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Abstract

Hydrodynamic particle tracking simulations are used in the Fisheries and Oceans Canada
study of connectivity between marine finfish aquaculture sites around Vancouver Island [1].
In this context, simulation outputs are summarized as connectivity matrices showing the per-
centage of particles released from one farm that arrive at another within selected time peri-
ods. Although these matrices are the main reporting artifact, domain experts often interpret
them together with spatial context, temporal comparisons, and directional relationships. This
makes interpretation, exploration, and communication difficult, especially when results must
support discussion with non-specialist stakeholders.

This thesis presents a visualization design study conducted in collaboration with ocean
scientists working on this aquaculture connectivity application. Through contextual inquiry,
affinity-based task characterization, participatory co-design, low- and high-fidelity prototyp-
ing, and qualitative evaluation, the study investigates how interactive visualization can better
support the interpretation and communication of farm-to-farm connectivity matrices derived
from the particle simulations. As part of this process, the study identifies and stabilizes design
requirements that capture key conditions for supporting these interpretation and communica-
tion tasks.

The resulting prototype combines an interactive connectivity map, a matrix view, tem-
poral exploration controls, threshold filtering, and exploratory clustering. In connectivity ex-
ploration mode, coordination was achieved mainly through shared temporal and threshold
controls that updated values and visual encodings across views. Stronger selection-based co-
ordination was achieved in clustering mode. Evaluation findings suggest that the prototype
supported spatial interpretation of farm-to-farm connectivity, plausibility checking against
expected regional flow patterns, and exploratory comparison of candidate farm groupings,
while also showing that familiar matrix-based representations remained important for user
trust and verification.

Beyond the prototype, the thesis contributes design knowledge for interactive visualiza-
tion of hydrodynamic connectivity matrices in the aquaculture management context, including
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the value of combining spatial and matrix-based views, the importance of preserving familiar
representations while introducing new analytical views, the need to frame clustering as an ex-
ploratory rather than authoritative result, and the importance of aligning interface terminology
with the abstraction of aggregated connectivity data.
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Chapter 1

Context and Motivation

1.1 Motivation
This thesis is motivated by the need to interpret and communicate particle connectivity results
produced for aquaculture management around Vancouver Island. In the Fisheries and Oceans
Canada (DFO) study of hydrodynamic connectivity between marine finfish aquaculture sites,
particle tracking simulations were used to examine how particles released from one farm may
later reach other farms over time [1]. These results were intended to support discussion of
farm-to-farm connectivity in an area-based management context.

In this thesis, hydrodynamic connectivity refers to the simulated transport relationship be-
tween pairs of farms: particles released from one site may later be captured at another site
within a selected time window. In the aquaculture setting, these pathways are important be-
cause they can indicate potential routes for the spread of sea lice, pathogens, or other contam-
inants between farms [1]. Interpreting these pathways therefore has practical consequences
for how farm connections are understood and communicated in management settings.

In the DFO project, the main outputs reviewed by domain experts were static connec-
tivity matrices and supporting figures [1]. During the early project meetings, the scientific
team presented connectivity matrices together with maps and annotated slides used to sup-
port explanation. Figure 1.1 shows one example of a matrix that was manually marked during
discussion to highlight possible groupings and connectivity patterns. These materials made
the visualization opportunity visible: the matrix was clearly central to the scientific workflow,
but interpretation also depended on added markings, cross-referencing with maps, and verbal
explanation.

For a visualization researcher, these materials suggested an opportunity for design work.
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Figure 1.1: Annotated connectivity matrix from the DFO project. Manual markings were
added during analysis and presentation to draw attention to possible groupings and connec-
tivity patterns. This illustrates both the importance of the matrix as a project artifact and the
interpretive effort required to explain the results.

The challenge in this setting was not only how to display simulation results, but how to rep-
resent them in a way that better supported the analytical and communication practices of the
scientists working with them. In particular, the collaboration was motivated by the ques-
tion of how interactive visualization might help scientists interpret farm-to-farm connectivity
matrices together with spatial and temporal context.

Problem-driven visualization research argues that visualization design should begin with
a concrete domain problem, the tasks of domain experts, and the practical setting in which
analysis takes place, rather than with a preferred visualization technique [2]. This framing is
appropriate for the present work because the goal was not to propose a general solution for
ocean science, but to understand and improve the specific interpretation and communication
challenges observed in this DFO application.

Accordingly, this thesis presents a design study conducted with scientists at Fisheries and
Oceans Canada. The study characterizes domain tasks, explores design alternatives collabora-
tively, and develops an interactive visualization prototype grounded in observed workflows. A
central outcome of the study is the identification and stabilization of design requirements for
interpreting and communicating farm-to-farm connectivity matrices. Although the work is
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specific to this application, the resulting requirements and design reflections may help inform
future connectivity visualizations in related ocean science settings where scientists interpret
aggregated connectivity matrices together with spatial and temporal context.

1.2 Context and Problem Domain
This research was conducted in collaboration with ocean scientists at Fisheries and Oceans
Canada as part of a project examining hydrodynamic connectivity between marine finfish
aquaculture sites around Vancouver Island [1]. The project used particle tracking simulations
to estimate how particles released from one farmmay later reach other farms over time. In the
management context of the project, these simulated pathways were used to support discussion
of farm-to-farm connectivity and potential transmission routes between aquaculture sites.

The simulation outputs were aggregated into connectivity matrices, which became the
main artifacts used for analysis and reporting. In these matrices, each column represents a
releasing farm and each row represents a receiving farm. Cell values encode the percentage
of particles released from one farm that later arrive at another within a selected time window.
This representation allowed scientists to review many pairwise relationships at once and to
compare connectivity across farms and time horizons.

Figure 1.2 shows an example of a connectivity matrix from the project. The matrix pro-
vides a compact overview of farm-to-farm relationships andmakes it possible to inspect which
pairs are more strongly or weakly connected. At the same time, important aspects of inter-
pretation remain difficult. Readers must mentally connect matrix rows and columns to farm
locations, infer directionality from the row/column structure, and relate visible patterns to
broader geographic context. Comparisons across multiple time horizons also require careful
visual inspection.

In practice, scientists did not interpret these matrices in isolation. They also relied on
maps, annotations, and discussion to explain possible groupings, directional relationships, and
regional patterns. This made the Particle Project a useful setting for visualization research:
the core representation was already established and scientifically meaningful, but its interpre-
tation required substantial support. This context motivated a more systematic investigation
of the tasks, reasoning practices, and visualization challenges involved in working with these
connectivity results.
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Figure 1.2: Example of a connectivity matrix from the DFO project. Columns represent
releasing farms and rows represent receiving farms. Cell color encodes the percentage of
released particles that arrive at another farm within a selected time window.

1.3 Design Study Methodological Context
This thesis follows the visualization design studymethodology described by Sedlmair et al. [2].
Design studies emphasize close collaboration with domain experts and ground visualization
design in real analytical problems and workflows. Rather than beginning with a specific vi-
sualization technique, the process starts with understanding domain practices and identifying
the tasks that visualization should support.

In this methodology, the design process typically progresses through problem characteri-
zation, iterative design, and evaluation with domain experts. Observations from domain work
are translated into task abstractions, which then inform visualization design. Iterative proto-
typing and feedback refine the design over time.

Several visualization design studies follow similar structures. Goodwin et al. [3] demon-
strate a user-centered design process in which visualization tools are developed through close
engagement with domain analysts. Meyer et al. [4] emphasize that rigorous design studies
produce both a working system and generalizable design knowledge derived from the devel-
opment process.

Later reflections on design study practice note that design requirements often emerge grad-
ually rather than being fully specified at the start of a project [5]. Requirements may evolve
through task analysis, design exploration, and prototyping. This iterative development process
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is also compatible with participatory design approaches, in which domain experts contribute
to shaping design ideas through co-design activities [6].

In this thesis, the design process combines elements of visualization design study method-
ology with participatory design practices. Domain workflows were examined through con-
textual inquiry, tasks were derived through affinity analysis, and design ideas were explored
collaboratively during a co-design workshop. Low-fidelity prototypes were then used to refine
the design before implementation and evaluation of the interactive prototype.

More broadly, this research follows a problem-driven design study conducted in close
collaboration with domain experts. The study proceeds through domain immersion and con-
textual inquiry, task characterization, participatory co-design, iterative prototyping, and struc-
tured evaluation. The goal is not only to produce an interactive prototype, but also to generate
design knowledge grounded in empirical observation. The approach therefore emphasizes
traceability from raw observations to task characterization, design requirements, prototype
design, and evaluation findings.

1.4 Research Questions and Contributions
Following a design study methodology, this thesis addresses four research questions spanning
problem validation, task characterization, prototype design, and evaluation:

• RQ1: What visualization and communication challenges arise when ocean scientists in-
terpret hydrodynamic connectivity results in the DFO aquaculture connectivity project?

• RQ2: How can the domain-specific tasks involved in interpreting farm-to-farm con-
nectivity matrices be characterized to inform visualization design?

• RQ3: How does an interactive visualization prototype support key interpretation and
communication tasks for these connectivity results?

• RQ4: What forms of reasoning, interpretation, and exploratory hypothesis generation
emerge when experts explore connectivity data interactively?

The research questions in this thesis follow the stages of a visualization design study, pro-
gressing from problem validation to task characterization, design, and evaluation. In particu-
lar, RQ1 corresponds to the initial problem validation (winnow) phase, establishing that the
interpretation and communication of connectivity matrices present a meaningful visualization
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challenge in practice. As a result, not all research questions map directly to standalone con-
tributions; instead, they structure the study process that leads to the contributions presented
below.

• C1: Empirically grounded problem and task characterization.

This study documents how ocean scientists interpret hydrodynamic connectivity through
spatial, relational, temporal, and directional reasoning practices. The task character-
ization was grounded in contextual inquiry, affinity analysis, and collaborative design
activities.

• C2: Requirement-driven visualization design.

This work illustrates how visualization requirements can emerge and stabilize through
iterative synthesis across domain immersion, co-design, low-fidelity prototyping, and
evaluation. The study also shows that requirements continue to evolve when experts
interact with concrete prototypes. A central outcome of the thesis is the identification
and stabilization of design requirements for supporting the interpretation and commu-
nication of farm-to-farm connectivity matrices.

• C3: Design knowledge for connectivity visualization.

This thesis contributes design knowledge regarding coordination of spatial and rela-
tional views, trust in familiar analytical representations, the need for transparent fram-
ing of algorithmic views, the dependence of directional semantics on the reference
frame, and the importance of matching terminology to data abstraction. Although these
results arise from a specific aquaculture connectivity application, they may help inform
future visualization work in related settings where scientists interpret aggregated con-
nectivity matrices together with spatial and temporal context.
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Chapter 2

Background and Related Work

This chapter reviews the background and prior work most relevant to this thesis. It first dis-
cusses the role of visualization in scientific analysis and decision-making. Next, it introduces
hydrodynamic particle simulations and the connectivity matrices used in the DFO aquacul-
ture connectivity project to summarize simulation results. The chapter then discusses why
static connectivity visualizations can be difficult to interpret in this setting, especially when
readers must relate matrix patterns to spatial context, directionality, and temporal change. It
then reviews interactive visualization techniques that support exploratory analysis. Finally, it
introduces visualization design study methodology and explains why it is appropriate for this
thesis, including how its stages support the identification and stabilization of design require-
ments.

2.1 Visualization and Scientific Decision-Making
Visualization plays an important role in scientific analysis and communication because it helps
people work with data that would be difficult to interpret in raw numerical form alone. Sci-
entific datasets often contain many variables, long temporal spans, large numbers of rela-
tionships, or several possible levels of interpretation. In such settings, analysts need ways to
compare cases, trace relationships, and connect local observations to broader context.

Information visualization research studies how visual representations support analytical
reasoning. Chen describes visualization as a process that can support knowledge discovery
by making patterns and relationships more evident than they are in raw numerical outputs [7,
8]. In practical terms, visualization can externalize relationships that would otherwise need
to be computed, remembered, or inferred mentally. It may therefore support tasks such as
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identifying clusters, comparing magnitudes, detecting outliers, or understanding how changes
in one part of a dataset relate to others.

