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Insights From Experiments With Rigor in an EvoBio Design Study
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Abstract— Design study is an established approach of conducting problem-driven visualization research. The academic visualization
community has produced a large body of work for reporting on design studies, informed by a handful of theoretical frameworks, and
applied to a broad range of application areas. The result is an abundance of reported insights into visualization design, with an
emphasis on novel visualization techniques and systems as the primary contribution of these studies. In recent work we proposed
a new, interpretivist perspective on design study and six companion criteria for rigor that highlight the opportunities for researchers
to contribute knowledge that extends beyond visualization idioms and software. In this work we conducted a year-long collaboration
with evolutionary biologists to develop an interactive tool for visual exploration of multivariate datasets and phylogenetic trees. During
this design study we experimented with methods to support three of the rigor criteria: ABUNDANT, REFLEXIVE, and TRANSPARENT. As a
result we contribute two novel visualization techniques for the analysis of multivariate phylogenetic datasets, three methodological
recommendations for conducting design studies drawn from reflections over our process of experimentation, and two writing devices for
reporting interpretivist design study. We offer this work as an example for implementing the rigor criteria to produce a diverse range of
knowledge contributions.

Index Terms—Methodologies, Application Motivated Visualization, Guidelines, Life Sciences Visualization, Health, Medicine, Biology,
Bioinformatics, Genomics

1 INTRODUCTION

Design study is an established approach to problem-driven visualization
inquiry that emphasizes designing visual analysis tools in close collab-
oration with domain experts [66]. Within a design study, visualization
researchers build an understanding of a problem domain and translate
that understanding into a visualization design, iteratively refining both
their understanding of the problem and their visual analysis solution
through close work with domain collaborators. Researchers conducting
design studies draw from a host of theoretical constructs to guide the
inquiry process, from process models [23, 39, 42, 44, 66] to design deci-
sion models [46, 50], guiding scenarios [65], educational models [72],
and collaboration roles [69, 78]. As a result, an increasing number
of reports describe effective design studies within a broad range of
application areas [9, 26, 32, 40, 41, 52, 56, 82].

Historically, design study papers have emphasized novel visual anal-
ysis systems and techniques as primary knowledge contributions [44].
Many of these papers also cite domain characterizations and abstrac-
tions [50] as contributions under the reasoning that they are important
for judging the validity of technical design artifacts and for building
a body of visual analysis requirements that others can design against.
The original definition of design study also includes lessons-learned as
a potential knowledge contribution stemming from reflection, but scant
guidance is available on how to generate knowledge of this sort [43].

In Meyer & Dykes [44] we proposed a new, interpretivist view of
visualization design study to produce a more diverse range of knowl-
edge contributions. As a critique of the software-centric view of design
study, this new perspective emphasizes the potential for using design
study to acquire a more diverse range of knowledge, including knowl-
edge about the visualization design process as well as about people’s
relationship with data and technology more broadly. This work recom-
mends six rigor criteria for guiding the design study process toward
acquiring new knowledge: INFORMED, REFLEXIVE, ABUNDANT, PLAUSIBLE,
RESONANT, and TRANSPARENT. These criteria provide an opportunity for
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researchers to rethink how to conduct effective design studies, learning
new things along the way.

In the work we present here we experimented with methods to sup-
port three of the rigor criteria: ABUNDANT, REFLEXIVE, and TRANSPARENT.
Our experimentations took place within the context of a one-year de-
sign study with evolutionary biologists. We employed techniques such
as an immersive, three-month field study; structured and systematic
reflection; and careful curation of documents and other design artifacts.
Through a period of collaborative, critical reflection, we identified
several methodological insights that emerged from our experiments.

The resulting contributions from this inquiry are diverse, including
both technical and methodological insights. More specifically, the
contributions include:

• Two new visualization techniques for supporting the analysis
of multivariate trees: (1) a trait view that visualizes node-value
distributions under uncertainty for associated characteristics along
multivariate subtrees; and (2) a pattern view that aids in the
discovery and visualization of patterns in value trajectories for
attributes across paths in a tree.

• Three methodological recommendations for conducting interpre-
tivist design study: (1) establish systematic reflective practices
that include reflexive notes, reflective transcriptions, and arti-
fact curation; (2) build and maintain a trace of diverse research
artifacts; and (3) argue for rigor from evidence, not just methods.

