.2. An example of “managed copy and paste” [157]: “change-
light-fast” is copied from the “change-light” and modified to a variant.
The system automatically links this copy to its origin. Using the pair
of arrows in the interface, users can pull differences from the origin to
the copy and vice versa.
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Acknowledging the carrying cost of maintaining code copies in pro-
gramming practices, Edwards introduces “managed copy and paste” [157].
As shown in figure 5.2, the system automatically tracks code copies
and links them to the origin. For example, the function “change-light-
fast” is copied from the “change-light” function and modified to a
variant. Edwards reifies the links in the system’s interface as a pair
of arrows. The colors of arrows indicate whether there are new up-
dates in each side. By clicking these arrows, users can pull differences
from the origin to the copy and vice versa. This design saves users
from “subsequently tracking down all copies and fixing them” during
their coding practices. Our reification of transclusion as discussed in
5.4.2 applies similar design, but focuses on the granularity of cells and
provides different models of synchronization.

Google Colab® provides a “code snippets” library where users can
search and reuse well-established functions from other notebooks. Users
can insert a code snippet directly into their own notebooks and track
back to the source notebook in any time. Users can add their own
code pieces to the Google Colab library as well ¢. Codestrates Pack-
ages allows users reusing both code functionalities and interface tem-
plates [158].

Observable develops various cell reuse techniques. The “import
cell” allows users importing any named cells from other notebooks’.
Compared to copy-paste, “import cell” automatically loads the depen-
dencies of the cell to ensure its functionality in the new environment.
By default, users get the most up-to-date version, they can choose to
import a certain version of the cell as well.

“Import cell” is limited to reusing cells within the notebooks en-
vironment. Due to the large demands on reusing contents from note-

"https://colab.research.google.com, accessed on 29/04/2021

Surlhttps: / /www.youtube.com/watch?v=rcXrH8euKNA, accessed on 29/04,/2021.

"https://observablehq.com/@observablehq/introduction-to-imports, ac-
cessed on 29/04/2021.
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Embed Preview

Select cells to embed in any web page. Learn more »
Death Rates By Year
Entire notebook
legend Less than 5.8810 17.230r
chart 5.88 17.23 more
viewof selectedEncoding
viewof selectedRamp
viewof bgColor
viewof textColor
getText
maxValues
clusterScale
years
cartogram_data
data
percent_of_overdose_deaths

Runtime with JavaScript
Runtime with React

<iframe width="100%" height="904" frameborder="0"
src="https://observableng. con/enbed/@aboutaaron/sma

[s {8 Copy URL only

Figure 5.3. An example of “embed cells” feature in observable. Users
can choose a combination of cells in one notebook to reuse in other
websites. Taken from a published notebook °.

books to other places, the “embed cell” is invented®. As shown in
figure 5.3, every notebook has an “embed cells” option that lets users
choose which contents to embed and which embedding methods to
apply”.

These techniques, implemented in different notebook systems, fa-
cilitate reusing portions of contents within or outside the notebook
environments. Yet, they only provide basic tracking functionality that
enables users to track back to the origin from the reused side. No fur-
ther functionalities are provided to help users be aware of and manage
the changes as made on both sides.

Besides the notebook environments, different reuse techniques are

8https://observablehq. com/@observablehq/introduction-to-
embedding, accessed on 29/04/2021.

‘https://observablehq.com/@aboutaaron/small-multiple-chart-
cartogram, accessed on 29/04/2021.
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also invented to facilitate reusing and coordinating contents across
applications. Microsoft invents the “Object Linking and Embedding”
(OLE) mechanism to allow objects created in one Microsoft application
to be reused in another. Considering reusing a table generated in a
Excel worksheet to a Word document, the user can either paste this
table as an individual object or “paste link”. For the former option,
the reused table can be modified and the changes won’t influence the
original content. Whereas the “paste link” option inserts an image
of the object and links to its origin. Users cannot modify the table
directly on the reused side °. Once finishing updating the contents
in the original side, the changes will be automatically synchronized in
the copy.

Google deploys another linked-copy mechanism across its applica-
tions. As show in figure 5.4, the table and the graph are initially
created in a Google spreadsheet and are linked-copied to this slide.
When the objects get updated in the source document, update icons

Ohttps://www.youtube.com/watch?v=fDCF2e1hMOE, accessed on 29/04/2021.

HE-a N~ & 2 === i ~ - 10+ BIUAS» @ =~ 1= = A
5555555 & (112003 | 4| GBI IZ T8I 00T 00| 1101 201 1301 41 [ 1501 1601 170118

Linked objects c X

= fruites_table
™ Google Sheets Ypdate

fruites_table

fruits number tumber vs fruits C UPDATE [ ] Google Sheets Update

Figure 5.4. An example of linked objects in Google Slide. The table and
the graph are initially created in a Google spreadsheet and are linked-
copied to this slide. When the original objects get updated, update
icons appear in the copy as a reminder for synchronization.
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appear in the copies to indicate the changes. Users can choose to
synchronize the local object with the origin or ignore these changes
to keep its own version. Users can make changes in the reused con-
tents, however, these changes are at risk of being overwritten when
synchronizing to the origin.

These “linking & embedding” mechanisms in Microsoft and Google
applications consider not only track between the original and reused
content, but also synchronizing changes between them. However, un-
like “computational transclusion” which allows users to flexibly define
the type of synchronization they need, Microsoft and Google impose
certain mechanisms which cannot be changed by end-users.

Our work also proposes six properties of transclusion that help
to untangle the concepts involved in these different linking models.
More detailed discussion on the differences between computational
transclusion and the reviewed reuse techniques can be found in 5.5.

5.2.4 Distributed visualization &
visualization sharing

Distributed or Shared visualizations also encounter the problem of
managing and synchronizing changes across multiple instances of a
visualization.

Badam and Elmqvist [159] propose a web application framework
called PolyChrome to share and synchronize web visualization in col-
laborative settings. PolyChrome explores different interaction distri-
bution mechanisms. As shown in figure 5.5, operations on visualiza-
tion can be shared: (1) explicitly, where users decide when to share,
which operation to share, and share to whom; (2) implicitly, where
all operations are shared automatically with connected devices; or (3)
unilaterally, where a leader shares its operations to other devices.
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———— Implicit Sharing by PolyChrome
Figure 5.5. Hypothetical operation sharing models in PolyChrome [159].
Explicit model allows users to define application logic for sharing inter-
action (when, which, and to whom); implicit model shares operations
automatically to all the others; unilateral model declares a leader and
share automatically the operations on the leader to the others.

Indirect Static Visualization | Dynamic Visualization
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Figure 5.6. Three levels of visualization content transfer in Visfer [160].
From left to right: transferring data, visualization pipeline, and dy-
namic state of the visualization.
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In another study by Badam and Elmqvist [160], they create Visfer
framework to help transfer a visualization from one device to another
by scanning the QR code embedded in the visualization. This tech-
nique can be applied in various reuse scenarios, like “allowing students
to extract a visualization from the presentation and explore it on their
personal device.” As shown in figure. 5.6, they consider three levels of
content transfer: data, visualization pipeline, and dynamic state. At
the basic level, the QR codes link to the data driving the visualization;
the second level is the visual representation, or rather the pipeline that
generates it; the third level considers the visual representation as well
as its dynamic state.