Visualization is also important in decision support. When decisions depend on under-
standing how different entities or conditions relate to one another, visual representations can
help analysts compare alternatives and communicate findings more clearly [9]. In environ-
mental science, this role is especially important because simulation outputs are often used not
only for scientific interpretation but also for communication with managers, regulators, and
other stakeholders.

In the present project, visualization mattered because the simulation results were intended
to support discussion of connectivity among aquaculture farms. The issue was therefore not
only whether a numerical summary could be produced, but whether the resulting represen-
tation supported interpretation, explanation, and communication in a practical management
setting.

2.2 Hydrodynamic Particle Simulations and Connectivity
Hydrodynamic models simulate the movement of water masses through ocean circulation.
Particle tracking simulations extend these models by releasing virtual particles at specified
locations and following their movement through simulated currents over time.

In marine applications, such simulations are often used to study how material may move
through a system. Depending on the application, particles may stand in for larvae, contam-
inants, pathogens, or other transported material. The resulting trajectories can therefore be
used to reason about dispersal, exposure, and connectivity between sites.

In the DFO aquaculture connectivity project, particle tracking simulations were used to
estimate possible transport pathways between marine finfish farms around Vancouver Island
[1]. Particles released from one farm could later be captured at another farm, producing
a simulated farm-to-farm connectivity relationship. In this thesis, connectivity refers to this
modeled transport relationship between farms: material released from one site may later arrive
at another site within a selected time window. This matters to ocean scientists because such
relationships may indicate possible pathways for the spread of sea lice, pathogens, or other
contaminants between farms [1]. As a result, interpreting connectivity is not only a technical
modeling problem, but also part of understanding how sites may be related in a management
context.

However, raw particle trajectories are difficult to work with directly. A simulation may
involve many farms, many time steps, and very large numbers of particles. Even when the
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Figure 2.1: Connectivity matrix summarizing particle transport between aquaculture farms.
Columns represent releasing farms and rows represent receiving farms. Cell color encodes
the proportion of particles released from one farm that reach another farm within the selected
time window.

underlying trajectories are available, direct inspection does not easily support comparison
across all farm pairs or across multiple time horizons. For this reason, simulation outputs
were aggregated into more compact summary representations.

2.3 Connectivity Matrices
A central summary representation in the DFO project was the connectivity matrix. Connec-
tivity matrices summarize the relationships between particle release locations and particle
arrival locations.

In the project matrices, each column represents a releasing farm and each row represents
a receiving farm. Cell values encode the proportion of particles released from one farm that
arrive at another within a selected time window.

This representation is useful because it provides a compact overview of many farm-to-
farm relationships at once. Analysts can inspect stronger and weaker connections, compare
asymmetries between pairs, and look for regions of denser interaction that may suggest pos-
sible groupings.

At the same time, the representation is not self-explanatory. Interpreting a connectivity
matrix requires readers to understand what rows and columns mean, to infer directionality
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Figure 2.2: Geographic distribution of aquaculture farms included in the hydrodynamic con-
nectivity simulations. Each point represents a farm location used as both a particle release
site and a receiving site in the connectivity analysis.

from matrix position, and to relate visible patterns to the geographic arrangement of farms.
The matrix can therefore support precise comparison, but it may not make broader spatial
meaning immediately apparent. In addition, comparisons across multiple time windows re-
quire careful inspection or repeated switching between separate figures.

In the DFO project, the matrix was also the main reporting artifact. Maps and other visual
materials were used mainly to support explanation of the matrix rather than to replace it. This
made the matrix both analytically central and practically unavoidable in the workflow.

2.4 Spatial Context of Farm Locations
Connectivity patterns are strongly shaped by the geographic distribution of farms and the
surrounding ocean circulation. Farms located in the same inlet, channel, or coastal region
may exhibit stronger connectivity because they are influenced by similar current structures,
while farms that are farther apart may show weaker or more asymmetric relationships.

Maps therefore provide important spatial context for interpreting connectivity results. A
map makes farm locations visible and allows readers to relate patterns to coastlines, regional
structure, and distance.
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For the DFO project, this spatial context was important because the scientists did not
interpret matrix values in isolation. They often wanted to know whether a visible pattern in
the matrix corresponded to farms in the same region, farms connected along a plausible flow
path, or farms separated by geographic features that might affect transport.

Maps, however, do not solve the whole problem. A simple location map does not directly
show the strength or direction of connectivity between all pairs of farms. In the present con-
text, strength refers to howmuch modeled exchange exists between two farms, while direction
refers to whether particles move from farm A to farm B, from farm B to farm A, or in both
directions over the selected time period. These questions matter because ocean scientists are
not only interested in whether farms are connected, but also in how strongly they are con-
nected, in which direction, and whether the pattern is plausible given regional geography and
ocean dynamics. A map alone does not make all of this visible, so scientists must connect
spatial positions with relationships encoded in the matrix. This interpretive burden was one
of the central motivations for the present work.

2.5 Limitations of Static Connectivity Visualizations
In the DFO project, connectivity matrices and maps were commonly used in static reports
and presentations [1]. These materials were scientifically useful, but their interpretation often
required additional effort.

One limitation of static matrices is that they require readers to perform several tasks men-
tally. A reader may need to identify a farm in the matrix, determine whether the relevant value
is in the row or the column, compare it against many other cells, and then relate the resulting
pattern back to a geographic location. This becomes more difficult when the number of farms
is large, when values vary across several orders of magnitude, or when multiple time windows
need to be compared.

A second limitation is that interpretation often depends on additional explanation. During
project discussions, scientists manually annotated matrices to highlight possible groups of
farms or notable patterns.

These annotations show that the matrix itself was central, but not always sufficient. Im-
portant patterns were often made visible through added boxes, arrows, or verbal explanation.
Such interpretation work is reasonable in collaborative scientific practice, but it also suggests
that the representation could be better supported.

A third limitation is that static figures make interactive comparison difficult. Thresholds,
time windows, and directional relationships cannot be adjusted dynamically. Instead, each
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Figure 2.3: Connectivity matrix annotated during project discussions. Scientists manually
highlighted groups of farms and connectivity patterns to support interpretation and commu-
nication of results.

variation must be prepared separately or inferred indirectly. In practice, scientists working
with these materials often had to move back and forth between a matrix, a map, and spoken
explanation in order to understand how a pattern in the grid related to a real group of farms
in space. This was not simply a matter of inconvenience. It meant that some of the work
of interpretation remained outside the visualization itself and had to be reconstructed by the
analyst.

Taken together, these limitations suggest that the challenge in this project was not the
absence of a meaningful summary representation. The connectivity matrix was meaningful
and necessary. The challenge was that its interpretation required substantial cross-referencing,
annotation, and explanation.

2.6 Interactive Visualization Techniques
Interactive visualization systems allow analysts to explore data dynamically through filtering,
selection, and comparison. A common analysis workflow is described by Shneiderman’s visual
information seekingmantra: overview first, zoom and filter, then details on demand [10]. This
pattern is relevant to the present work because connectivity analysis also involves movement
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between broad structure and focused inspection of specific farm relationships.
One important idea in interactive visualization is the use of multiple coordinated views.

Different representations can show different aspects of the same data, while shared controls or
linked interactions help analysts move between them. Coordination may be achieved through
linked highlighting, shared parameter changes, or synchronized filtering. These mechanisms
can reduce manual cross-referencing and help users compare spatial, relational, and temporal
information more directly.

Guidelines for coordinated multiple views have been described by Baldonado et al. [11]
and Roberts [12]. Systems such as Snap-Together Visualization demonstrate how linked views
can support interactive construction and comparison of related representations [13].

Interactive filtering is also relevant in scientific analysis. Filtering allows users to reduce
visual complexity and focus on subsets of interest. In the connectivity setting, this could mean
adjusting a threshold so that weaker links are suppressed while stronger ones remain visible.
Such interactions are not only visual conveniences; they can function as analytical controls
that shape what relationships become salient.

Heer and Shneiderman describe how interactive dynamics support iterative visual reason-
ing during exploratory analysis [14]. This perspective is especially relevant here because the
scientists in the DFO project did not simply read fixed outputs. They compared, explained,
questioned, and refined their interpretations through discussion and repeated examination of
different project materials.

These techniques are relevant to the present thesis because they point toward possible
ways of supporting the kinds of tasks later formalized in the study, including relating matrix
structure to geography, adjusting thresholds, comparing across time, and exploring possible
groupings. At the same time, the literature also suggests that interaction alone is not enough.
The success of an interactive system depends on whether the design supports the actual rea-
soning practices of its users and whether the resulting representations remain interpretable
and trustworthy.

2.7 Visualization Techniques for Connectivity Analysis
Understanding hydrodynamic connectivity requires reasoning about relationships between
spatially distributed locations over time. From a visualization perspective, this type of prob-
lem combines relational structure, geographic context, and changing values across time. Sev-
eral visualization techniques are relevant to this setting, including node-link diagrams, matrix
representations, spatial connection maps, and coordinated multiple views. Each offers differ-
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ent advantages and limitations for the Particle Project context.
A common way to represent relationships between entities is through node-link diagrams,

where nodes represent entities and edges represent connections between them. Such repre-
sentations can make paths, clusters, and overall network structure visually intuitive, especially
when the number of nodes and edges is relatively small. However, as relational data become
denser, node-link diagrams often become hard to read because of overlapping links, cross-
ings, and clutter. In the Particle Project context, where many farms may be connected with
different strengths, a pure node-link representation would make precise comparison difficult,
especially when weak and strong connections appear together.

Matrix-based representations provide an alternative that scales better for dense relational
data. Adjacency matrices encode pairwise relationships in a structured grid, supporting value
comparison and pattern inspection without edge crossings. This is particularly relevant here
because connectivity matrices were already the main analytical artifact used by the ocean
scientists in the original workflow. The matrix therefore supports continuity with domain
practice, and it provides a compact summary of connectivity strengths between all pairs of
farms. At the same time, matrix representations do not directly show geographic structure.
Analysts must still relate rows and columns to real farm locations and surrounding coastal
features.

Spatial representations embed connectivity in geographic space by placing entities accord-
ing to their real-world locations and drawing connections between them. In this project, such
a view is useful because connectivity is interpreted partly through geography. Analysts reason
about channels, inlets, regional proximity, and expected flow patterns when judging whether
connections appear plausible. A spatial view therefore supports interpretation and commu-
nication in ways that a matrix alone cannot. However, spatial representations are weaker for
precise pairwise comparison, especially when multiple connections overlap or when connec-
tion strengths differ by small amounts.

These trade-offs motivate the use of coordinated multiple views. Coordinated view sys-
tems combine complementary representations and allow interaction in one view to affect oth-
ers [11, 12]. This approach is especially relevant when no single representation is sufficient
for the analytical task. In the Particle Project, the scientists already used maps and matrices
together, but they used them separately and had to mentally translate between them. Coor-
dinated interaction can reduce that burden by allowing analysts to move between spatial and
relational reasoning more directly. More broadly, interactive filtering, selection, and dynamic
updates support iterative analysis by helping users move from overview to focused inspection
[14].
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These visualization techniques are directly relevant to the design of this thesis. The exist-
ing workflow already established the value of the connectivity matrix, but it also exposed the
need for stronger spatial grounding and better support for comparison across changing ana-
lytical conditions. For this reason, the reviewed techniques were not treated as alternatives
from which one would be chosen. Instead, they motivated the combination of complemen-
tary views in the prototype. More importantly, they helped clarify the design requirements
that structure the rest of the thesis. The importance of geographic views supports R1 (spatial
reasoning), the continued role of the matrix supports R2 (preserve the matrix as a familiar
analytical reference), interaction across different time horizons supports R3 (cumulative and
interval-based temporal exploration), directional representations support R4 (directional in-
terpretation), filtering and visual emphasis support R5 (threshold-based emphasis), and the
combination of map and matrix through shared interaction supports R6 (coordination across
views). Finally, because dense connectivity patterns may also suggest groups of related farms,
the literature on relational representations and interactive exploration also motivates R7 (ex-
ploratory grouping while preserving interpretability). In this sense, the visualization literature
does not simply provide background; it helps explain why the stabilized design requirements
in this thesis are appropriate for this specific application.

2.8 VisualizationDesign Studies andDesignRequirements
Visualization design studies focus on solving real-world problems through collaboration with
domain experts. Rather than starting with a predefined visualization technique, design studies
begin by understanding domain workflows, analytical tasks, and practical constraints.