• Two experimental writing devices for reporting on interpretivist
design study: (1) inclusion of direct links to research artifacts
to transparently provide an abundance of evidence; and (2) em-
bedding of a design study paper within a methodological one to
highlight the diversity of our research contributions.

This work serves as an example of how researchers can consider the
ABUNDANT, REFLEXIVE, and TRANSPARENT criteria in practice, as well as
the diverse types of knowledge contributions possible through their
consideration.

We first provide the theoretical backdrop for our methodological
work in Section 2, followed by a description of our research meth-
ods in Section 3. Section 4 is a design study paper-within-a-paper,
emphasizing the technical aspect of this work; our methodological
recommendations follow in Section 5. Throughout the paper we in-
clude direct links to our abundant collection of research artifacts — for
example [T45] — to transparently provide evidence for our claims.

2 THEORETICAL BACKDROP

The methodological work we present in this paper draws from the inter-
pretivist perspective of design study proposed by Meyer & Dykes [44].
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This perspective argues for a myriad of opportunities for researchers
to make valuable knowledge contributions beyond visualization tech-
niques and software. Doing so, however, requires a rethinking of design
study research practices and the ways we make quality judgments about
the inquiry. Six criteria for rigor guide an interpretivist design study ap-
proach —INFORMED, REFLEXIVE, ABUNDANT, PLAUSIBLE, RESONANT, and
TRANSPARENT— which are derived from theoretical positions in social
science [35, 70, 76], information systems [67], and research through
design [20,84]. Achieving all six criteria within a single design study
is unlikely to occur due to pragmatic constraints such as time and
resources [44]. In the work presented in this paper, we focus onABUN-
DANT, REFLEXIVE, andTRANSPARENT, exploring various ways to achieve
these criteria, as well as the kinds of knowledge elucidated by doing so.

2.1 Abundant

A design study with abundance re�ects the richness and complexity of
the situation under study [44]. An abundant design study thus includes
a rich and diverse body of evidence, as well as an abundance of other
considerations such as participant voices, designs, and time in the �eld.
In our experiments we considered all of these aspects of abundance.

The inclusion of a variety of voices and contexts re�ects a valuing
of pluralismfound in critical feminist theory that “insists that the most
complete knowledge comes from synthesizing multiple perspectives”
[30]. In human computer interaction (HCI), pluralism is argued as a
mechanism for resisting designs that embed “any single, totalizing, or
universal point of view” [3]. Arguments for pluralism can be grounded
in the idea of situated knowledges [24], which argues an epistemic view
of a singular reality that can only be known only partially, embedded
within a speci�c context. It is by combining these partial perspectives
— through “actively and deliberately inviting other perspectives into the
data analysis” [30] — that a researcher achieves a fuller, richer view of
the situation under study.

An emphasis on exploring a design space through many, rapid de-
signs similarly helps a designer avoid blind spots and �xation on a
singular solution [12,15]. Design problems are wicked by nature, with
an extensive space of possible solutions [11]. By broadly consider-
ing a design space, designers are more likely to �nd good solutions,
rather than average or poor ones [66], as well as to develop a better
understanding of the problem under study [15]. Dow et al. recommend
exploring and re�ning design ideas in parallel, rather then through a se-
quential process, to obtain better and more diverse design artifacts [18].
In the same vein, Buxton advocates for rapid sketching with broad
ideation for developing effective design concepts through iterations of
“controlled convergence” [12].

Finally, abundance through prolonged engagement with the people
and context under study is a mainstay of qualitative research [35,68,76].
Researchers who establish an early familiarity with a domain build trust
with their participants as well as the ability to understand domain-
speci�c nuances of what they observe: “objects and behaviors take not
only their meaning but their very existence from their contexts” [35].
In a visualization study,design by immersionis an approach for engage-
ment in which both the visualization researchers and domain experts
“participate in the work of another domain such that visualization de-
sign, solutions, and knowledge emerge from these transdisciplinary
experiences and interactions” [23]. This methodology allows visualiza-
tion researchers to enrich their understanding of a domain, explore a
broader visualization solution space, and build trust and agency with
collaborators. Field studies — in which a researcher spends sustained
time with participants in their natural environment — is a technique that
can support visualization researchers in achieving immersion through
prolonged engagement [40].