McGrath et al. [161] propose a Branch-Explore-Merge protocol to
help users transition back and forth between collaboratively working
on a shared visualization and individually exploring alternative paths.
Branch-Explore-Merge allows users diverging from a shared visualiza-
tion (branch) to explore data independently on their own devices (ex-
plore), and then propagate back their findings into the original display
(merge). To resolve potential conflicts during the stage of merge, they
apply different voting policies.

To facilitate remote collaboration on visual data exploration, Schwab
et al. invent VisConnect, a web-based synchronous distributed collabo-
rative visualization system [162]. Based on the typical update cycle of

Interactions i Application Logic it Visualization
DOM Events 1199875 { Visualization Code p; Za::e DOM
(e.g., "click™) (e.g., D3.js) (e.g., Scalable Vector Graphic)

Figure 5.7. The typical update cycle of data visualizations [160]. When
a user interacts with visualizations, the interactive events get detected
by listeners. Based on the events, the application logic applies corre-
sponding updates to the data and the visual rendering.
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data visualizations (in figure 5.7), Schwab et al. consider visualization
synchronization in terms of three layers: (1) visualization synchroniza-
tion which synchronizes the visualization itself. Since web visualiza-
tions often directly deal with the document object model (DOM), this
can be achieved by synchronizing the DOM elements; (2) application
logic synchronization, synchronizing and executing the updated appli-
cation logic would lead to the same updated data and DOM; and (3)
interaction synchronization, which synchronizes the execution of low
level DOM events. VisConnect applies interaction synchronization
since it is considered the most suitable approach in terms of general-
ization and compatibility with data binding.

We explore computational transclusion in the context of transclu-
sion visualization. Though our work does not specifically consider col-
laboration or cross-device visualization, we draw on the above research
to identify visualization generation pipelines as well as the different
approaches to synchronize multiple instances of a visualization. These
studies tend to focus on replicating visual representations and synchro-
nizing interactions. Our work explores transcluding “computational
bundles” — both the visual representation and its generation pipeline
or dependencies. We focus on linking and synchronizing these different
visualization components in flexible ways.

2.3 Exploring Computational
Transclusion

Instead of separate copies, the original and the reused content (or the
alternatives) could be interconnected where changes on one side might
have impacts on the other. As shown in 5.2, a number of techniques
try to re-establish the missing links, however, they tend to impose a
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certain way of linking and hide the links from end-users. It is thus diffi-
cult for analysts to access them and manipulate how their alternatives
are linked to suit for their contextual needs.

We envision “computational transclusion” as a novel reuse ap-
proach that maintains various types of links between the original and
the reused contents to facilitate tracking and coordinating changes dur-
ing the iterative sensemaking process. We refer the original content as
the transcluded and the reused or derived content as the transcluding.

“Computational transclusion” could be a broad concept that in-
volves many different contexts. In this work, we consider specifically
reusing visualizations from a computational notebook to other places,
such as another notebook, or a presentation slide. To untangle the in-
tertwined notions around transclusion, we ask the following questions:

o What are the components of computational transclusion of visu-
alizations?

o What are the various kinds of links users might want between
the transcluding and the transcluded?

o How to reify these links in the user interface to enable flexible
manipulations of transclusion?

Preliminary study approach To study transcluding visualizations,
we built a sandbox on top of Webstrates [14] — a web-based research
platform that provides many prototype tools like whiteboards and
computational notebooks and enables users to change the environ-
ment from within. These features of Webstrates make it possible for
us to quickly test different ideas on transclusion.

Our sandbox system is a web-based collection of notebook and
presentation interfaces that enable us to probe into a variety of visual-
ization reuse scenarios. Using this sandbox as a tool, we aim to better
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understand the various kinds of mental models users might hold when
using transclusion, the notions and concepts involved, and how these
models might break down with current technologies.

5.3.1 Components of visualization
fransclusion

Before exploring the possible relationships between the transcluding
and the transcluded, we first need to understand the types of con-
tents that might be reused when transcluding visualizations, i.e., the
components of visualization transclusion.

In this section, we summarize various components that could in-
fluence the generation and the state of visualizations. We introduce
“computational bundle” as a transclusion unit for visualizations —
where all necessary dependencies to generate a visualization get trans-
ferred to the transcluding environment, and exposed to users so that
they can modify them.

Visualization Components To generate a visualization, analysts
often need go through a pipeline. Taking the bar chart in figure 5.8 as
an example, it is the output of a combination of cells: (1) a code cell
that loads the data set to be analyzed into the working environment,
and potentially cleans or transforms the data into a desired form. (2)
Another code cell that generates the bar chart, often with the aid of
some visualization libraries or packages. Analysts write code to define
their application logic, including how data items are mapped to visual
elements, as well as the related interaction logic. (3) Finally, there is a
CSS style cell that customizes the visual appearance of the bar chart,
such as the size and color of the visualization.
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// pseudocode for data preparation
data = readDataFrom(url);
data_ready = transform(data);
printDataTable(data_ready);

1|var2
12 |3

23 |2

4 |1
8 |23
9 |34
10 |11
2 23
3 |10
12 |8

22 |9

T

EEPEREEEREIERE

// pseudocode for generating the bar chart
function drawBarChart(){
//generate svg element
//bind data_ready to <rect> element in svg
//generate x, y axes
}
function updateBarChart(var){
//update bar chart based on chosen attributes

-~

1 rect{

2 fill: Hsteelblue;
3}

4 rect[state="active"]{
5  fill:BEorange;
6}

7 button[opt="true"] §

8  background-color: Horange;
9

Figure 5.8. An example of a bar chart generated in our sandbox note-
book. The generation of the bar chart relies on: a code cell to load
and transform the data to be analyzed; another code cell to generate
the visualization, including defining the application logic as well as
the related interactions; and a style cell to customize the appearance
the bar chart.
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In lack of any of these cells, the bar chart cannot be completely
replicated in another place. Any changes in these cells could influence
the visualization result. We refer these cells engaged in generating a
visualization as the visualization dependencies or pipelines.

Furthermore, the state of a data visualization could be influenced
by the interactions performed on it, as well as the value changes of run-
time variables. For example, interacting with the buttons in figure 5.8
changes the data attributes bound to the bar chart. Considering the
case of running a simulation model like virus spreading. Once the sim-
ulation starts, it continuously updates the visualization to reflect the
simulation result in real-time. Thus the visualization state also relies
on the values of related runtime variables.

As shown in figure 5.9, we summerize the pipelines to create a
visualization and the factors that could influence its state as a set of
components, including: visualization packages, data sets, code, styles,
UT widgets (if there is any), and runtime of the application. Though
the concrete artifacts and steps engaged to generate visualizations rely
on each single case, most visualizations involve some combinations of
these kinds of components.

Computational Bundle We define “computational bundle” as a
unit for transcluding visualizations — where all necessary dependen-
cies for a given visualization in the computational notebook are tran-
scluded to the new environment. Moreover, these dependency con-
tents are also exposed to users so that they can freely modify them.
As such, the transcluding visualization inherits the data, application
logic, styles, and interactivity of the transcluded visualization. All
components in both sides can also be further modified for alternative
goals.