Sedlmair et al. [2] describe a design study methodology that includes problem character-
ization, iterative design, and evaluation with domain experts. The outcome of a design study
is typically both a visualization system and design knowledge derived from the development
process.

Later reflections on design study practice note that design requirements often emerge grad-
ually rather than being fully specified at the start of a project [5]. In this thesis, design require-
ments refer to the design conditions that a visualization must satisfy in order to support the
tasks and reasoning practices identified in the domain. They are important because they pro-
vide the bridge between observed domain challenges and concrete design decisions. Rather
than moving directly from observations to an interface, the study uses requirement formula-
tion to stabilize what the prototype should actually support.

Participatory design methods may also be incorporated into design studies. Co-design
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approaches involve domain experts directly in the design process, allowing them to contribute
ideas and evaluate design alternatives collaboratively [6, 15]. This is relevant to the present
thesis because the DFO scientists were not only users to be evaluated at the end of the project;
they also helped shape task understanding and design direction during the study.

Design study methodology is therefore well suited to this work. First, it provides a struc-
tured way to move from initial problem characterization to task understanding. In this thesis,
that stage supported the identification of challenges in interpreting and communicating con-
nectivity matrices in the DFO aquaculture project. Second, it emphasizes iterative design and
prototyping, which were necessary because the appropriate visual response was not known
in advance. Third, it provides a process through which design requirements can be stabilized
over time. Early observations, co-design ideas, and prototype feedback do not all carry equal
weight, and the study needed a way to refine provisional ideas into requirements stable enough
to guide implementation. Finally, the methodology supports evaluation in context, which was
important here because the goal was not only to build an interface, but to understand how
the resulting prototype aligned with the reasoning practices of the scientists working with the
connectivity results.

For a reader unfamiliar with the design study process, the key stages can be summarized as
follows. Problem characterization identifies the domain setting, the users, the artifacts already
in use, and the practical challenges that make visualization support worthwhile. Task char-
acterization translates domain observations into a clearer understanding of what users need
to accomplish. Ideation and prototyping explore alternative responses to those tasks. Re-
quirement stabilization identifies which design directions remain important and feasible after
repeated feedback. Evaluation then examines how well the resulting prototype supports the
target practices and where it falls short. In the present thesis, these stages were important not
only for structuring the research process, but for making the design requirements themselves
a central outcome of the work.

This framing also clarifies the direction of the remainder of the thesis. The challenge in
the DFO project was not simply that particle tracking simulations produced large amounts of
data. The more specific problem was that the main project artifacts—connectivity matrices—
were scientifically meaningful but difficult to interpret in isolation. Scientists therefore relied
on maps, annotations, and discussion to relate matrix structure to geography, directionality,
and possible groupings. These conditions made the project well suited to a design study,
because the key research need was to identify the design requirements that could better support
interpretation and communication of farm-to-farm connectivity matrices.

This emphasis on design requirements is especially important for the present thesis. The
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main contribution is not simply that a prototype was built for one ocean science project.
Rather, the study identifies and stabilizes design requirements for interpreting and commu-
nicating farm-to-farm connectivity matrices in this application. The prototype and the later
evaluation are important in part because they make those requirements concrete and allow
them to be examined in practice. The following chapters therefore move from problem un-
derstanding to task characterization, design requirement stabilization, prototype development,
and evaluation.
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Chapter 3

Design Study Process

3.1 Chapter Overview
This chapter describes the design study process used to move from an initial domain collab-
oration to a tested visualization prototype. Building on the background and methodological
framing presented in Chapter 2, the study followed an iterative visualization design study
approach informed by design thinking and participatory design principles.

The chapter documents how the study progressed through six interconnected activities: (1)
scoping the collaboration and stakeholders, (2) domain immersion through contextual inquiry,
(3) task characterization and abstraction, (4) co-design exploration, (5) iterative prototyping
and requirement stabilization, and (6) preparation for evaluation.

Rather than presenting these activities as a strictly linear pipeline, this chapter shows how
understanding of tasks, design directions, and requirements evolved through repeated inter-
action with domain experts. The primary outcomes of this process are a refined task charac-
terization and a set of stabilized design requirements that later informed the prototype design
described in Chapter 4.

3.2 Research Approach: Design Study and Participatory
Design

This thesis follows a visualization design study conducted in collaboration with ocean scien-
tists involved in the Particle Project. Design studies are problem-driven investigations that
combine domain understanding, visualization design, and situated evaluation to address real-
world analytical challenges [2].
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The study was guided by a design thinking framework consisting of the phases empathize,
define, ideate, prototype, and test [16]. In practice, these phases were iterative and overlap-
ping rather than strictly sequential. Insights gained during later activities frequently required
revisiting earlier assumptions about tasks, representations, and design priorities.

Consistent with prior visualization design studies, problem understanding, design explo-
ration, and requirement formulation co-evolved throughout the process. Requirements were
not fixed immediately after task abstraction. Instead, they emerged and stabilized through
iterative cycles of co-design, low-fidelity prototyping, and feedback [4, 2, 5].

Accordingly, the design requirements reported in this thesis represent stabilized design
directions synthesized from multiple phases of the study rather than predefined specifications
or fully realized interface capabilities.

Before formal task characterization, an initial learning and scoping phase was conducted
to evaluate the suitability of the collaboration, following the learn/winnow stage recommended
in design study methodology [2]. This phase included early meetings with domain experts,
review of existing visual materials, and assessment of practical constraints such as data avail-
ability and stakeholder engagement (Section 3.3).

Participatory design principles were adopted throughout the study, positioning domain
experts as active contributors to both problem framing and solution development rather than
only evaluators [6]. Co-design activities enabled participants to externalize domain reason-
ing and explore alternative visualization concepts, expanding the design space through mixed
expertise collaboration [17].

Figure 3.1 summarizes the overall design study process followed in this research. Al-
though several activities informed one another iteratively, the process can be understood
chronologically as follows. First, the collaboration was scoped and the domain problem was
examined through contextual inquiry. Second, observations from this formative stage were or-
ganized through affinity diagramming and abstracted into task characterizations. Third, these
task characterizations informed a co-design workshop, whose sketches were reviewed and
synthesized into a paper prototype. Fourth, feedback from the paper-prototype walkthrough
was used to refine and stabilize design requirements. These requirements then guided imple-
mentation of the digital prototype, which was subsequently evaluated with domain experts.
The dashed arrows in the figure indicate points where later stages informed refinement of
earlier design directions, especially during low-fidelity prototyping and after evaluation.

In this sequence, sketch analysis refers specifically to the review and synthesis of ideas
produced during the co-design workshop. To support this synthesis, the sketch ideas were
organized using the dimensions of purpose, appearance, and action. This coding helped iden-
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tify which representations and interactions appearedmost relevant to the task intents identified
earlier, and it functioned as an analytic bridge between open-ended workshop sketches and the
construction of the low-fidelity paper prototype. The later digital prototype was not a direct
one-to-one implementation of this coding. Instead, it was developed after the paper-prototype
walkthrough had clarified which design directions should be carried forward.

Problem
Identification

Contextual
Inquiry

Affinity
Diagramming

Task
Characterization

Co-Design
Workshop

Sketch
Analysis

Paper
Prototype

Prototype
Walkthrough

Design
Requirements

Digital
Prototype Evaluation

Figure 3.1: Visualization design study process showing the progression from problem identi-
fication to evaluation. The diagram illustrates the flow from contextual inquiry to task char-
acterization, co-design, prototyping, and requirement stabilization. Dashed arrows indicate
iterative feedback loops where later stages informed refinement of earlier design decisions.

This study received approval from the University of Victoria Human Research Ethics
Board (HREB) (Protocol No. 21-0592-03). Participants were informed of the purpose of
the study, the voluntary nature of participation, and their right to withdraw at any time with-
out consequence. The study involved minimal risk, primarily related to time commitment
and, at the time of data collection, potential exposure to COVID-19 during in-person ses-
sions. No additional risks were associated with the procedures. Participants were informed
of potential benefits, including contributing to the design of a visualization system to support
their workflow, improving communication of ocean simulation outputs, and enabling new in-
sights into connectivity patterns. Data were anonymized where possible and stored securely
in accordance with university policies.
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3.3 Stakeholder Selection and Problem Scoping
Design study methodology recommends spending time early to learn the domain, identify
promising directions, and narrow the scope before committing to design and implementation
[2]. This early phase is sometimes described as a winnowing process. The goal is to select a
collaboration that is both feasible and scientifically interesting. In our case, this phase helped
determine whether the Particle Project contained a visualization problem worth studying and
whether the required resources were available.

3.3.1 Initial Contact and Early Exploration
The collaboration began after one researcher attended a presentation by two ocean scientists
fromFisheries andOceans Canada (DFO) about the Particle Project. During this presentation,
the scientists shared the visual materials used in their analysis and reporting workflow.

These materials primarily consisted of static connectivity matrices and maps. Represen-
tative examples of these artifacts are included in Chapter 2, including a connectivity matrix
deliverable, farm location maps, and presentation materials that use manual annotations to
support communication.

The scientists explained that connectivity matrices were the primary project deliverables
for management. Maps and other visuals were supplementary and used mainly to support
explanation during presentations.

These early observations revealed two issues. First, connectivity matrices required sub-
stantial interpretation and cross-referencing with maps to understand spatial patterns. Sec-
ond, grouping and threshold decisions were often explored visually and informally rather than
through structured interactive tools.

These limitations motivated a deeper investigation of task needs and possible interactive
support, described in the following sections.

3.3.2 Scoping Criteria and Practical Constraints
The goal of these early interactions was to evaluate feasibility and define a starting scope. We
focused on the following questions:

• Data access: What data exists, and in what form is it available to us?

• Stakeholder commitment: Are domain experts available for repeated sessions?



22

• Timeline: Can we schedule participatory sessions within the study period?

• Stakeholders and audience: Who uses the results, and for whom are decisions made?

• Contribution: What kind of visualization contribution would be useful?

These criteria helped narrow the collaboration toward a realistic visualization goal that
could be addressed through iterative design.

3.3.3 Stakeholders and Participants
The Particle Project includes multiple stakeholder groups. Based on early discussions, the
main stakeholders were (1) scientists, (2) management, and (3) the aquaculture industry. In
this thesis, we primarily collaborated with two DFO scientists who led the Particle Project.
They participated in multiple sessions approved by the institutional ethics process.

Management was a major stakeholder because they were the main recipient of the project
results and used the outcomes to support area-based management decisions. However, man-
agement did not participate directly in our design sessions due to limited availability and be-
cause the Particle Project reporting was already complete at the time of this study. As a result,
management needs were mostly understood indirectly through the scientists’ descriptions of
reporting requirements and decision-making context.

Industry stakeholders were not directly involved in the study. Limited access and weak
connections made it difficult to form a collaboration with this group. For this reason, the
design process focused on supporting the scientists’ analysis and communication needs, while
remaining aware that the results may later be used by other audiences.

3.3.4 Outcome of the Learn/Winnow Phase
At the end of this phase, we concluded that the collaboration was feasible and that the Particle
Project contained a visualization challenge worth investigating. We also identified constraints
that shaped the remainder of the study, including limited stakeholder availability, the central
role of derived connectivity matrices, and the need to support communication beyond the re-
search team. These outcomes motivated deeper domain immersion and task characterization,
described next.
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3.3.5 Shift in Study Focus
The study initially began with the intention of exploring improvements to the visualization
artifacts used in the Particle Project, particularly the connectivity matrices and supporting
map-based representations observed during early presentations.

However, during the learn/winnow phase and the contextual inquiry, it became clear that
the visualization challenge was embedded within a broader analytical workflow. Participants
demonstrated that producing connectivity results involved multiple stages, including running
particle simulations, aggregating results into connectivity matrices, selecting thresholds, man-
ually identifying patterns, and creating supplementary visualizations for communication. The
matrices themselves were the primary deliverables requested by management, while maps,
arrows, and animations were created as supporting artifacts to explain those results.

These observations indicated that the challenge was not limited to improving a single
visualization artifact. Instead, interpretation depended on how multiple representations, pa-
rameters, and manual steps were combined within the workflow. For example, participants
experimented with threshold values to determine connectivity, manually identified clusters
from matrix patterns, and constructed map-based representations through separate tools to
communicate results.