2.2 Re�exive

Being re�exive within a visualization design study is to strive for
“explicit and thoughtful self-awareness of a researcher's own role in
a study” [44]. As a cornerstone of interpretivist, qualitative research,
re�exivity is an acknowledgement of a researcher's in�uence on a study,
and vice versa [4]. Researcher bias and perspective are an inherent part
of qualitative research, and eliminating them from the research process

is arguably impossible [38]. Re�exivity is instead an opportunity to
gather valuable data [61] that can help researchers understand their
biases and perspectives as a vector for change and learning [19].

Re�exivity is an important consideration in the third wave of HCI
research [6]. Largely discussed in the critical HCI literature, re�exivity
is considered a mechanism for researchers “to be accountable for the
ways in which HCI construes design(ing) and acknowledge our respon-
sibility . . . to challenge the dominant view on design” [2]. Despite
its importance, the HCI community has been slow to broadly adopt
re�exive practices in research due to the scrutiny on subjectivity during
the review process. The visualization research community shares a
similar emphasis and valuing of objectivity [44], and a lack of meth-
ods for supporting and exploiting re�exivity. This gap motivated our
experimentations with re�exivity.

Re�exivity is a type of (self) re�ection [37]. As a method, re�ection
traces to Scḧon's ideas of re�ective practice through re�ection-in-action
and re�ection-on-action [64]. Re�ection-in-action is characterized as
an intuitive, rapid, re�ective response “in the moment” [80]. Re�ection-
on-action instead happens after an experience, and is characterized
as an “inquiry into the personal theories that lie as the basis of one's
actions” [31]. A commonly employed method for re�ection-on-action
in qualitative research ismemoing: “Memos can help to clarify think-
ing on a research topic, provide a mechanism for the articulation of
assumptions and subjective perspectives about the area of research, and
facilitate the development of the study design” [4]. We used memoing
throughout our design study to facilitate re�exivity and re�ection.

Pragmatically, re�ection-on-action is synonymous with critical re-
�ection [16], an inquiry process where researchers question their as-
sumptions by examining the reasoning and ideology that frame their
practice and experiences [10, 75]. Work by Kerzner et al. employs
critical re�ection to construct a general framework for visualization
workshops from their experiences running 17 of them [29]. Similarly,
Satyanarayan et al. create a set of lessons for designing visualization au-
thoring toolkits using what they call critical re�ections [63]. Although
not grounded in the re�ection literature, their process is similar to that
of re�ection-on-action practices. Other than a handful of examples
like these, the visualization literature is largely lacking pragmatic guid-
ance on how and when to re�ect [43]; this work contributes actionable
recommendations for re�ecting in a design study.

2.3 Transparent

Transparent reporting of a design study — through scrutinizable docu-
mentation of data, methods, analysis, and artifacts — is necessary for
supporting judgments about the quality of the study and its results [44].
How to report transparently, however, is an open question. Recent work
by Wacharamanotham et al. provides recommendations for sharing
HCI research materials based on a survey of researchers [77]. This
work, however, considers only software and hardware prototypes for
design-oriented studies, missing many of the diverse artifacts produced
within a design study such as sketches, abstractions, re�exive notes,
and diagrams. In this work we experimented with recording and report-
ing a diverse set of design artifacts, drawing from ideas in qualitative
research and research through design.

In interpretivist, qualitative research, theaudit trail is an established
mechanism for transparent reporting [1,13,17,35]. An audit trail is a
detailed documentation of a research process that is intended for use
in anaudit process[1]. This process is undertaken by an (external)
auditor who reviews the audit trail in order to asses the quality of the
study, enhancing the trustworthiness of the research [35]. Although
audit trails are meant to increase the transparency of a study, they can
also increase the quality through explicit thoughtfulness on the part of
the researcher on what and how to record [17]. Two recent visualization
design studies include audit trails as supplemental materials [29,40],
but neither study performed an audit.

Transparently reporting on design decisions and insights is chal-
lenging due to the ingrained nature of knowledge within the artifacts
themselves. Design scholars consider the knowledge that a designer
acquires to reside in the artifacts they create [14]. This knowledge, how-
ever, is implicit and often opaque [71].Annotated portfolios— textual
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annotations of design patterns across a curated collection of designs
— is a method used within the research-through-design community to
explicitly communicate knowledge embedded within designs [8,21].
Annotations allow for comparison of designs and highlight relationships
between disparate works, from which designers can develop and com-
municate generalized, intermediate knowledge. A different approach to
externalizing design knowledge is that of literate visualization, which
engages the designer in re�ective documentation during the creation of
digital, visualization artifacts [79].