In our following explorations, we leave aside the technical chal-
lenges in identifying such visualization dependencies. We assume that
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Figure 5.9. Components of transclusion of visualizations: A visualiza-
tion is the visual representation of the underneath data. To generate
a visualization, different kinds of dependencies are engaged; a visual-
ization’s state further relies on other factors like user interactions.

users can identify and transfer the necessary dependencies for a given
visualization, either manually or automatically 1.

Depending on the context, users might prefer different kinds of
reuse formats. Sometimes, they might just want to export and import
the bar chart as a static image, like PNG or JPEG file. In the context
of web visualization, the visual objects are stored as SVG elements in
a website’s DOM (Document Object Model — all elements in a web
document are represented as nodes in a tree structure). For example,
the bar chart is made up of <rect> elements inside a SVG element. To
reuse the visualization, users can also copy these elements in another

HFor example, the Code Gather tools [27] automatically identifies all dependent
cells for a given visualization and duplicates them in a new notebook.
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place. Yet we do not consider the static images or the collection of el-
ements as computational artifacts. Since they lose the underling data,
the application logic, and the interactivity of the visualization. Other
reuse techniques, such as the “embed cell” in observable!? automati-
cally loads the dependencies for a visualization in the new environment.
However, it hides the dependency contents from end-users, making it
difficult to access and modify them.

Our Exploration Scope With the discussed concepts, we clarify
the scope for our following explorations on computational transclu-
sion: we explore transcluding dynamic web visualizations as “compu-
tational bundles”. We consider scenarios where all components in both
the transcluding and the transcluded environment could be modified
alternatively based on analysts’ contextual needs.

5.3.2 Exploring various fransclusion
scenarios

In this section, we pick up four concrete scenarios to demonstrate
different kinds of visualization reuse cases and the challenges involved.
We then discuss the design insights we learned from these explorations.

5.3.2.1 Transclusion scenarios

Scenarios 1, 2 and 3 demonstrate the reuse of an interactive bar chart,
from one notebook to another notebook, as shown in figure 5.10. We
use the convention that the interactive bar chart is initially generated

2https://observablehq.com/@observablehq/introduction-to-embedding,
accessed on 21-04-2021.
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in the light notebook and being transcluded to the notebook in dark
theme. Scenario 4 demonstrates the reuse of a simulation model from
a notebook to a presentation slide, as shown in figure 5.11.

We refer the initial contents as the transcluded, and the reused or
the derivative as the transcluding.

Scenario 1 As shown in figure 5.10, after transcluding the inter-
active bar chart from the light notebook to the dark notebook, we
first notice that the axes of the chart disappear since they are in sim-
ilar color as the background of the transcluding notebook. We thus
edit the style cell and change the axes’ color to white. We intend to
keep this change locally so that each visualization can suit its proper
background.

We also find that the labels of these axes are too small, making it
hard to read them. We thus continue to edit the style from the tran-
scluding side, enlarging the labels’ font by increasing its size. In this
case, we want to synchronize this update to the transcluded notebook
to ensure a proper size of axes in both visualizations.

Without any linking support, we must track back to the tran-
scluded notebook and manually fix the changes. We thus start to
implement a linking mechanism to facilitate this practice. While, we
figure out that if we synchronize the entire transclusion content as
a whole, the style for the transcluded visualization might risk being
overwritten, meaning the color of its axes turns to white. We need a
more fine-grained synchronization on the range that only affects the
labels” font size, so that we can keep the black axes but have larger
labels in the transcluded visualization.

Scenario 2 During the analysis, we need to update the bar chart
to include additional data items or consider different data attributes.
This kind of update often requires changing the corresponding code
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Figure 5.10. Transcluding an interactive barchart from one notebook
(left) to another in a different theme (right).

pieces, including data loading, cleaning, or binding. To maintain anal-
ysis consistency, we expect to have the same updated visualizations
on both the transcluding and transcluded notebooks.

There exist two approaches to synchronize the visualizations. As
one option, we could synchronize the visual representation itself with-
out updating the underling data and code logic. From the system’s
point of view, the change of the visualization is represented as the
change of elements in the DOM. Assuming that we update the visual-
ization on the transcluding side, to synchronize the update, the tran-
scluding side could send the corresponding changes to the transcluded;
or on the other hand, the transcluded side could actively fetch these
changes and apply them to its local visualization.

However, this synchronization approach breaks the data binding on
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the transcluded document. The data sets loaded in the transcluded
notebook didn’t get updated to review the actual data changes, neither
does the code logic. The updated visualization thus disconnects from
the data in the transcluded environment. Re-running the notebook
will turn this visualization back to its previous state. The code might
even break and fail to generate the visualization.

As another option, we could instead synchronize all corresponding
pipelines. In this case, both the transcluding and transcluded note-
books will hold the same data and apply the same application logic.
Yet it could be tricky since we won’t observe a immediate change
on the visualization until we re-run the code. Note that we consider
most computational notebook environments that run code cells lin-
early from top to bottom. There are other notebooks like Observable
which automatically tracks dependencies of cells to ensure instant feed-
back 3.

Scenario 3 To explore the data, analysts often need to interact with
visualizations. For example, we can examine different data subsets or
attributes by clicking the buttons in figure 5.10. There exist many
kinds of interactions, some only affects the visual representations, like
mouseovering on a bar highlights it; some might operate on the un-
derlining data structures, like filtering the data to focus on a subset.
Based on different situations, analysts may want to selectively syn-
chronize or desynchronize these interactions between the transcluding
and the transcluded side.

We explored different ways to synchronize interactions. As one
option, we could synchronize the execution of low-level interaction
events, such as onclick, mousemove, mouseover, etc. However, since
the transcluding and transcluded content might evolve alternatively,

3https://observablehq.com/@observablehq/reactive-dataflow, accessed
on 03/05/2021.
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the underlining logic related to these events might not stay the same.
For instance, the same resort button can be implemented differently,
one based on time sequence, another on result values. In this case,
synchronizing the clicking event will lead to different visualization up-
dates.

As another option, we could directly synchronize the visualization
itself, that is synchronizing the DOM elements, to imitate same inter-
active reactions. In this case, the two visualizations will stay the same.
While similar to that discussed in scenario 2, this synchronization ap-
proach might lead to disconnection between the visualization and the
underlining application logic. Without proper designs, both options
could introduce confusions or conflicts with users’ mental models.

Scenario 4 Considering the second example of reusing the simula-
tion of virus spreading generated in a notebook to a presentation slide.
As shown in figure 5.11, the population is represented as circles. The x
and y attributes of a circle simulate a person’s mobility, and the color
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Figure 5.11. Transcluding a simulation model from a notebook (left) to
a presentation slide (right).
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attribute indicates whether a person is infected. Clicking the but-
ton “infect a person” starts the simulation. Users can further use the
sliders to alter different parameters’ values. During the process, the
visualization constantly gets updated to reveal the simulation results.

We could apply different linking strategies for different kinds of
analytic needs. For example, synchronizing the clicking button events
but separating the changes on sliders’ values allows analysts to com-
pare different simulation cases simultaneously. We could also link two
pairs of sliders and unlink one to compare the influence of one specific
factor in the simulation.