As a result, the focus of the study shifted from optimizing or directly improving individual
visualizations toward understanding how domain experts construct, interpret, and communi-
cate connectivity results. The study therefore adopted a task- and workflow-centered design
approach, where the primary goal became the identification of task requirements and the
derivation of design knowledge.

Participants were informed that subsequent sessions focused on understanding their work-
flows and exploring design directions collaboratively, rather than producing a finalized or op-
timized tool.

3.4 Empathize: Domain Immersion and Problem Valida-
tion

The goal of the Empathize phase was to develop a grounded understanding of the Particle
Project domain, the participants’ workflows, and the context in which simulation results are
produced and communicated. This phase focused on goals, decisions, constraints, and prac-
tices, rather than proposing visualization solutions. This approach follows design thinking and
design study methodology, which emphasize deep domain immersion before formal problem
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formulation [16, 2].
Although Empathize is presented here as a distinct phase, empathizing occurred through-

out the study. Insights gained during later phases occasionally required revisiting assumptions
about users, tasks, and goals. These iterations are referenced where relevant in subsequent
sections.

3.4.1 Contextual Inquiry and Workflow Observation
To move beyond surface-level impressions from early presentations, we conducted a contex-
tual inquiry session with two DFO ocean scientists who were primary contributors to the
Particle Project. The session was conducted in a university research setting rather than in the
participants’ regular workplace. For this reason, the session should be understood as a guided
reconstruction of a relevant workflow, rather than a direct observation of day-to-day work in
its natural setting.

The focus of the session was the workflow used to produce and explain the connectivity
visualizations previously introduced to the research team during preliminary meetings and
seminars. Participants were asked to walk through the process of creating or interpreting
one of these visualizations as if teaching it to someone unfamiliar with the workflow. This
included describing the data sources, intermediate processing steps, decisions about thresholds
and visual encodings, and the intended audience for each artifact.

The session followed a semi-structured master–apprentice interview model [18, 19]. The
participants acted as domain experts and led the explanation, while the research team took
the role of learners. We asked clarification questions when participants’ actions, terminology,
or assumptions were unclear, and probed moments where our initial understanding differed
from the participants’ explanations. This format allowed the session to remain focused on the
participants’ own reasoning while still giving the research team opportunities to validate or
revise emerging assumptions.

The objective was not to evaluate a visualization tool at this stage. Instead, the session
aimed to understand how connectivity results were constructed, interpreted, and communi-
cated in the Particle Project, and to identify task needs that could later inform design. Be-
cause the workflow was reconstructed in a study setting and focused on selected visualization
artifacts, the observations are treated as evidence of participants’ reported and demonstrated
practices for this project, rather than as a complete account of all aspects of their scientific
work.

During the session, participants demonstrated how particle tracking outputs are processed
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into aggregated connectivity summaries and reported through daily matrices for each model
configuration. Participants emphasized that connectivity matrices were the primary required
outputs, while other visual materials, such as maps, arrows, and animations, were created
mainly to support explanation:

“Truly the grid ones were the deliverables and what we were asked to produce.
Everything else was supplementary, usually used for presentations to help people
understand what those grids mean.” [P1]

Participants also described that visualization parameters were often tuned for visual clarity
and comparability. For example, threshold values were explored through trial and comparison,
and participants preferred using consistent thresholds across regions to support comparison:

“I tried it with 0.1, 0.2 and 0.05. I liked 0.1.” [P2]

A recurring theme was that the matrix supported precise comparison, but did not provide
geographic grounding. As a result, participants manually created supplementary map-based
views, including arrows and region markings, to explain spatial patterns and directionality
(one-way versus two-way connectivity). These practices indicated that interpretation and
communication challenges were not only due to visual encodings, but also due to workflow
needs such as selecting farms, inspecting directionality, adjusting the perceptual salience of
weak connections, and communicating results to non-expert audiences.

The session was video-recorded to capture verbal explanations and interaction sequences,
and was supplemented by researcher notes and artifact review. These materials were later
transformed into discrete observation notes for affinity diagramming.

3.4.2 Observation Summary and Traceability
The contextual inquiry generated a substantial set of discrete observations about workflow
procedures, parameter selection, data processing routines, and interpretive practices. Ob-
servations were transcribed into individual notes and subsequently analyzed using affinity di-
agramming. Table 3.1 summarizes the dominant themes identified during the Empathize
phase. The complete observation dataset is provided in the online appendix repository to
support traceability from raw evidence to higher-level themes.

During analysis, observations were systematically coded according to source using a pre-
defined color scheme. Notes in pink corresponded to observations recorded directly by the
researchers during the contextual inquiry session. Gray notes represented input provided by
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the session facilitator during the same session. Blue notes denoted insights derived from sub-
sequent review of video recordings. Yellow notes captured prior knowledge of participant
workflows obtained from presentations, meetings, and seminars.

This structured coding approach supported group discussion and maintained traceability
between raw observations and the thematic categories derived from analysis.

3.4.3 Outputs of the Empathize Phase
The Empathize phase produced the following outputs:

• a grounded understanding of the Particle Project workflow and constraints,

• evidence that connectivity matrices are central deliverables,

• identification of recurring interpretation and communication challenges, especially the
need to connect matrix patterns to geographic context,

• recognition of multiple audiences with different needs (scientists, management, public).

These outputs informed the task characterization process described next.

3.5 Define: Task Characterization and Refinement
The Define phase transforms insights gained during Empathize into a structured characteriza-
tion of domain tasks. In design thinking, this phase articulates what users need to accomplish
rather than how existing tools support those needs [16]. Design study methodology similarly
emphasizes task characterization as a necessary step before proposing visualization solutions
[2].

In this study, the Define phase addressesRQ2: How can the problem domain and domain-
specific tasks of the Particle Project be characterized to inform visualization design? Task
characterization was grounded in empirical observations from contextual inquiry and earlier
domain interactions and refined through iterative engagement with these materials.

3.5.1 Method: Affinity Diagramming
Affinity diagramming was used to synthesize qualitative observations into structured thematic
groupings. All observation notes used in the affinity session were directly generated from
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a structured observation table prepared by the author. Each row in the table represented a
single atomic idea (action, goal, constraint, or interpretation). The table was printed and cut
into individual notes, which were physically arranged on a large board during collaborative
analysis. No additional data were introduced during clustering.

The observation table was used to print and cut the notes for the affinity session; therefore,
the table and the physical notes contain the same observation content.

To preserve traceability, each note retained its source label and was color-coded before
clustering:

• Pink: Researcher observations during contextual inquiry

• Gray: Facilitator input during contextual inquiry

• Blue: Insights derived from video analysis

• Yellow: Prior workflow knowledge from meetings and presentations

Because the notes were directly derived from the observation table, there is a one-to-one
correspondence between the observation table provided in the online appendix repository and
the physical notes. This ensures traceability from raw evidence to thematic grouping.

3.5.2 Clustering and Mega Category Formation
Notes were grouped based on semantic similarity and shared analytical intent. Clustering
was iterative and required multiple passes before stable groupings emerged. The process
emphasized task orientation rather than frequency of occurrence.

Across the board, a total of 158 observation notes were organized into intermediate the-
matic clusters. These clusters were subsequently abstracted into higher-level groupings re-
ferred to as mega categories.

Figure 3.2 shows the refined affinity structure. Observations were reassigned and labeled
during abstraction. Three categories were identified as task-centered and were used to struc-
ture task formulation. Two additional categories emerged from observations that did not
directly correspond to task definition but were retained to inform later ideation.

The three task-centered mega categories were:

• MC1: Compare particle movement at different spatio-temporal scales

• MC2: Observe or identify connectivity between farms
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(a) MC1: Compare particle movement at differ-
ent spatio-temporal scales

(b) MC2: Observe or identify connectivity be-
tween farms

(c) MC3: Improve confidence in (validate) the
model and results

(d) Workflow-related observations

(e) Challenges and opportunities for contribution

Figure 3.2: Refined affinity diagram organized into three task-centered mega categories
(MC1–MC3) and two additional categories (“Workflow” and “Challenges”). Observations
were reassigned and labeled during abstraction. Each note corresponds to one entry in the
observation table provided in the online appendix repository.
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Evidence sources

• Contextual inquiry sessions
• Video recordings
• Prior meetings and presentations

Observation table provided in the online appendix repository.
Each row records one atomic observation.

Observation notes (158)
Printed and cut from the observation table; color-coded by source.

Affinity clustering
Iterative grouping into thematic clusters.

Task-centered mega categories
MC1, MC2, MC3
Used for task formulation

Additional categories
Workflow / Challenges

Task list (verbatim)
Derived from MC1–MC3.

Figure 3.3: Abstraction and traceability from qualitative evidence to task characterization.

• MC3: Improve confidence in (validate) the spatio-temporal model and results

Two additional categories were identified:

• Workflow: Observations related to workflow constraints and features to retain

• Challenges: Observations indicating limitations or opportunities for contribution

The Workflow and Challenges categories informed the ideation phase but were not used
to define task statements.

3.5.3 Abstraction and Traceability
The abstraction process followed a structured progression:

raw observation (table row)→ affinity cluster→ mega category→ task statement

Figure 3.3 illustrates this traceability structure. The observation table provided the source
material for clustering; observations were converted into individual notes and organized through
affinity clustering. This process produced task-centered mega categories (MC1–MC3), which
were then used to formulate the preliminary task list. This task list subsequently guided co-
design activities, prototype scoping, and evaluation planning.
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3.5.4 Resulting Task List (Verbatim)
The task list below is reported verbatim as produced during analysis. Preserving wording
maintains traceability to domain language and avoids post-hoc reinterpretation. Some tasks
overlap or vary in granularity; this reflects domain complexity and differing levels of abstrac-
tion used by participants. As later evaluation showed, some verbatim terms (e.g., movement,
spread) did not map cleanly onto the aggregated connectivity abstractions implemented in
the prototype, but they are retained here to preserve the original language of task elicitation.
This mismatch between task wording and data abstraction later became an explicit finding
during evaluation, where participants distinguished between trajectory-based interpretations
and aggregated connectivity summaries.

MC1: Compare Particle Movement at Different Spatio-Temporal Scales

• Observe the progression of particles over time for a given farm (given the large number
of particles)

• Compare particle spread at different time points for each farm with respect to a time
granularity

• Have particles’ pattern of movement as the final result after 14 days for each farm

• See the dominant flows and streams (circulations) to justify particle movement patterns

• See different levels of detail on contextual info (such as regions, landmarks, inlets, and
channels) to aid analysis of movements

• See the distance the particles travel with respect to a time granularity

• See the progression of connectivity matrices over time

MC2: Observe or Identify Connectivity Between Farms

• Capture connection patterns between farms to support area-based management

• Compare patterns of particle movements within a group of farms

• Identify connected farms in case of contamination

• Differentiate between one-way and two-way connections
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• Compare the strength of connections between farms

• Add or remove farms to change scale

• Compare directional strength between two farms

• Explain connections with respect to circulations and tides

• Notice when particles reach farm boundaries

MC3: Improve Confidence in (Validate) the Spatio-Temporal Model and Results

• Show interpretations based on the grid representation

• See percentages of particles spreading within a time period

• Manually group farms to define zones

• Compare alternative clustering side by side

• Compare received particle percentages across farms or models

• Show the simulation timeline when multiple runs exist

Consistent with prior design studies, requirements were derived through iterative synthesis
rather than predefined specification, reflecting the progressive clarification of analytical needs
observed during collaborative design [4, 5].

3.6 Ideate: Co-design and Design Space Exploration
The Ideate phase explored possible visualization responses to the task characterization de-
veloped in Section 3.5. Ideation was conducted through a structured co-design workshop
involving domain experts and members of the research team. This approach aligns with par-
ticipatory and co-design methods in which stakeholders actively contribute to shaping design
directions rather than only evaluating finished systems [20, 15, 21].
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3.6.1 Participants and Setup
The co-design workshop involved five participants: the facilitator (first author), a computer
scientist, a designer, and two ocean scientists from DFO. The session was conducted around
a shared work surface using printed maps and sketching materials. These artifacts supported
collaborative discussion and allowed participants to externalize ideas through quick drawings
and annotations.

3.6.2 Session Structure
The workshop was organized into three rounds corresponding to the three task-centered mega
categories identified during the Define phase (MC1–MC3). Each round followed a sketch–
share–refine cycle. Participants sketched potential solutions individually, presented them to
the group, and revised ideas based on discussion.