3 METHODS

To explore how an interpretivist approach to design study changes what
and how we learn, we set out with the goal of experimenting with
three criteria —ABUNDANT, REFLEXIVE, andTRANSPARENT— during an
evolutionary biology design study. We positioned this work within the
perspective that design studies are wicked, subjective, and diverse [44].
Rogers conducted a three-month, immersive �eld study, followed by
a design phase and a re�ection phase in collaboration with Lex and
Meyer. In this section we provide details about our research site and
domain collaborators, the ways we experimented with the criteria, and
the methods we employed for data collection and analysis. We directly
link to our abundant collection of evidence — for example [T45] — to
provide transparent reporting of our process.

3.1 Research Site and Participants

Our study took place at two sites. In the �rst phase, we undertook a
three-month �eld study in the Harmon Lab at the University of Idaho,
which studies ecology and evolution through phylogenetic analysis.
During this time, Rogers spent work-hours within the group's lab,
immersed in conditions similar to those in which the evolutionary
biology graduate students worked. The lab environment was open and
social, with six desks spaced around the edges of the room, a community
couch often inhabited by other graduate students who stopped by, and
a white board �lled with scattered drawings and notes. The graduate
students used this space for their computational work, which was often
analysis of the phylogenetic data and �eld sample measurements taken
from summer �eld work. This lab was chosen based on a relationship
established through a federally funded research project [45] between the
Harmon Lab and the Visualization Design Lab at the University of Utah.
The design and re�ection phases took place within the Visualization
Design Lab.

During the �eld study we worked with seven evolutionary biology
collaborators. Two primary collaborators during this phase were Har-
mon, the PI of the evolutionary biology lab, and Patton, a graduate
student at Washington State University who works closely with the Har-
mon lab, often on-site. Both primary collaborators are co-authors on
this paper. Five other graduate students in the lab served as secondary
collaborators. All collaborators were involved with the interviews
and informal feedback. The primary collaborators were additionally
involved with the design and evaluation of our visualization techniques.

3.2 Criteria Considerations

Our decision to focus on theABUNDANT, REFLEXIVE, andTRANSPARENT
criteria stemmed from our experiences in previous studies and con-
siderations of actionability [T160]. In previous work we attempted
to instill transparency through collecting artifacts and releasing audit
trails [29,40]. These experiences led to numerous conversations within
our research group about how to record and report artifacts in design
studies and other qualitative research studies. We saw this design study
as an opportunity to systematically experiment with abundant recording
and transparent reporting of evidence from the very start of a study. We
included re�exivity based on the interests of the research team and the
actionability of re�exive memoing. Our approaches to meeting these
criteria evolved over the course of the study.

We attempted to instill abundance in our design study in four ways.
First, we meticulously curated a rich collection of artifacts generated
throughout the design study including �eld notes and re�ective memos
[T48], email correspondence [T90], sketchbook scans [T81], photos

of collaborator sketches [T55], links to papers [T87], low- and high-
�delity visualization prototypes [T158, T96], and notes re�ectively
transcribed from audio recordings of meetings [T36]. Second, we
conducted an immersive �eld study, in which Rogers situated herself
as a peer in the Harmon Lab for three months. Working in the com-
munal space of our domain collaborators, Rogers actively engaged in
research meetings and reading clubs focused on evolutionary topics of
interest. She learned how to use the analysis pipelines of her collabora-
tors to get a deeper understanding of the domain problem space [T47,
T50]. Through time, she gained a deeper understanding of the domain
research and developed a personal investment in our collaborators'
research and social dynamics. These activities encompass thecom-
munal, personal, andactivethemes of immersive studies [23]. Third,
we contacted domain experts outside the Harmon Lab in an attempt
to include multiple voices and datasets. We sent emails to colleagues
of the Harmon Lab, as well as evolutionary biology researchers at the
University of Utah, inviting them to participate in the evaluation of
our visualization designs [T109]. Fourth, we relied heavily on sketch-
ing to facilitate brainstorming of visualization ideas [T43, T52], to
understand the domain space [T10, T38], to communicate with domain
collaborators [T55], and to aid in re�ective analysis [T138].