While even with exactly same parameter configurations, these two
visualizations could evolve differently. Since it is a non-deterministic
model, the randomness in computing leads to two different results,
thus two different visualizations. Sometimes, we might want to keep
the two visualizations exactly the same.

To achieve this, we could synchronize the DOM elements. As pre-
viously discussed, this DOM synchronization could break the data-
binding. For example, a circle in red represents that a corresponding
person is infected, yet the underlying data didn’t get updated to show
this infection. Depending on the context, this disconnection might be
ignored or need to be further solved.

We could write extra code to build a bi-directional binding of data
and visual objects, so that the updates of visual elements will trigger
corresponding data updates. As another option, we could execute
the code on a single side and share the output and values of runtime
variables to another.

5.3.2.2 Design insights

Though these four reuse scenarios are relatively rough and naive com-
pared to real-life sensemaking cases, they still showcase the nuances
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in how visualizations and related components could be reused asym-
metrically during sensemaking processes.

Based on these explorations, we find that “computational transclu-
sion” should offer various types of links to map diverse reuse models
that users might require. First of all, the two alternative contents
should be linked to enable users to go back and forth between them.
Sensemaking is a messy and iterative process, this linking can save
them the efforts to find and locate the alternative one in the transclu-
sion pair.

Secondly, though the entire visualization bundle is transcluded as
a whole, users might need more flexible and fine-grained control of the
contents inside a bundle. Considering synchronizing changes, linking
text-based contents like code pieces could happen in a cell level or in
any arbitrary size. While linking the visual representations could be
more complicated due to the multi-interpretations and implementa-
tions. It could be linked on the visual representation level, or on the
data and application pipelines, or even on the runtime environments.

Thirdly, instead of keeping a permanently live synchronization,
users might want to selectively synchronize or desynchronize the con-
tents as they move between different sensemaking tasks. They might
want to ignore the changes from the other side, or be aware of them
to make proper reactions, or let the system automatically synchronize
the updates. No matter the case, they should be able to figure out the
current model that is applied and be able to switch to other models
when needed.
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5.4 Transclusion Properties &
Reifications

In this section, we first introduce six identified properties of transclu-
sion to help untangle the intertwined notions involved in transcluding
visualizations. We then explore how to reify these notions in the user
interface to facilitate flexible (re-)configurations of transclusions.

5.4.1 Transclusion Properties

To clarify the different roles of the transcluding and the transcluded
contents as well as their relationships, we propose six properties of
transclusion:

o linking

o role of artifact

e application of changes

o direction of propagation

o linking granularity

o linking depth
Linking The fundamental idea of transclusion is that the alternative
contents in multiple places stay connected. This connection can be
first reflected in whether it enables users to navigate back and forth

between the transcluded and the transcluding contents. We call this
connection as the linking property.
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Linking can further have directions, we refer to moving from tran-
scluding to transcluded as trace-back and from transcluded to tran-
scluding as trace-forward. Many reusing techniques discussed in re-
lated work section enable trace-back but not trace-forward.

Role of Artifact Unlike Ted Nelson’s transclusion which establishes
a permanently live connection among same content in multiple places,
we consider asymmetric reusing cases — where both the transcluding
and the transcluded content could be modified alternatively.

Considering informing content updates, the transcluding and the
transcluded can both be a sender that sends their local changes to the
other side and a receiver that gets remote changes from the other side.
In case the transcluding is not allowed to be further modified, it can
only act as a receiver.

Application of Changes We consider three different models — no
application, manual application and auto application — for applying
changes from the view of both sender and receiver.

For a sender, the application models relate to how changes on the
sender’s side are sent to the receiver. In no application mode, changes
on the sender’s side will not be propagated. In manual application
mode, users choose when and what to propagate. In auto application
mode, changes are propagated automatically in real time.

For a receiver, the application models relate to how the received
changes are applied locally. In no application mode, the received
changes will be ignored. In manual application mode, users receive the
changes immediately as the sender sends it, but the receiver can reacts
to them in a later time. The receiver can either accept the changes
to apply them locally or reject them to stay on its own version. In
auto application mode, received changes will always be automatically
applied.
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Direction of Propagation In the above cases, a receiver acts pas-
sively — it first waits for the sender to send the changes and then
perform proper reactions based on the different models applied. We
call this model the “sender-push”. There is still the “receiver-pull”
model. Instead of passive and receptive, the receiver side deliberately
requests the changes from the sender.

The “sender-push” model and “receiver-pull” model are not in con-
flicts. As a receiver, the setting for applications of changes define
its reactions towards received changes, in the meanwhile, it can also
actively request changes. For example, to concentrate on modifying
the transcluded content, a user sets the “receive” as no application to
ignore all changes sent from the transcluding. Afterwards, the tran-
scluded can request and pull the changes from transcluding to examine
its updates.

Linking Granularity When we transclude a visualization as a com-
putational bundle, it contains many components. The linking and
synchronization can be achieved in different granularity.

First, we can consider the bundle as a whole piece, where any
changes inside the bundle could trigger the synchronization of the en-
tire bundle. However, as shown in our scenarios, users often need
more fine-grained controls. We can consider linking in the level of
cells. Since cells are designed as the basic constructing units for com-
putational notebooks, it seems natural to treat them as the linking
units as well.

As discussed in scenario 1, even within a style cell, users might only
want to synchronize a specific range like the font size. They can achieve
this by splitting the original style cell into multiple smaller ones. On
the other hand, we could design more flexible and fine-grained linking
units, such as letting users define arbitrary ranges.
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Linking Depth As discussed in our scenarios, there exist multiple
interpretations in synchronizing visualizations. We use “linking depth”
to describe how or to what degree the transcluding and the transcluded
visualizations are linked. We identify three synchronization levels —
interaction level, document level, and runtime level.

In interaction level, the corresponding interaction events get syn-
chronized. For example, clicking buttons on one side will trigger same
button click events on the other side. We further consider interactions
as two types, those only affects the visual representations and those
operate on the data structures that guild the visualizations. For the
latter case, users might need to further synchronize changes on the
underlying data and application logic.

In document level, it is the changes in the DOM that get synchro-
nized. For example, the adding, deleting of visual elements or the
changing of elements’ attributes. We need to pay attention that this
DOM synchronization often breaks the data-binding on the side to
be synchronized. Extra operations are needed from users to solve the
breaks. As tool designers, we should at least think mechanisms to
indicate users about the potential disconnections.

In runtime level, the code is executed on a single side and the
output and the values of runtime variables are shared to another in
real time. Thus it updates the underneath data sets as well as its
visual representations.

Conclusion We extract these six properties of transclusion — link-
ing, role of artifact, application of changes, direction of propagation,
linking granularity, and linking depth — from our own explorations
on asymmetric visualization reuse from computational notebooks to
other places. They constitute the basic space for designing transclu-
sions. We believe by applying different combinations and settings of
these properties, we can fulfill various kinds of transclusion cases based
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on users’ situated needs during their sensemaking processes.