During the co-design workshop, participants produced a large number of sketches ex-
ploring possible ways to represent particle movement, connectivity between farms, and in-
teractions with simulation results. Rather than representing a single proposed interface, the
sketches illustrate different design directions considered during early ideation.

Figure 3.4 shows representative examples from the session. The selected sketches illus-
trate four recurring design themes observed during the workshop: spatial representations of
connectivity, grouping of farms based on connectivity relationships, conceptual representa-
tions of particle movement, and potential interface layouts combining multiple views. These
sketches served as inputs for the later synthesis stage and informed the development of the
paper prototype described in Section 3.8.

Several ideas explored in these sketches later informed stabilized design requirements such
as spatial reasoning (R1), directional connectivity (R4), and coordinated multi-view interac-
tion (R6).

3.6.3 Initial Observations
The sketches revealed several recurring design ideas. Participants frequently suggested com-
bining geographicmapswith relational representations such as connectivitymatrices or graphs.
Interaction concepts commonly involved selecting one or more farms to reveal incoming or
outgoing connections, adjusting time ranges to explore particle spread, and filtering connec-
tions based on particle concentration thresholds.
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(a) Sketch exploring spatial representations of di-
rectional connectivity between farms.

(b) Conceptual sketch illustrating particle pro-
gression and spatial spread over time.

(c) Sketch exploring grouping of farms based on
connectivity relationships.

(d) Sketch exploring coordinated layout of map,
matrix, and control elements.

Figure 3.4: Representative sketches produced during the co-design workshop. The selected
sketches illustrate four recurring design directions explored during early ideation: spatial
representations of connectivity, grouping of farms based on connectivity patterns, particle
movement and spread over time, and coordinated interface layouts combining multiple views.
These sketches were later synthesized into the paper prototype.

Discussions also revealed variation in how participants interpreted terms such as progres-
sion, spread, and movement pattern. At this stage, these terms appeared reasonable within the
broader domain discussion, but later evaluation showed that they did not always align with the
aggregated connectivity abstraction implemented in the prototype. These differences later
informed refinement of evaluation task wording and clarification of interface terminology for
directional connectivity.

All sketches were photographed and workshop discussions were recorded and transcribed
to support later analysis.



34

3.7 Emerging Design Requirements
The Define and Ideate phases produced a set of emerging design requirements. These require-
ments were not treated as a finalized specification. Instead, they captured provisional design
directions inferred from (i) recurring task intents identified through affinity analysis and (ii)
early solution ideas expressed during co-design.

At this stage, requirements remained deliberately broad and occasionally competing (e.g.,
adding richer contextual layers versus maintaining visual simplicity). The purpose of articu-
lating emerging requirements was to guide prototype construction and to provide hypotheses
that could be challenged and refined through discussion around concrete interface artifacts.

Because requirements were refined through later evaluation of the paper prototype, the
emerging set differs slightly from the stabilized set reported in Chapter 4. In particular, some
directions were merged, reworded, or deprioritized once participants reacted to trade-offs and
interpretability constraints during prototype discussion.

3.8 Prototype: Low-Fidelity Prototyping and Design Con-
solidation

Following the co-design workshop, the sketches and recorded discussion were analyzed to
identify recurring design directions. Rather than treating each sketch as a standalone proposal,
we focused on the reasoning behind each idea and the intended analytical scenario.

To support this synthesis, ideas were organized using three complementary dimensions:

• Purpose— the analytical goal participants wanted to achieve

• Appearance— the visual representation proposed to support that goal

• Action— the interaction used to perform that goal

This coding structure was used to examine which representations and interactions ap-
peared most relevant to the task intents identified in Section 3.5.4. The coding did not define
the final prototype directly. Instead, it supported early design synthesis by helping identify
which ideas were central to connectivity reasoning and which were feasible enough to carry
forward into a low-fidelity paper prototype.



35

Figure 3.5: Low-fidelity paper prototype used as a shared artifact during expert walkthrough.
The board aggregated candidate components (map, matrix, time and threshold controls, and
alternative encodings) to support comparison of design directions before implementation.

3.8.1 Physical Paper Prototype
Coded ideas were consolidated into a physical low-fidelity prototype assembled from paper
components on a board. This format enabled rapid comparison of design alternatives without
committing to implementation details. The board integrated the most frequently recurring
components across sketches, including a spatial map view, a connectivity matrix, temporal
controls, and threshold controls. Alternative visual encodings for similar tasks were placed
side-by-side to preserve options during discussion.

3.8.2 Paper-Prototype Walkthrough Interview
We conducted a structured walkthrough interview with the two domain experts using the
prototype board as the primary discussion artifact. The goal was to elicit feedback on (1)
which components supported realistic analysis and communication scenarios, (2) which al-
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ternatives created confusion or unnecessary complexity, and (3) which interaction semantics
best matched how connectivity results are interpreted in practice.

The session followed a component-by-component format. For each component, the facili-
tator briefly introduced the alternatives (e.g., connection map vs. graph, manual vs. automatic
grouping, cumulative time controls, directional modes), then prompted participants to rea-
son through concrete tasks such as identifying high-risk connections from a selected farm,
comparing strength and directionality, and interpreting patterns for communication to man-
agement audiences.

Participants consistently emphasized that spatial grounding was essential for interpretation
and presentation, while the matrix remained the authoritative reference for precise compar-
ison. For example, one participant described the map as filling a key gap in the matrix by
providing geographic context, while still treating the matrix as informative but less intuitive
for non-expert audiences.

The walkthrough also clarified temporal semantics. Participants highlighted that project
results were interpreted as cumulative time since release (e.g., Day 3 includes all arrivals up
to Day 3), which informed how time controls should be framed. In addition, participants
discussed thresholding as a practical method for reducing clutter and focusing on meaningful
connections.

Importantly, the walkthrough acted as a winnowing step for design ideas: several sketch-
inspired concepts (e.g., particle trajectory animations and velocity-focused encodings) were
considered appealing for explanation but were treated as lower priority for connectivity decision-
making given data scale and implementation effort. This feedback directly informed which
requirements were carried forward into implementation. Several of these requirements were
carried forward as design goals, although later evaluation showed that some were only partially
realized in the digital prototype.

To summarize how prototype discussion narrowed the design space, Table 3.2 links major
prototype components, key expert feedback, and the resulting design requirements.

Feedback during the walkthrough reinforced several design directions that later became
stabilized requirements. Participants repeatedly emphasized the importance of spatial context
for interpreting connectivity patterns. As one participant explained:

“I’m a map person. The map shows what is missing in the matrix, which is the
geographical location. The matrix is informative but not intuitive.”

This comment illustrates how spatial context complements matrix-based analysis by sup-
porting geographic interpretation and communication of connectivity results.
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Participants also clarified how simulation time should be interpreted in the visualization.
In the Particle Project workflow, connectivity results are treated cumulatively rather than as
independent time intervals:

“The time slider should be based on 14 days meaning day 3 includes all particles
released throughout the first three days because the data is cumulative.”

This clarification informed the design of temporal controls and reinforced the need for
cumulative temporal exploration in the final prototype.

3.9 Stabilized Design Requirements
Requirements in this study did not emerge as a fixed specification after task analysis. Instead,
they evolved through iterative synthesis of affinity analysis, co-design sketches, and feedback
obtained during the paper-prototype walkthrough interview (Section 3.8.2). The requirements
below represent the subset of design directions that remained consistent across these stages
and were therefore carried forward into the high-fidelity prototype described in Chapter 4.

• R1 – Support spatial reasoning about connectivity.

Connectivity interpretation relies heavily on geographic context such as coastlines, in-
lets, and relative farm locations. During the prototype walkthrough, participants em-
phasized that spatial context complements the connectivity matrix and makes patterns
easier to interpret and communicate. This observation aligns with tasks in MC1 and
MC2 that involve understanding particle movement and connectivity patterns in geo-
graphic space.

• R2 – Preserve the connectivity matrix as a familiar analytical reference.

Despite the value of spatial representations, participants consistently treated the con-
nectivity matrix as the primary analytical artifact used in existing workflows. The ma-
trix enables precise comparison of connection strengths between farms and therefore
needed to remain part of the visualization system rather than being replaced by alter-
native representations.

• R3 – Support cumulative and interval-based temporal exploration.

Connectivity results are interpreted cumulatively in the Particle Project, meaning that
arrival counts represent particles accumulated up to a given day. Participants clarified
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this interpretation during the prototype walkthrough, which informed the design of time
controls supporting comparison across cumulative time horizons and intervals derived
from cumulative matrices.

• R4 – Support directional interpretation of connectivity.

Experts frequently reason about connectivity relative to a selected farm, distinguish-
ing between outgoing and incoming particle transport. Prototype discussion also high-
lighted the need to represent both one-way and two-way connections to support risk
assessment scenarios such as tracing contamination pathways, while making the direc-
tional reference explicit enough to avoid later ambiguity in the interface.

• R5 – Support threshold-based visual emphasis.

Connectivity values vary across several orders of magnitude, and participants com-
monly apply thresholds during analysis to focus on meaningful relationships. During
the walkthrough session, thresholding was repeatedly discussed as a mechanism for
reducing clutter and highlighting stronger connections in both maps and matrices.

• R6 – Support coordination across views through linked interaction.

Participants described analysis workflows that involve moving repeatedly between spa-
tial and relational representations. Prototype feedback suggested that selections in one
representation should, where feasible, be reflected in others to reduce manual cross-
referencing and support validation of interpretations. This requirement therefore ex-
pressed a design goal for linked interaction, even though later implementation realized
this coordination only partially across interaction modes.

• R7 – Support exploratory grouping while preserving interpretability.

Affinity analysis and co-design sketches revealed interest in grouping farms based on
connectivity patterns. However, participants expressed caution about fully automatic
clustering and emphasized the need to validate groupings through familiar spatial and
matrix views. The prototype should therefore support exploratory grouping while main-
taining interpretability.

These stabilized requirements guided the design of the high-fidelity prototype presented
in Chapter 4. That chapter describes how each requirement was translated into specific visual
representations and interaction mechanisms.
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3.10 Prototype: High-Fidelity Digital Implementation
Following the low-fidelity phase, we developed a high-fidelity interactive visualization pro-
totype to support realistic evaluation. This stage operationalized the most stable visual rep-
resentations and interaction patterns from the paper prototype. It did not aim for feature
completeness; instead, it aimed to support a representative subset of high-priority tasks suffi-
ciently for evaluation [2, 16].

3.10.1 Data Scope and Feasibility
Although early ideas included views based on raw particle trajectories, the first digital ver-
sion focused on aggregated connectivity data that was already familiar to participants. This
choice was driven by file size, processing constraints, and the goal of evaluating connectivity
interpretation rather than ocean model reconfiguration.

3.10.2 Implemented Components
The digital prototype centered on three main components: (1) interactive map views for con-
nectivity patterns, (2) a connectivity matrix, and (3) a control panel for selecting simulation,
time range, and threshold. Interaction supported map panning and zooming, farm selection,
and partial coordination across views. More consistent cross-view highlighting was achieved
in some modes, especially clustering mode, than in others.

After the digital prototype had been implemented, a separate internal review was con-
ducted to assess which prioritized tasks were supported by the available features and which
remained unsupported. This review did not repeat the earlier sketch coding. Instead, it was
used as a prototype coverage check to judge whether the implemented prototype supported a
sufficient subset of important tasks to justify proceeding to evaluation.

3.11 Test: Evaluation Session and Feedback Collection
The Test phase evaluated the high-fidelity prototype with participants to collect feedback and
assess task support [16, 2]. This section documents the evaluation as a study activity (what was
done and what was collected). Chapter 5 presents the full evaluation methodology, results,
and analysis.



40

3.11.1 Evaluation Structure
Each evaluation session followed four parts: (1) consent review, (2) brief training, (3) task
performance with post-task questionnaires, and (4) open exploration with interview discus-
sion. Sessions were screen-recorded and accompanied by facilitator notes. Participants were
encouraged to think aloud.