Some of these properties might be more oriented for certain compo-
nents inside the visualization bundle. For example, the application of
changes property could be more suited for textual-based components
such as code pieces or style sheets. Since the text contents might need
to be updated both synchronously or asynchronously. But for interac-
tions, it might make more sense to synchronize the actions in real time.
The linking granularity property is also oriented for textual-based com-
ponents. While it could be applied to visual representation itself, such
as when only part of the visual objects need to be linked. Whereas
the linking depth property focuses on the visual representation.

There might also exist many unexplored notions and challenges
around transclusion. Note that this is our preliminary explorations
and findings on computational transclusion, instead of providing clear-
cut solutions, we hope our work can be a starting point for explorations
and discussions to address the issues in managing alternatives in the
context of reuse. We discuss the limitations of our work and the future
directions in section 5.5 & 5.6.

5.4.2 Reify transclusion

With the identified concepts, we then explore how to reify them in the
user interface to enable analysts to flexibly (re-)configure transclusions
based on their situated needs.

Figure 5.12 demonstrates the process to transclude a bar chart
from one notebook to another in our reification prototype. When a
visualization gets selected, the related dependency components will be
highlighted. In case of “quick transclusion”, all these dependencies get
transcluded to the new environment. Users can also manually assign a
combination of them to transclude. The dependency components can
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Figure 5.12. Transcluding an interactive bar chart from notebook A
to notebook B. Clicking on the bar chart highlights all dependency
cells. The user can either select “quick transclude” to move the en-
tire visualization bundle or manually choose a combination of cells to
transclude.

be folded as a block or be hided when not in use 4.

Once finish transcluding the content to the desired place, users can
further configure how they want to synchronize the changes made in
both the transcluded and the transcluding content. Based on the link-
ing granularity concept, we apply a cell level linking in our prototype.

4As a simplified prototype, we manually predefined relevant cells as different
types of dependency components. For example the data cell has an attribute
named “data + (visualizationld)” to indicate this data is used to generate a
particular visualization. The identification of dependencies and their types could
be implemented in a more intelligent way in the future implementation.
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Users can thus apply different linking models for each cell. They can
decide how they want the changes in a cell to be propagated to the
other side, and how the received changes to be applied locally.

Since each cell can have its configurations, it can quickly become
confusing to figure out the exact settings for each cell. We need to reify
the application of changes property to not only facilitate configuring
users’ mental models but also help them to maintain awareness of
what models have been applied.

Figure 5.13 demonstrates a possible reification that we explored.
In our prototype, each cell has a set of configuration widgets: 1) First,
a linking icon to help users perform back tracing or forward tracing be-
tween the transcluding and the transcluded content. Clicking the icon
can thus open the corresponding document and jump to the proper
location. 2) The two arrow buttons represent a cell’s role as both a
sender and a receiver. By default, the left arrow for sending and the
right arrow for receiving. Users can manipulate them to configure the
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Figure 5.13. A possible reification on application of changes property of
transclusion.
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models of changes application.

Long clicking the left arrow button activates the auto model for
sending local changes to the other side. The button’s background
turns to orange to indicate this activation. Long clicking the activated
button will deactivate it and change the sender to no application model.
Similarly, activating the right arrow button allows received changes
to be automatically applied in the cell. Deactivating it ignores all
received changes. Users can also choose to manually send a change or
apply a change by a simple click on the corresponding arrows. The
color of the right arrow indicates whether there are upcoming changes
from the other side; the color of the left arrow indicates whether there
are local changes that need to be propagated to the other side.

In terms of direction of propagation property, this reification con-
siders the “sender-push” model. It provides no direct support for
“receiver-pull”. Yet users can achieve an active request by tracing to
the other side to verify its updates (using the linking icon).

In terms of linking depth property, if the user manipulates the icons
for the visualization cell, the synchronization happens in document
level where the changes of the DOM elements get synchronized. We
also extract all supported interactions as different components that
can be manipulated, such as button click and mouse hover are treated
as two separate components in figure 5.10. Users can configure the
links separately for each type of interactions.

In this reification example, users can only see the local configura-
tions but not those on the other side. Since this work considers the
single-user case, where the same person updates the transcluding and
transcluded content and manages them on both sides, we believe this
design might be feasible for them to understand and coordinate the
configurations on two sides.
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9.5 Discussion

In this chapter, we present “computational transclusion” as a novel
reuse approach that maintains the links between the original and the
reused contents to facilitate tracking and coordinating changes. We
demonstrate various reuse scenarios and discuss the mental models
that users might hold and the challenges involved. Based on our explo-
rations, we propose six pertinent properties of translcusion to clarify
the kinds of links between the transcluding and the transcluded con-
tent. Finally, we explore how to reify the identified concepts on the
user interface to provide users flexible and fine-grained control over
transclusion.

In this section, we discuss how the proposed “computational tran-
sclusion” concept is different from existing reusing techniques. This is
still a preliminary work based on our own observations and intuitions,
we discuss both its conceptual and method limitations.

5.5.1 Computational fransclusion vs. other
reuse techniques

“Computational transclusion” fill in the gaps between users’ needs of
maintaining alternatives in the context of reuse and the missing links
in existing techniques. To clarify how “computational transclusion”
is different from other reuse techniques, we compare it with three
categories of techniques discussed in section 5.2: the original concept
of transclusion by Ted Nelson; the “linking & embedding” techniques;
and the synchronization in distributed visualization.
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Ted Nelson’s transclusion Ted Nelson’s transclusion focuses on
the same content in multiple places. He considers these contents as a
linked network where users can trace between multiple instances and
changes in one place can be automatically synchronized to the others
in real-time. Whereas, the transclusion that we propose handles pairs
of alternatives in asymmetric reuse — where the transcluding and the
transcluded content can be modified alternatively.

Unlike Ted Nelson’s transclusion which describes the network of
information in multiple places, our transclusion only considers two
places, the computational notebook where the content is generated;
and the transcluded environment where it is reused.

During sensemaking processes, analysts iteratively go back and
forth to update, compare, and manage the transcluding and the tran-
scluded content for different kinds of analytic tasks. Instead of keeping
a permanently live synchronization among multiple instances, compu-
tational transclusion enables pairs of alternatives to be linked or syn-
chronized in a fine-grained manner that can be flexibly manipulated
based on users situated needs.

Computational transclusion also differs from Ted Nelson’s concept
in terms of the type of content. Ted Nelson basically considers texts
or images. While computational notebooks integrate narrative texts,
data sets, code pieces, as well as interactive widgets and visualization
results. These contents often hold complicated dependencies, changes
in one place could influence the others.

We explore transcluding data visualizations, which are the outputs
of a combination of other contents and can be interacted with during
runtime. These pipelines and interactions introduce both conceptual
and technical challenges while transcluding. Our study primarily fo-
cuses on conceptual challenges. We break down the different compo-
nents of visualization transclusion and explore various types of links
between these components.
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Linking & embedding “Linking & embedding” techniques also
focus on the reuse of content from one place to another while still
preserving their links. Unlike “computational transclusion” which lets
users define the types of links, existing “linking & embedding” tech-
niques tend to impose certain types of linking mechanisms. Users are
often not authorized to modify them.

In Microsoft Office applications, the transcluding contents can not
be modified. Users can only update them in the transcluded environ-
ment. When the transcluding document is open, the changes in the
transcluded will be automatically synchronized to the transcluding
in real-time; in case the transcluding document is closed, an update
message will show up the next time users open it.