3.11.2 Post-task Questionnaire and Evidence Collected
Tasks were selected from the task characterization and matched to prototype capabilities. Af-
ter each task, participants rated five statements on a 0–4 scale: task meaningfulness, interface
usefulness, ease relative to existing tools, confidence, and whether the interface produced the
expected result. We also recorded task completion times, interpreted cautiously due to learn-
ing effects and exploratory behaviour, and collected qualitative evidence from comments and
exploration behaviour.

One task in the final sequence was repetitive, which reduced the number of distinct ques-
tionnaire responses. In addition, some task prompts used wording that participants interpreted
differently from the intended connectivity-focused meaning. These issues are considered in
Chapter 5 when interpreting the evaluation results.

3.12 Chapter Summary
This chapter described the iterative design study process used to move from an initial col-
laboration to a tested visualization prototype. Following design study methodology [2] and
a design thinking framework [16], we conducted a sequence of phases combining domain
immersion, task characterization, participatory ideation, and iterative prototyping.

The main outcomes of this chapter are:

• Validated domain context and scope: early learn/winnow activities established feasi-
bility, constraints, stakeholders, and the role of communication artifacts in the Particle
Project.

• Empirical workflow understanding: contextual inquiry documented how connectiv-
ity results are produced, interpreted, and communicated, including the central role of
connectivity matrices and the use of thresholds for visual comparison.
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• Task characterization: affinity diagramming produced a task list organized into three
mega categories, directly addressing RQ2.

• Design requirements: synthesis of contextual inquiry, co-design, and prototyping
yielded a stable set of requirements that guided the prototype design.

• Prototyping and evaluation preparation: co-design outcomes were synthesized into
low- and high-fidelity prototypes, and a later prototype coverage check was used to
confirm that the implemented features supported a sufficient subset of prioritized tasks
for task-based evaluation.

The next chapter (Chapter 4) describes the resulting prototype design and implementation
in detail, including the main components, interaction mechanisms, and data representations.
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Table 3.1: Summary of dominant themes from the Empathize phase. Source tags correspond
to the color coding used during analysis (CI-R = researcher observation; CI-F = facilitator
input; CI-V = video-derived insight; Prior = prior workflow knowledge). Full observation
table is provided in the online appendix repository.

Theme Source(s) Representative observations

Role of matrices as
deliverables

CI-R CI-V Connectivity matrices were the primary required
outputs. Other visual materials were supplementary
and mainly used for explanation to management or
non-expert audiences.

Threshold tuning
and comparability

CI-R CI-V Threshold values were selected through iterative
trial and comparison for visual clarity. Participants
also preferred consistent thresholds and percentage-
based reporting to compare across regions and sim-
ulation spans.

Spatial context gap CI-R Prior Matrices enabled pairwise comparison but lacked
geographic grounding. Maps were used to provide
spatial context for interpretation and communica-
tion.

Workflow transfor-
mation

CI-R CI-V
Prior

Raw model outputs were processed into aggregated
connectivity summaries before reporting. Interme-
diate scripts andmanual steps were part of this trans-
formation.

Manual grouping
and directionality
cues

CI-R CI-F Farm ordering and visual annotations (e.g., rectan-
gles and arrows) were used during communication
to suggest possible groupings and to distinguish one-
way vs. two-way connectivity. These annotations
were not formal zoning results.

Validation through
domain knowledge

CI-R CI-V Participants cross-checked connectivity patterns
against expected ocean dynamics (e.g., tides, circu-
lations) and discussed plausibility when patterns ap-
peared unexpected.
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Table 3.2: Summary of how feedback from the paper-prototype walkthrough informed the
refinement and stabilization of design requirements. The table links key prototype compo-
nents to participant observations and shows how these observations contributed to shaping
requirements R1–R7.

Prototype Compo-
nent

Key Feedback from Walkthrough Implications for Design Require-
ments

Connectivity Map Participants emphasized that geo-
graphic context was essential for in-
terpreting connectivity patterns and
communicating results to non-expert
audiences. Map-based visualiza-
tion was considered more intuitive
than abstract graph representations,
though edge clutter needed to be
managed.

Confirmed the importance of spatial
grounding and threshold filtering. →
SupportsR1 (spatial reasoning) and
R5 (threshold emphasis).

Connectivity Ma-
trix

Experts stressed that the matrix re-
mained the authoritative analytical
reference used in current workflows.
While maps help interpretation, the
matrix provides precise comparison
of pairwise connectivity values.

Matrix should remain a central co-
ordinated view rather than being re-
placed. → Supports R2 (preserve
matrix representation) and R6 (co-
ordinated views).

Temporal Controls Participants clarified that simula-
tion outputs are interpreted cumula-
tively (e.g., arrivals up to Day 3).
They emphasized comparing connec-
tivity across cumulative time horizons
rather than isolated time intervals.

Temporal exploration should support
cumulative ranges consistent with do-
main interpretation. → Supports
R3 (cumulative and interval-based
temporal exploration).

Directional Con-
nectivity

Experts discussed interpreting con-
nectivity relative to a reference farm
and distinguishing incoming versus
outgoing relationships. They also
noted that two-way connectivity can
be understood as overlapping direc-
tional links.

Directional relationships must be ex-
plicit and interpretable relative to
farm selection. → Supports R4 (di-
rectional interpretation).

Clustering / Group-
ing

Participants showed interest in group-
ing farms with strong connectivity but
emphasized the need to validate clus-
ters using familiar spatial and matrix
views. Automatic clustering alone
was viewed cautiously.

Grouping should support ex-
ploratory analysis while preserving
interpretability. → Supports R7
(exploratory grouping) and R6
(linked views).

Particle Trajectory
/ Density Concepts

Ideas involving raw particle trajecto-
ries and animations were considered
useful for explanation but less cen-
tral to connectivity decision-making
due to data scale and modeling con-
straints.

Trajectory-focused ideas were depri-
oritized in favor of aggregated con-
nectivity views. → Helped narrow
the design scope and focus on require-
ments R1–R6.
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Chapter 4

Tool Design and Implementation

4.1 Chapter Overview
This chapter presents the visualization prototype developed to operationalize the design re-
quirements derived through the design study process (Chapter 3). Rather than describing
the prototype as a collection of interface features, the chapter explains how design decisions
translate domain tasks and stabilized requirements (R1–R7) into visual representations and
interactions.

The goal of the prototype is not to replace existing scientific workflows, but to support
exploratory reasoning about hydrodynamic connectivity by integrating spatial, relational, and
temporal perspectives within a single interactive environment. Design decisions are there-
fore described in terms of analytical intent and domain reasoning rather than implementation
detail.

4.2 Design Requirements as Design Drivers
Following task characterization and early ideation (Chapter 3), design requirements were re-
fined through iterative narrowing during co-design and paper-prototype walkthrough sessions.
These activities clarified which design directions consistently supported domain reasoning and
which introduced unnecessary complexity.

The stabilized requirements guiding implementation were:

• R1 – Support spatial reasoning about connectivity.

• R2 – Preserve the connectivity matrix as a familiar analytical reference.
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• R3 – Support cumulative and interval-based temporal exploration.

• R4 – Support directional interpretation of connectivity.

• R5 – Support threshold-based visual emphasis.

• R6 – Support coordination across views through linked interaction.

• R7 – Support exploratory grouping while preserving interpretability.

The implemented prototype should therefore be understood as a selective realization of
these stabilized requirements rather than as a direct implementation of all earlier co-design
ideas.

4.3 Design Rationale
Observations from contextual inquiry showed that domain experts continuously shift between
two complementary reasoning modes:

1. Relational reasoning using connectivity matrices.

2. Spatial reasoning using geographic context.

The prototype adopts a coordinated multi-view design combining:

• a spatial connectivity map,

• a connectivity matrix,

• shared temporal and threshold controls,

• an exploratory clustering view.

Analytical meaning emerges through coordination across views rather than from any single
representation. Coordination, however, differs between interaction modes.
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Figure 4.1: Overview of the prototype showing the control panel, spatial map, and connec-
tivity matrix in the default connectivity mode. No farm is selected in this state.

4.4 Spatial Connectivity Map
Addresses R1, R4

The spatial map provides geographic grounding for connectivity relationships. Farms are
represented as spatial points, while directed links encode particle exchange between farms
above a user-defined threshold.

Selecting a farm reveals filtered connectivity pathways relative to the selected site. These
patterns support reasoning about transport routes and regional coupling.

4.5 Connectivity Matrix
Addresses R2, R5

The connectivity matrix preserves the primary analytical artifact used in the Particle
Project workflow.

Rows and columns encode relationships between releasing and receiving farms. Each cell
represents the percentage of particles exchanged within the selected temporal range.

Visual encoding adapts dynamically to the current temporal and threshold context, allow-
ing relative differences to remain visible under changing conditions.
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Figure 4.2: Spatial connectivity view for a selected farm in outgoing mode. Directed links
above the active threshold are shown relative to the selected farm, supporting geographic
interpretation of connectivity patterns.

(a) Earlier cumulative connectivity. (b) Later cumulative connectivity.

Figure 4.3: Temporal exploration of connectivity for a selected farm. Comparing earlier and
later cumulative periods shows how visible connectivity relationships expand over time.

4.6 Temporal Exploration
Addresses R3

Connectivity is organized by cumulative arrival time. A temporal slider allows users to
explore connectivity across different time horizons.

Intervals are computed as differences between cumulative states, supporting comparison
across selected time ranges.
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(a) Outgoing connectivity from the selected farm. (b) Ingoing connectivity to the selected farm.

Figure 4.4: Directional interpretation of connectivity relative to a selected farm using the
prototype’s ingoing and outgoing modes.

4.7 Directional Semantics
Addresses R4

The prototype used the interface labels ingoing and outgoing to represent directional con-
nectivity. Directional connectivity was interpreted relative to selection:

Single selection:

• Outgoing shows farms receiving particles from the selected farm.

• Ingoing shows farms contributing particles to the selected farm.

Multiple selection: Direction filters connectivity across selected farms.
No selection: Direction filters global connectivity patterns.

4.8 Threshold-Based Emphasis
Addresses R5

The threshold control filters connections below a user-defined percentage.

4.9 Coordinated Interaction
Addresses R1–R6

Coordination is achieved in two ways:
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(a) Lower threshold. (b) Higher threshold.

Figure 4.5: Lower thresholds reveal more connections, while higher thresholds emphasize
stronger relationships.

• shared parameter updates (time and threshold),

• selection-based interaction.

In connectivity mode, coordination is driven mainly by shared parameter updates.
In clustering mode, coordination is stronger and includes selection and group-based inter-

action. Connectivity highlighting in this mode is interpreted relative to the active cluster as-
signments. Rather than showing connectivity in the same way as connectivity mode, displayed
links are constrained by the current cluster grouping, supporting inspection of within-cluster
connectivity relationships.

4.10 Exploratory Clustering View
Addresses R7

A scatterplot groups farms based on connectivity similarity. Clusters can be defined man-
ually or generated automatically.

4.11 Implementation Overview
The prototype was implemented in Observable using D3-based interaction. The focus was on
enabling responsive updates and coordinated visual representations.

The implementation should be understood as a research prototype intended to support
exploratory analysis and evaluation.
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(a) Manual clustering. (b) Automatic clustering.

Figure 4.6: Comparison of manual and automatic clustering approaches across coordinated
views.

4.12 Chapter Summary
This chapter described how design requirements were translated into a visualization prototype
integrating spatial, relational, and temporal perspectives.

The prototype supports coordinated exploration across multiple views, with different in-
teractionmodes enabling different forms of analysis. Connectivitymode emphasizes parameter-
driven exploration, while clustering mode introduces group-aware interaction and constrained
connectivity interpretation.
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Figure 4.7: Cluster-aware connectivity exploration in manual clustering mode. Colored farm
groups are shown across views, while directional links are restricted by the active cluster
assignments to support inspection of within-cluster connectivity patterns.
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Chapter 5

Evaluation

5.1 Chapter Overview
This chapter evaluates how the prototype supported analytical reasoning about hydrodynamic
connectivity. The evaluation focused on how domain experts interpreted connectivity rela-
tionships, how they used the interface during realistic analytical tasks, and which aspects of
the design supported or hindered task performance.

The goal of the evaluation was not to measure efficiency in isolation, but to understand
how the prototype functioned as a research tool for exploratory analysis and communication.
The chapter therefore presents both quantitative indicators from post-task questionnaires and
qualitative findings derived from think-aloud observations and post-session interviews.