Using the proposed properties of transclusion, we describe Mi-
crosoft Office applications only allow the transcluding as a receiver.
Both transcluding and transcluded apply auto propagation mode. In
other words, it is a single direction, real-time synchronization from the
transcluded to the transcluding.

In Google applications, changes in the transcluded side are auto-
matically propagated to the transcluding place. The transcluding side
receives reminders of updates and leaves users to decide how to han-
dle the changes. Using the proposed properties of transclusion, we
describe the transcluded side as a sender which applies auto propa-
gation mode, and the transcluding side as a receiver which applies
manual propagation mode.

Unlike Google and Microsoft which encapsulate the code to gener-
ate visualizations, computational transclusion considers both the tran-
sclusing and the transcluded visualization content can be modified.
Computational transclusion allows users to flexibly manipulate how
the pair of transcluding and transcluded is linked based on multiple
granularities.
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Distributed visualization As discussed in the related work (sec-
tion 5.2), research on distributed visualization also studies the transfer
and synchronization between multiple instances of a visualization.

One group of work is on collaborative visual exploration. It focuses
on synchronizing the explorative interactions performed by multiple
users on distributed devices [159,161-163]. Synchronizing interactions
among multiple visualization instances is also one of the problems
that we tackle in transclusion. Yet we explore it from a single user
perspective in the asymmetric reuse context. As a result, we do not
handle issues such as concurrency control or group awareness.

Similar to Schwab et als VisConnect [162], we consider synchroniz-
ing a visualization in terms of three levels: visual representation syn-
chronization, application logic synchronization, and interaction syn-
chronization. VisConnect takes the approach of synchronizing inter-
action events due to the considerations on compatibility with data
binding and easiness to develop with. Our work, instead, reifying
these different layers of synchronization and let users define the way
they want based on their contextual needs.

Another group of work on distributed visualization focuses on lever-
aging various displays for visual sensemaking. They study how a vi-
sualization can be easily transferred from one device to another [160],
or how to combine multiple devices to support various analytic needs,
such as to extend display space, filter data items, or manipulate overview
& detail views [164]. They focus on the usage side of visaulizations,
but not the generation. In computational transclusion, we focus both
on the interactions with visualizations as well as the visualization gen-
eration pipeline. We identify various components of visualization and
allow users to modify them in both the transcluding and the tran-
scluded place (could be on the same device, or different devices).



172 5 Computational Transclusion - Managing alternatives in the context of reuse

5.5.2 Limitations

This chapter presents our preliminary work on computational tran-
sclusion. In this section, we discuss both the conceptual and method
limitations of our work.

Conceptual limitation Though computational transclusion could
be applied across different users, in our study, we explore transclu-
sion from a single user perspective as a first step. Therefore, the six
proposed properties of transclusion only consider the involvement of
a single user.

Introducing collaboration in transclusion could potentially bring
many extra problems. For example, in terms of the property of appli-
cation of changes, a single user can only work on one transclusion side
at a time, thus we do not need to handle concurrency issues. In the
proposed concepts, we assume actions such as tracing or requesting for
changes are always approved. Whereas if multiple users are engaged,
these actions might need extra authorization for coordination or secu-
rity concerns. For instance, when a reader explores the visualization
results on a blog, he might ask the original author whether he can
access to the original notebook for details.

In our reifications, we do not provide awareness mechanisms for
transclusion configurations on the other side. We assume that a single
user could maintain a consistent mental model on both transclusion
sides. It takes relatively less efforts for them to check the configura-
tions for the other side. Yet for multiple users, they might need more
explicit indications.

Moreover, our current reification of transclusion is constrained by
the cell structure as implemented in most current computational note-
books. However, the computational media could also be more flexible
and reconstructible. For example, instead of following a linear cell
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representation, Boxer [165] represents computational objects as boxes
that can be freely moved in space and be composed within other boxes.
These differences in how computational objects are represented and
structured could lead to different reification of transclusion.

Note that transclusion can become extremely complicated when
considering the entire network of reused artifacts or a chain of tran-
sclusion — transcluding a content that is originally transcluded from
another place. In our work, we only explore a pair relationship, where
a visualization get transcluded from a computational notebook to an-
other place, and study the interplay between them.

Method limitation In our current work, we explore various notions
and issues around transclusion by simulating reuse cases based on our
own experience and observations. These explorations all happened in
the sandbox system that we built on top of the Webstrates [14].

As a preliminary stage, the sandbox explorations provide us vari-
ous insights on how visualization and its dependencies might be reused.
Various issues are exposed when we try to coordinate the changes made
in both transclusion sides. Yet, these discoveries need to be strength-
ened through the involvement of end-users — the practitioners who
use computational notebooks for visual sensemaking. For example,
we could apply various qualitative methods to collect their painpoints
on visualization reuse. We will discuss the future steps in the next
section.

In our sandbox prototype, we leave aside some technical barriers
which could be challenging to solve: Firstly, how to identify all de-
pendent components for a given visualization result. Secondly, when
loading the “computational bundle” to a new environment, either auto-
matically or manually, how to make sure the transcluded contents are
compatible with the original content in the new environment. After
being transcluded, whether the system immediately evaluates (runs)



174 5 Computational Transclusion - Managing alternatives in the context of reuse

the transcluded code functions or lets users manually run each cell.
Last but not least, how to identify and inform the potential inconsis-
tency between data, code logic, and visual representations.

These technical issues are all pertinent for transcluding. In our
work, we focus on the conceptual notions around transclusion rather
than the actual implementations.

9.6 Future Work

In the future, we can strengthen our contributions through the follow-
ing aspects.

First, we could conduct various studies to collect and verify the
painpoints on visualization reuse from computational notebooks to
other places. For example, we could conduct interviews with analysts
to gather their requirements on reusing visualizations, the problems
they encounter, and their coping strategies. We could also design
questionnaires to get both quantitative and qualitative feedback on
related painpoints. We can check whether they align well with those
identified in our explorations and intuitions.

Second, to better reify various concepts around transclusion, we
could further conduct participatory design workshops with analysts
or computational notebook practitioners. This approach helps us to
elicit insights from participants. In the workshops, we can start by
presenting several concrete reuse cases to demonstrate the concept
of transclusion. Through these cases, we could either explicitly or
implicitly explain the identified properties of transclusion. Then we
can ask participants to brainstorm and generate diverse designs to
reify transclusion.

Finally, to validate the proposed concepts and reification designs,
we could further implement the reification as extensions to current
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notebook systems and observe how analysts adapt them to their real
analytic tasks.



176




CHAPTER 6
Conclusion

This dissertation explores sensemaking through the lens of “alterna-
tives” and addresses both better understanding and supporting alter-
natives in data workers’ sensemaking processes.

To make sense of data, data workers often explore different kinds
of alternatives: they might examine multiple data sources, explore
diverse sets of hypotheses, try out different types of methods, experi-
ment with a broad space of possible solutions, and combine a variety
of tools. These alternatives influence each other within a dynamic and
complex sensemaking process.