5.2 Evaluation Goals
The evaluation addressed three main questions:

• How effectively did the prototype support spatial and relational reasoning about con-
nectivity?

• How did interaction mechanisms such as threshold adjustment, farm selection, and
clustering influence analytical understanding, interpretation, and exploratory reason-
ing?

• What usability, interpretability, and representation issues emerged when domain ex-
perts used the prototype?
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These questions reflect the broader design study goal of assessing how visualization sup-
ports real-world analytical reasoning rather than isolated task efficiency.

5.3 Participants
Two ocean scientists involved in the Particle Project participated in the evaluation sessions.
Both participants had prior experience interpreting connectivity matrices and communicating
simulation results to management. Their familiarity with the domain enabled evaluation of
analytical usefulness rather than basic domain comprehension.

For reporting purposes, the participants are referred to as P1 and P2.

5.4 Procedure
Each evaluation session consisted of four stages:

1. consent review and study overview,

2. brief prototype training,

3. task-based interaction with post-task questionnaires,

4. open exploration and semi-structured interview discussion.

Participants were encouraged to think aloud while interacting with the prototype. Sessions
were screen-recorded and accompanied by facilitator notes to capture interaction behaviour,
interpretation strategies, and points of confusion.

5.4.1 Qualitative Evidence and Analysis Approach
The evaluation drew on multiple forms of qualitative evidence, including think-aloud verbal-
izations, post-task comments, interview responses, screen recordings, and facilitator notes.
Screen recordings were reviewed to capture interaction behaviours that were relevant to in-
terpretation but not always stated explicitly by participants, such as repeated zooming and
panning, searching for farms, switching between views, and hesitation after control changes.

These materials were interpreted qualitatively to identify recurring patterns related to task
difficulty, navigation, coordination across views, and interface limitations. The study did not
attempt a formal micro-analysis of cursor trajectories. Instead, screen-recording observations
were used as supporting evidence for broader behavioural patterns visible during use.
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5.5 Task Design
Evaluation tasks were derived from the task characterization presented in Chapter 3. The
tasks were intended to reflect realistic analytical scenarios, including:

• identifying incoming or outgoing connectivity for a selected farm,

• comparing connectivity across cumulative time horizons and selected intervals,

• examining directional relationships,

• exploring candidate groups of connected farms.

Tasks were open-ended enough to allow variation in strategy, but specific enough to ground
comparison across sessions.

In retrospect, task wording affected interpretation for several tasks. Some task prompts
used language such asmovement, progression, and spread, whereas the prototype displayed ag-
gregated connectivity relationships rather than raw particle trajectories or density fields. This
mismatch is important for interpreting both task performance and questionnaire responses.

5.6 Quantitative Measures
After each task, participants rated five statements on a 0–4 Likert scale, where 0 indicated
not at all and 4 indicated completely:

• this task is meaningful/useful to me,

• the interface is useful to complete the task,

• it is easier to complete this task than with my existing tool(s),

• I was confident while performing the task,

• I think the interface is giving me the result I expected to get.

Task completion times were also recorded. However, timing results were interpreted cau-
tiously because the sessions included learning effects, navigation overhead, and exploratory
behaviour.

The questionnaire results should also be interpreted with caution for two additional rea-
sons. First, one task in the final task set was repetitive, which reduced the number of distinct
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questionnaire responses. Second, some tasks were rated poorly partly because their wording
did not match the connectivity abstraction implemented in the prototype. In those cases, lower
ratings may reflect ambiguity in task framing rather than only limitations of the interface.

5.7 Qualitative Findings
Qualitative analysis focused on how participants reasoned with the map, matrix, controls, and
clustering view, and on what kinds of problems became visible during use.

5.7.1 Spatial reasoning was supported, but navigation remained diffi-
cult

Both participants relied heavily on the map to interpret connectivity in geographic context.
The map helped them connect farm relationships to coastline structure, local geography, and
plausible circulation patterns. This made the map particularly useful for explanation and com-
munication.

At the same time, the map was difficult to navigate efficiently. Participants spent substan-
tial time zooming and panning to locate named farms. Farm labels were not always fully visi-
ble, and the narrowmap panel reduced the ability tomaintain regional context while searching.
P1 stated that the map was too narrow and that she had to zoom out too far to retain context.
P2 similarly noted that a larger map would make the region easier to interpret.

These observations suggest that spatial context was valuable, but the interface layout lim-
ited how effectively the map could support task performance.

5.7.2 Threshold adjustment supported exploratory narrowing
Threshold filtering played an important role in how participants explored connectivity. Both
participants used threshold changes to move between broad patterns and more selective rela-
tionships. Lower thresholds were used to inspect wider connectivity structure, while higher
thresholds were used to focus on stronger links.

This behaviour matched domain practices observed during contextual inquiry. Partici-
pants did not treat thresholding as a purely visual option. Instead, they used it as an analytical
control for deciding which relationships were meaningful enough to inspect.

However, participants also noted practical limitations. Very small threshold values were
difficult to set precisely, and in some cases changing threshold values disrupted the current
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selection state.

5.7.3 Matrix interpretation was affected by the orientation inconsis-
tency

The matrix remained an important reference during evaluation, especially for confirming con-
nection strength and comparing farm pairs. However, the matrix also introduced a major
interpretability problem.

In the original DFO materials, rows represented receiving farms and columns represented
releasing farms. In the evaluated prototype, this convention was unintentionally reversed. As
a result, the prototype matrix corresponded to the transpose of the domain-standard repre-
sentation. This inconsistency affected directional interpretation and contributed to confusion
when participants compared matrix patterns with map directions and familiar regional flow
behaviour.

P2 identified this issue explicitly during exploration when she noticed that expected flow
directions appeared reversed. This should therefore be understood as a prototype implemen-
tation problem rather than a domain finding.

Apart from the orientation issue, participants also tended to use the matrix more for con-
firmation than for initial discovery. The matrix was useful once a candidate relationship had
been identified, but it was not always the first point of entry into analysis.

5.7.4 Cross-view coordination was partial rather than uniform
The prototype did provide coordination across views, but the strength and type of that coor-
dination varied by mode.

In connectivity exploration mode, coordination was achieved mainly through shared pa-
rameter updates. Temporal and threshold controls updated matrix values, matrix color en-
coding and legend context, visible map links, and map line thickness together. However,
selection-based coordination was limited in this mode. Selecting a farm affected the map
clearly, but support for linked matrix highlighting remained limited.

In clustering mode, coordination was stronger in a different sense. Selecting farms or
assigning them to clusters produced clearer simultaneous highlighting across map, matrix,
and scatterplot views. In addition, connectivity arrows in this mode were no longer shown in
the same way as in connectivity exploration mode. Instead, displayed links were interpreted
relative to the active cluster assignments and were limited to farms treated as members of the
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same cluster grouping. Participants were therefore sometimes able to use clustering mode as
an indirect way to obtain the cross-view highlighting and focused group-level exploration they
expected during connectivity analysis.

These findings suggest that the design direction of coordinated views was useful, but only
partially realized in the evaluated prototype.

5.7.5 Directional semantics were clearer for single-farm analysis than
for group analysis

Participants generally understood directional filtering when one farm was selected. In that
context, incoming and outgoing corresponded reasonably well to common analytical questions,
such as which farms receive particles from a selected site and which farms contribute to it.

However, directional semantics became less clear when more than one farm was selected.
For two farms, incoming for one farm is also outgoing for the other. For larger groups, the
same problem becomes more pronounced. P1 explicitly noted that with two farms the incom-
ing/outgoing distinction loses much of its meaning.

Participants also questioned the label ingoing. P2 suggested that incomingwould be clearer,
and further suggested that receiving and releasing would align more closely with the matrix
semantics.

This finding suggests that directional filtering was useful for single-farm reasoning, but the
terminology and model were not robust enough for multi-farm reasoning.

5.7.6 Two-way connectivity was not shown in the way participants ex-
pected

The prototype did not provide a dedicated two-way connectivity mode. Instead, users could
enable both directional filters simultaneously. From an implementation perspective, this ex-
posed both incoming and outgoing links. From an analytical perspective, however, partici-
pants expected a view showing only reciprocal links.

This mismatch caused some confusion. Participants expected a more direct answer to the
question “which farms are connected in both directions?” rather than a combined display of
all incoming and outgoing edges. When both directions were shown together, overlapping
lines could produce extra visual complexity and make interpretation harder.

This result indicates that reciprocal connectivity should be represented explicitly rather
than approximated through combined directional filters.
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5.7.7 Task wording affected interpretation and ratings
Several tasks used terms such as progression of particles, movement pattern, and spread. Par-
ticipants interpreted these as referring to particle trajectories, animations, or density views
rather than aggregated connectivity summaries.

P1 stated that “progression of particles” suggested “a movie like moving particles.” P2
similarly noted that the wording referred to movement rather than connectivity. This mis-
match influenced both task performance and questionnaire responses. In some cases, partic-
ipants rated a task poorly not because the interface failed to perform its actual function, but
because the wording suggested a different type of representation than the prototype provided.

This issue is important when interpreting the quantitative ratings. Some lower scores
reflect task ambiguity in addition to interface limitations.

5.7.8 The clustering view supported exploration, but required explana-
tion

The clustering view was one of the most exploratory parts of the prototype. Participants
used it to identify candidate groups of farms, compare manual and automatic groupings, and
question whether clustered farms also appeared close in the map and matrix.

At the same time, participants wanted more explanation of what the scatterplot meant
and how the clustering had been computed. P1 described the scatterplot as interesting and
potentially useful, but also said that she would want to understand the mathematics behind it
before relying on it. P2made a similar point and asked for clearer explanation of the clustering
assumptions.

These responses suggest that the clustering view had exploratory value, but that its inter-
pretation depended on stronger explanatory support and better integration with direct inter-
action across the other views.

5.8 Summary of Findings
The evaluation showed that the prototype supported several meaningful forms of analytical
reasoning. In particular, the map supported spatial interpretation and communication, thresh-
old adjustment supported progressive narrowing of the analysis space, and the clustering view
supported exploratory comparison of candidate groups.

At the same time, the evaluation exposed important limitations. The matrix orientation
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inconsistency affected interpretation of direction. Cross-view coordination was only partially
realized, with stronger linking and more cluster-aware interaction in clustering mode than in
connectivity exploration mode. Directional semantics were useful for single-farm reasoning
but weak for multi-farm analysis. Two-way connectivity was not represented as a distinct
analytical state. In addition, some task ratings were affected by wording mismatches and by
the inclusion of a repetitive task in the questionnaire sequence.

Overall, the findings support the general value of combining spatial, relational, and ex-
ploratory views, but they also show that the final prototype did not fully achieve the level of
coordination and semantic clarity originally intended. These issues are examined further in
Chapter 6. This study does not aim to optimize or quantitatively evaluate a final visualization
system in terms of performance, efficiency, or accuracy. Instead, the goal is to understand
domain workflows, identify task requirements, and derive design knowledge through iterative
design and qualitative evaluation.

The prototype developed in this work serves as a research instrument for exploring how
different representations and interactions support interpretation, rather than as a finalized or
optimized tool.
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Chapter 6

Design Knowledge, Limitations, and
Conclusion

6.1 Design Knowledge
Visualization design studies rarely proceed in a strictly linear way. Design rationale often
becomes clearer through iterative development, evaluation, and reflection [5]. This study fol-
lowed that pattern.

Beyond the development of a prototype, this work produced a set of design insights for the
analysis and communication of hydrodynamic connectivity. These observations are grounded
in contextual inquiry, co-design, prototyping, and evaluation with domain experts. They are
not presented as universal rules, but as lessons that may inform visualization design in related
spatio-temporal connectivity domains.

6.1.1 DK1: Spatial and relational views should be coordinated
Connectivity analysis requires both geographic context and precise pairwise comparison.
During evaluation, participants repeatedly moved between the map and the connectivity ma-
trix. The matrix supported detailed inspection of pairwise values, while the map supported
geographic interpretation and plausibility checking.

These observations suggest that spatial and relational reasoning play complementary roles.
When the two representations are separated, analysts must mentally translate between them.
Coordination across views can reduce this burden, whether it is achieved through shared pa-
rameter controls, linked selection, or both.
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In connectivity domains, spatial and relational representations should therefore be inte-
grated rather than treated as alternatives.