However, current sensemaking tools poorly support the exploration
and management of alternatives in sensemaking. First, they tend to
serve a specific purpose with some predefined functionalities and work-
flows. It is hard for users to appropriate them to explore or combine
alternatives as they arise in the sensemaking process. Second, they
tend to treat the explored alternatives as disconnected pieces. Ana-
lysts thus waste a significant amount of time and mental resources in
trying to reconnect them and coordinate them as they go back and
forth between different analytic contexts and stages.

In the preceding chapters, we presented the results of the quali-
tative studies conducted to better understand the role alternatives in
sensemaking; and the explorations on designing more flexible tools to
support them. This chapter revisits the contributions of this disserta-
tion and highlights directions for future research.
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6.1 Contributions

In this dissertation, we focus on sensemaking as the intersection of
human cognitive processes and the tools that enable them. The key
research questions, as introduced in Chapter 1, are: (1) How do alter-
natives fit within the sensemaking process? (2) how can tools better
support the exploration and management of alternatives?

Chapter 3 addresses RQ1 by exploring the kinds of alternatives
that arise in sensemaking and how data workers cope with them. Chap-
ter 4 & 5 address RQ2 by exploring how to design tools to support
alternatives in two specific sensemaking contexts. Chapter 4 explores
how tools can link related alternatives and be appropriated to suit dif-
ferent contextual needs in qualitative sensemaking processes. Chapter
5 probes different types of linking mechanisms within the context of
reuse to facilitate tracking and coordinating changes in alternatives.

We conclude that digital tools can facilitate sensemaking by (1)
applying various linking mechanisms to help track and manage asso-
ciated alternatives; and (2) being re-configurable in terms of devices
and features to let the user adapt these tools to their contextual needs
during the overall sensemaking process.

We consider this dissertation brings the following primary contri-
butions:

Characterization of alternatives Before our investigation, the
HCI in visual analytics literature lacked a deep, systematic under-
standing of the kinds of alternatives data workers consider and how
they fit into their general sensemaking processes. Most research work
studies certain types of alternatives in a specific sensemaking context;
or characterize sensemaking from from different angles, They do not
consider the ensemble types of alternatives and how they fit within
the overall sensemaking process.
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Our first key contribution is a rich characterization of the role of
alternatives as they fit within the sensemaking process. In chapter
3, we presented our semi-structured interviews with 12 data workers,
we show the kinds of alternatives they consider; why they consider
them; the triggers and barriers to dealing with alternatives; and the
strategies applied by our participants.

Drawing upon our analyses and findings, we characterized alterna-
tives using a theoretical framework based on participants’ 1) degree of
attention, 2) abstraction level, and 3) analytic processes. This frame-
work can help describe and reason the kinds of alternatives considered
in sensemaking, the related processes, and how tool designers might
create more flexible tools to better support them.

Design Space for Qualitative Analysis Tools In chapter 4, we
present a design space for qualitative analysis tools, drawn from the
literature, our own experience, and that of our informal interview par-
ticipants. In qualitative data analysis (with affinity diagramming tech-
nique), there are five main dimensions to be considered: (A) analysis
phases, (B) conceptual methods, (C) analytic lens, (D) modes of col-
laboration, and (E) types of devices used.

Various kinds of alternatives exist along these identified dimen-
sions, including two alternative conceptual methods — coding and
diagramming, multiple alternative analytic lenses, as well as diverse
devices engaged. We find that: first, these alternatives are frequently
disconnected in existing tools, leaving users to apply ad-hoc strategies
to manage the mass of intertwined information; second, current sys-
tems are often designed to suit some specific analytic stages, methods,
displays, or collaboration modes, making it hard for users to appropri-
ate them for different contextual needs.

These dimensions enrich our understanding of qualitative sense-
making processes, the kinds of alternatives involved, as well as where
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current tools break down.

Vision & Proof-of-Concept Prototype for QDA Tools In chap-
ter 4, we presented a vision and proof-of-concept prototype, ADQDA,
for qualitative analysis tools based on the identified design dimensions
and pain points on existing tools.

To better support the exploration of alternatives in sensemaking,
ADQDA embeds different types of links: 1) a synchronization-link
that enables a flexible mix of alternative analysis methods; and 2) a
cross-linking mechanism to facilitate search and compare alternatives
across multiple views and displays. ADQDA further enables users to
appropriate multiple pertinent displays to customize and extend their
analysis environment based on their analytic tasks at hand.

Using the ADQDA prototype, we explored how analysts can appro-
priate available digital devices as they fluidly migrate between analytic
phases or adopt different methods and representations, all while pre-
serving consistent analysis artifacts.

We are not aware of other work that has articulated the need for
such qualitative data analysis tools or demonstrated how new-ish tech-
nologies can be combined in a way to realize that need.

Series of Demonstrative Scenarios In chapter 4, we presented
a series of application scenarios that show how ADQDA realizes our
vision and can potentially facilitate richer, deeper qualitative data
analyses. We validated ADQDA by comparing it with other related
systems using these scenarios as a lens and drawing upon Olsen’s crite-
ria [135] — focusing on whether the problem is previously solved and
interaction viscosity.

Greenberg and Buxton [166] argue that usability testing is not al-
ways appropriate for evaluating complex systems, and can be even
harmful for novel systems or interaction techniques. Salovaara et
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al. [167] point out the present-future gap in HCI’s evaluation method-
ology — the way we design our evaluative studies has not taken the
future-orientedness of prototypes into account.

We thus presented “design rationale, a vision of what could be, ex-
pected scenarios of use, reflections, [and] case studies” as more appro-
priate forms of validation [166]. This approach can serve as inspiration
or open up issues for reflection and future research that explore how
to evaluate complex systems for future context.

Vision & Prototype for Reuse Techniques In chapter 5, we
envisioned “computational transclusion” as a novel reuse technique.
“Computational transclusion” provides more explicit links between the
original and the reused alternatives to facilitate tracking and coordi-
nating changes. We implemented a sandbox prototype to help us
explore the “computational transclusion” concept in the context of
transcluding data visualizations.

Instead of offering clear-cut solutions, our work opens up issues
for reflection and further research. The prototype is intended as a
concrete reification of this concept to permit further explorations. We
hope that our vision and prototype can be a starting point for more
comprehensive and thorough explorations within the context of alter-
natives in reuse.

6.2 Future Work

In section 3.7, 4.8 and 5.6, we have discussed separately the future
work for each of our research projects. In this section, we propose
future research directions based on the insights and implications that
we gained throughout our work.
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Exploring Different Types of Linking for Alternatives As pre-
viously discussed, we find that the disconnection between alternatives
in sensemaking is one of the major pain points facing by data workers.

Chapter 3 characterized different kinds and levels of alternatives,
and discussed the intertwined relationships they might hold on each
other. Chapter 4 explored how sensemaking tools can implicitly link
related alternatives to preserve consistent analysis artifacts while ana-
lysts fluidly migrating between multiple analytic phases or adopt dif-
ferent methods and representations. Chapter 5 explored how different
kinds of explicit links can be applied to facilitate coordinating changes
in alternatives in the context of reuse.

Besides the two specific contexts, we encourage future research to
study alternatives under different concrete analysis contexts and ex-
plore how various linking concepts and mechanisms can help to man-
age alternatives. An auto, bi-directional synchronization link as im-
plemented in ADQDA is effective to handle the alternative artifacts
which are conceptually identical. Yet, this bi-directional synchroniza-
tion is not always suitable in asymmetric reuse cases in “computational
transclusion”. Chapter 5 provides a starting point to discuss various
kinds of links in the context of asymmetric reuse. Future research
can identify more comprehensible design space for tool designers by
studying different linking concepts and mechanisms.

Furthermore, as discussed in chapter 3, alternatives at different
abstraction levels can also influence each other. We encourage fu-
ture research to explore these cross-abstraction-level links to facilitate
sensemaking. For example, wang et al. find that the discussions be-
tween collaborators often contain valuable insight of alternative paths
explored in computational notebooks [100]. However, these discus-
sions are disconnected from the notebooks. They propose Callisto,
an extension to computational notebooks, that maintains contextual
links between discussion messages and notebook elements [100].
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Considering Alternatives in Collaborative Sensemaking In
chapter 3, we characterized alternatives by observing and studying
individual sensemaking process. However, data analysis is often not
performed alone. We encourage future research to characterize alter-
natives in a collaborative context.

Though our ADQDA prototype in chapter 4 can support various
collaboration modes, our primary focus is on the other four dimen-
sions, including multiple analytic phases, conceptual methods, ana-
lytic lenses, and types of devices. ADQDA thus only provides rudi-
mentary support for collaboration. The current linking mechanisms
might break down or hinder the analysis when multiple users are en-
gaged. For example, the ‘cross-linking” technique that works well to
highlight a given note across multiple views for a single user across mul-
tiple devices might distract or confuse other users. Future research is
required to examine different sensemaking scenarios and propose in-
teraction techniques and awareness mechanisms are better suited to
each of these scenarios.

Similarly, in chapter 5, the identified properties of transclusion as
well as their reification consider single user cases. Future research is
required to explore “computational tranclusion” in the collaborative
sensemaking context.

Exploring Evaluation Methods for HCI Prototypes During
our work, one of the biggest challenges is to understand how to prop-
erly evaluate our research prototypes. Real-world sensemaking is often
complex and messy. It can be conducted throughout a long period of
time and across multiple activities and contexts. Both ADQDA and
“computational transclusion” are envisioned to facilitate such sense-
making process.

The value of ADQDA should be considered holistically: it is in-
sufficient to consider the novelty of individual problems or individual



184 6 Conclusion

technological solutions. Rather, we combined multiple solutions that
might already exist in a new and interesting way to support qualitative
sensemaking and the alternatives engaged. Traditional measurements
like task completion time or number of insights gained within a certain
amount of time are not our primary concerns.

Ideally, we could conduct field trails where we introduce our proto-
type to participants’ day-to-day life and collect data on its appropria-
tion [168,169]. Yet, our vision for a device rich analysis environment,
including multiple interactive displays from the size of mobile phone
to the size of wall, is still not pervasive for participants in the current
world. Moreover, considering the context of the COVID pandemic, it
is also not feasible to bring participants into our own facilities.

As Salovaara et al. point out, “while there are many methods for
envisioning technologies, and sketching and prototyping them, the way
we design our evaluative studies has not taken their future-orientedness
into account” [167]. We hope future research can enrich the methods
to evaluate complex systems and better solve this present—future gap.
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Résumé : Pour bien comprendre les données, les
analystes considerent différents types d’ alternatives:
lls explorent diverses hypothéses, essayent différents
types de méthodes et expérimentent un large éventalil
de solutions possibles. Ces alternatives s'influencent
mutuellement dans un processus dynamique et com-
plexe de “sensemaking”. Pourtant, les outils d’analyse
actuels considerent rarement ces alternatives comme
une partie intégrante de I'analyse, ce qui rend le pro-
cessus lourds et cognitif exigeants. En appliquant di-
verses méthodes empiriques et conceptions d’outils,
nous répondons aux questions : (1) Quelles sont les
alternatives et comment s’integrent-elles dans le pro-
cessus de création de sens ? et (2) comment les outils
peuvent-ils mieux soutenir I'exploration et la gestion
des alternatives ?

Cette thése comprend trois parties : La partie | ex-
plore le role des alternatives a travers des entre-
tiens et des observations avec des analystes. Sur
la base des résultats et de notre analyse, nous ap-
portons des caractérisations des alternatives et un
cadre pour aider a les décrire et a les raisonner. La
partie Il se concentre sur le soutien des alternatives

dans le contexte du "affinity diagramming” pour I'ana-
lyse des données qualitatives. Sur la base des entre-
tiens avec des praticiens et a notre propre expérience,
nous proposons un design space pour caractériser
les différents types d’alternatives engagées dans un
tel processus de sensemaking. Nous fournissons une
vision et un systeme de preuve de concept, AD-
QDA, pour montrer comment les analystes peuvent
effectuer des transitions fluide entre des phases
d’analyse, des méthodes et des représentations al-
ternatives, et comment ils peuvent s’approprier de
maniere flexible divers dispositifs pour s’adapter aux
taches a accomplir ou pour étendre I'espace d’ana-
lyse. La troisiéme partie traite des alternatives dans
le contexte de la réutilisation. Nous envisageons une
nouvelle technique de réutilisation, la “computational
transclusion”, qui maintient divers liens dynamiques
entre le contenu original et le contenu réutilisé (les al-
ternatives) pour faciliter le suivi et la coordination des
changements. Nous avons construit un systéme pour
sonder différents scénarios de réutilisation et explo-
rer les différents "links” entre les alternatives et leurs
réifications possibles dans les interfaces utilisateurs.
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Abstract : To make sense of data, analysts consi-
der different kinds of alternatives: they explore diverse
sets of hypotheses, try out different types of methods,
and experiment with a broad space of possible solu-
tions. These alternatives influence each other within
a dynamic and complex sensemaking process. Cur-
rent analytic tools, however, rarely consider such al-
ternatives as an integral part of the analysis, making
the process cumbersome and cognitively demanding.
Applying various empirical methods and tool designs,
we address the following questions: (1) What are al-
ternatives and how do they fit within the sensemaking
process?And (2) how can tools better support the ex-
ploration and management of alternatives?

This dissertation contains three parts: Part | explores
the role of alternatives through interviews and obser-
vations with analysts. Based on the results and our
analysis, we contribute characterisations of alterna-
tives and a framework to help describe and reason
about them. Part Il focuses on supporting alternatives

in the context of affinity diagramming for qualitative
data analysis. Through interviews with practitioners
and combined with our own experience, we propose
a design space to characterise the various kinds of al-
ternatives engaged in such sensemaking process. We
further provide a vision and proof-of-concept system,
ADQDA, to show how analysts can fluidly transition
between alternative analysis phases, methods, repre-
sentations, and how they can flexibly appropriate va-
rious devices to suit for the tasks at hand or to extend
the analysis space. Part lll discusses alternatives in
the context of reuse. We envision a novel reuse tech-
nique, "computational transclusion”, which maintains
various dynamic links between the original and the
reused contents (the alternatives) to facilitate tracking
and coordinating changes. We built a sandbox system
to probe into different reuse scenarios and explore the
various links between alternatives and their possible
reifications in notebook-ish user interface.
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