6.1.2 DK2: Familiar representations support analytical trust
Participants consistently treated the connectivity matrix as the main analytical reference be-
cause it matched established reporting practice. Map-based views were described as more
intuitive and more useful for communication, but not sufficient on their own for precise anal-
ysis.

This suggests that new visualizations should augment familiar representations rather than
replace them entirely. Familiar views support trust, validation, and adoption in scientific
workflows.

6.1.3 DK3: Algorithmic views require explanation and verification
The clustering scatterplot generated interest and supported exploration, but participants also
wanted more explanation of how the result was produced. In particular, they wanted to under-
stand the mathematical basis of the clustering and how it related to recognizable connectivity
patterns in the matrix and map.

This suggests that algorithmic views should be framed as exploratory aids rather than self-
evident analytical outputs. In scientific contexts, users need opportunities to verify algorithmic
patterns against familiar representations before relying on them.

6.1.4 DK4: Directional semantics depend on the reference frame
Directional concepts such as incoming and outgoing were easier to interpret when analysis
was anchored to a single selected farm, where direction could be understood relative to a
clear reference point. In that case, direction corresponded clearly to domain questions such as
which farms receive material from a selected site and which farms contribute material to it.

However, direction became less meaningful when multiple farms were selected. For two
farms, an incoming connection for one farm is also an outgoing connection for the other. For
clusters of farms, the same problem becomes more pronounced. This suggests that directional
encodings aremost effective for single-entity reasoning, while group-level analysismay require
different representations emphasizing mutual connectivity rather than direction alone.
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6.1.5 DK5: Terminology should match the data abstraction
Evaluation showed that some task and interface terms did not align well with the abstrac-
tion implemented in the prototype. Terms such as movement, progression, and spread were
interpreted by participants as particle trajectories, animations, or density distributions. The
prototype, however, showed aggregated connectivity relationships derived from simulation
outputs.

This mismatch introduced avoidable confusion. Interfaces for simulation-derived data
should distinguish clearly between process-level representations and aggregated analytical
summaries.

6.1.6 DK6: Connectivity is understood as process but analyzed as ag-
gregation

Early design discussions frequently referenced moving particles, circulation, and dynamic
flow, reflecting a process-oriented mental model of the domain. In contrast, the main project
deliverables were aggregated connectivity matrices summarizing cumulative outcomes.

This suggests that visualization systems in simulation domains may need to explicitly
bridge process understanding and aggregated reporting. Some representations may support
explanation of dynamics, while others support analysis of summarized outcomes.

6.1.7 DK7: Progressive disclosure supports reasoning across scales
Participants moved between overview and detail throughout the evaluation. They used broad
patterns to identify candidate areas of interest, then used the matrix and farm selection to
inspect specific relationships. This behaviour occurred across spatial, relational, and temporal
scales.

Connectivity visualization systems should therefore support progressive disclosure. Users
should be able to move from overview to focused inspection without losing context.

6.2 Limitations
The evaluation revealed both implementation limitations and deeper design limitations in the
final prototype. Some issues affected usability directly, while others exposed conceptual prob-
lems in how connectivity was represented. These limitations do not invalidate the prototype,
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but they qualify the interpretation of the evaluation results and help clarify what should be
supported in future work.

6.2.1 Matrix orientation inconsistency
A major limitation of the evaluated prototype was the unintended reversal of the matrix
row/column convention relative to the original DFO matrices. This implementation inconsis-
tency affected directional interpretation and made some patterns appear opposite to partici-
pants’ expectations based on prior domain knowledge.

Because this issue influenced how users related the matrix to the map, it should be under-
stood as a prototype implementation error rather than as a finding about the usefulness of the
matrix representation itself. The result also shows how strongly expert interpretation depends
on consistency with established analytical conventions.

6.2.2 Directional terminology and semantics were unstable
The directional terms used in the interface were not fully aligned with participant expecta-
tions or with matrix semantics. Participants found ingoing less natural than incoming, and
also suggested that receiving and releasing would better match the matrix labels and domain
interpretation. P2 explicitly proposed this change during evaluation.

More importantly, directional semantics were not stable across analysis contexts. For a
single selected farm, incoming and outgoing links were generally understandable. However,
when multiple farms were selected, or when users compared two farms directly, the meaning
of direction became less useful. In these cases, an incoming connection for one farm is si-
multaneously an outgoing connection for another. P1 explicitly noted that with two farms the
distinction loses meaning.

This limitation suggests that the directional model was appropriate for single-farm rea-
soning, but under-specified for multi-farm and cluster-level analysis.

6.2.3 Two-way connectivity was not represented as a distinct state
The prototype did not implement reciprocal connectivity as a separate analytical mode. In-
stead, two-way connectivity was approximated by allowing users to enable both directional
filters at the same time. Although this exposed both incoming and outgoing links, it did not
correspond to users’ expectation of a view showing only mutually connected farm pairs.
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In practice, this approach sometimes introduced overlapping lines and visual ambigu-
ity. Participants expected a more explicit representation of reciprocal links. P2 stated that
a two-way view should show only the connections that exist in both directions, rather than a
combined display of all incoming and outgoing connections.

This limitation indicates that reciprocal connectivity should be treated as a first-class an-
alytical state rather than a by-product of enabling two separate filters.

6.2.4 Spatial navigation was constrained by the interface layout
A further limitation concerned the spatial layout of the interface. The map panel was too
narrow to support efficient navigation, especially when participants needed to locate specific
farms by name while maintaining awareness of surrounding context. Both participants spent
substantial time zooming and panning to find farms. Labels were often hard to read, partially
clipped, or extended beyond the visible map area.

P1 stated that the map was too narrow and that she had to zoom out too far to retain
context. P2 similarly stated that the map should be larger so that more farms in a region could
be seen at once.

These issues affected task performance directly. They increased search time, reduced
map readability, and limited the map’s usefulness as an entry point for analysis. The results
therefore suggest that the prototype needed either a larger map area, more compact controls,
or a farm search mechanism.

6.2.5 Cross-view coordination was useful but incomplete
The prototype demonstrated the value of coordination across views, but this coordination
was not uniform. In connectivity mode, map and matrix were coordinated mainly through
shared temporal and threshold controls. These controls updated matrix values, matrix color
encoding and legend context, and map link visibility and thickness together. However, partic-
ipants also expected stronger selection-based coordination, especially direct highlighting of
corresponding rows or columns in the matrix when farms were selected on the map.

Stronger linked highlighting was available in clustering mode, where selected or assigned
farms were reflected more directly across map, matrix, and scatterplot views. In addition,
connectivity visualization in clustering mode was constrained by cluster membership, such
that links were shown only between farms belonging to the same cluster. While this sup-
ported focused inspection of within-group relationships, it also introduced a mode-dependent
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interpretation of connectivity that differed from the global view in connectivity mode. Partic-
ipants nevertheless encountered interaction inconsistencies across modes, and some control
changes disrupted their analytical flow.

This limitation is important because coordination across views was a central design di-
rection in the prototype. The evaluation suggests that the overall direction was useful, but the
implementation did not yet provide the interaction stability and consistency needed for fluid
expert use.

6.2.6 Task wording did not always match the implemented abstraction
A further limitation concerned the evaluation tasks themselves. Several tasks used language
such as progression of particles, movement pattern, and spread. Participants interpreted these
terms as referring to raw particle movement, animated trajectories, or density-based visual-
izations. The prototype, however, operated on aggregated connectivity summaries.

This mismatch affected task interpretation. P1 stated that progression of particles sug-
gested “a movie like moving particles,” and P2 similarly noted that the task wording referred
to movement rather than connectivity. In these cases, lower task clarity did not necessarily
reflect only interface weakness; it also reflected a mismatch between the wording of the task
and the abstraction supported by the prototype.

This issue should therefore be considered when interpreting the evaluation results. Some
task difficulty arose from wording and framing, not only from interaction design.

6.2.7 Limited training and exploration affected some tasks
The evaluation sessions included a brief training period followed by task performance. In
retrospect, some of the later tasks, especially those involving clustering and cross-view com-
parison, would likely have been easier if participants had more time to explore the tool before
performing structured tasks.

This limitation does not invalidate the evaluation, but it likely affected performance on
tasks that depended on discovering interaction patterns. Participants often became faster and
more confident later in the session as they learned how the interface behaved. The results
therefore reflect both the strengths and weaknesses of the prototype and the cost of learning
a new interactive system.
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6.2.8 Questionnaire interpretation constraints
The post-task questionnaire results should be interpreted with caution. One task in the final
task set was repetitive, which reduced the number of distinct questionnaire responses. In
addition, some tasks used wording that participants interpreted differently from the intended
connectivity-focused meaning. As a result, lower ratings may reflect task ambiguity as well as
interface limitations.

6.3 Future Work
Future work can build on these findings in several directions.

First, the prototype should be corrected and refined at the representation level. This in-
cludes restoring the matrix to the domain-standard row/column orientation, improving direc-
tional labels, and implementing reciprocal connectivity as an explicit analytical state. The
role of cluster-constrained connectivity should also be revisited, including whether cluster-
based filtering should be optional or integrated more consistently with global connectivity
exploration.

Second, the coordination among views should be strengthened. Selection, highlighting,
and filtering should remain stable across map, matrix, and scatterplot views. All major visual
components should support direct interaction where possible.

Third, spatial navigation should be supported. A revised interface should provide more
space for the map, better label handling, and search or lookup tools for locating farms by
name.

Fourth, the clustering view should be made more interpretable. Users should be able to
select scatterplot points directly, inspect the mathematical basis of the clustering more clearly,
and compare manual and automatic groupings without losing supporting visual context in the
matrix.

Finally, future evaluations should distinguish more clearly between tasks involving aggre-
gated connectivity and tasks involving particle movement. Longer exploration time before
task performance may also produce a more stable assessment of advanced features.

6.4 Thesis Contributions
This thesis makes three primary contributions.

• C1: Empirically grounded problem and task characterization.
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This study documents how ocean scientists interpret hydrodynamic connectivity through
spatial, relational, temporal, and directional reasoning practices. The task character-
ization was grounded in contextual inquiry, affinity analysis, and collaborative design
activities.

• C2: Requirement-driven visualization design.

This work illustrates how visualization requirements can emerge and stabilize through
iterative synthesis across domain immersion, co-design, low-fidelity prototyping, and
evaluation. The study also suggests that requirements continue to evolve when experts
interact with concrete prototypes. A central outcome of the thesis is the identification
and stabilization of design requirements for supporting the interpretation and commu-
nication of farm-to-farm connectivity matrices.

• C3: Design knowledge for connectivity visualization.

This thesis contributes context-specific design knowledge regarding coordination of
spatial and relational views through shared controls and linked representations, the need
for transparent framing of algorithmic views, the dependence of directional semantics
on the reference frame, and the importance of matching terminology to data abstrac-
tion.

6.5 Conclusion
This thesis presented a visualization design study aimed at improving the analysis and com-
munication of hydrodynamic connectivity.

Through domain immersion, participatory design, iterative prototyping, and evaluation
with domain experts, the study developed and assessed an interactive visualization prototype
for connectivity analysis. The results suggest that combining map, matrix, and clustering
views supported exploratory reasoning and communication for the participants in this study,
especially when shared controls coordinated the views and familiar analytical representations
were preserved.

At the same time, the evaluation revealed important limitations in the final prototype.
These included a matrix orientation inconsistency, unstable directional semantics across anal-
ysis contexts, weak support for reciprocal connectivity, limited spatial navigation, incomplete
cross-view coordination, and mismatches between some task wording and the implemented
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abstraction. These limitations helped clarify both what the prototype achieved and what re-
mains unresolved. The prototype should therefore be understood as a research artifact used to
generate design insights, rather than a finalized system intended to outperform existing tools.

Overall, the thesis contributes both a concrete design study case and a set of design
lessons for future visualization work on spatio-temporal connectivity data. These findings
are grounded in a small number of domain experts working within a specific project con-
text. As such, they should be interpreted as context-specific design insights rather than gen-
eralizable conclusions, although they may inform similar visualization challenges involving
spatio-temporal connectivity data.
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Appendix Note

Supplementary appendix materials, including selected study artifacts, transcripts, and sup-
porting documents, will be organized in an online repository for final archival submission:

https://github.com/naxaninsh/msc-thesis-appendix
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