We implemented re�exivity during the �eld study through regular,
re�ective memoing by Rogers. These re�ections were re�exive in
nature and included documenting her feelings as she became more
incorporated into the lab, her insecurities that were potentially limiting
the research [T3, T20], her interpretations on social dynamics and
friendships within the lab, and how those dynamics affected the research
[T18]. Memoing was done before and after meetings and during pivot-
point moments in the research process.

In an attempt to transparently communicate the design study process,
we created an auditable website from our collection of research artifacts,
which is available athttp://vdl.sci.utah.edu/trrrace/ . This
website which we call atrrrace and discuss in more detail in Section 5.2,
traces the project from the �eld study through the design and re�ection
phases, organizing the abundant collection of artifacts we recorded
throughout. The artifacts are organized in an interactive timeline and
are discoverable via annotations, descriptive metadata, and directly in
the timeline.

3.3 Data Collection

We kept a meticulous collection of all recorded artifacts starting from
the beginning of the �eld study in an attempt to record an abundance
of evidence from our design study process and support transparency.
These artifacts were generated throughout all three phases of research,
but the content creation was concentrated during times of immersion
in the �eld study, as well as during times of correspondence with
collaborators in the design phase of the tool. Throughout the �eld
study, Rogers interviewed members of the lab, taking re�ective notes
before and after every interview. Pre-interview re�ections included a
review of previous meeting notes and outlining an agenda [T8], and
post-interview re�ections summarized the main talking points and
speculated about productive next steps [T20]. Additionally, she audio-
recorded these interviews and re�ectively transcribed [40] them to
capture the context of what was said when, how things were said, and
her interpretation of the conversations [T53]. To capture a rich view the
interviews, Rogers recorded any white-board diagrams [T94], scribbles
[T41], or sketches [T55] that were generated during discussions. In
addition to the pre- and post-interview re�ections, Rogers also regularly
wrote re�exive memos that included her feelings on her immersion
in the lab, her insecurities that were possibly limiting the research,
friendships, social dynamics, and how those dynamics affected the
research [T3, T18, T20].

During the second week of the �eld study, Rogers conducted
a creative visualization opportunities workshop [29] with the lab
members to brainstorm about potential visualization directions. We
took photos of all the materials generated from the workshop exer-
cises and audio recorded the workshop [T23,T24,T25,T26,T27,T28,
T29,T30,T31,T32,T33,T34 T35,T36].

The beginning stages of sketching and prototyping began during

3



the �eld study, but the bulk of the design work and tool development
happened during the design phase. Our primary collaborators remained
extensively involved in providing feedback on design iterations, with
much of this feedback happening through video calls, email, and in
two, short, subsequent visits to the Harmon Lab. We recorded feedback
emails [T90, T118], notes from the in-person feedback sessions [T125],
and memos capturing personal interpretations of the feedback [T126].
Design artifacts generated during this process include sketches [T43,
T45, T52], mock-ups [T59], and screen-shots of prototype iterations
[T67, T73, T92].

3.4 Analysis

Analysis occurred during the �nal, re�ective stage of the study when
we started the construction of an audit trail as a website for collecting
and annotating our diverse set of research artifacts. The website was
initially designed to communicate the design study process with a
high-level of transparency and detail. The organization and curation
of artifacts, however, became a powerful catalyst for re�ection that
led to signi�cant methodological insights about our design process, as
well as new directions for the design of the visualization tool. Through
collaborative, critical re�ection among the visualization research team
members, we iteratively developed a set of actionable recommendations
for conducting interpretivist design study from our insights looking
across the collection of artifacts.

4 TREVO: A N EVOLUTIONARY B IOLOGY DESIGN STUDY

This design study was motivated by the complexity of our collaborators'
problem in representing the rich, multivariate, and uncertain data in
their analysis. They work extensively with trees that represent hypothe-
sized explanations for how species are related. In this design study we
developed a web-based visualization tool Trevo, that allows them to
analyze these trees with multivariate and uncertain attributes.

We report on this design study in an abbreviated form as a paper-
within-a-paper as part of our larger goal of highlighting the diverse
contributions possible from interpretivist design study. This experi-
mental format emerged from our dissatisfaction with early paper drafts
that followed a more traditional design study reporting structure [T144,
T159]. We felt the traditional structure overly accentuated technical
contributions while leaving little room for signi�cant methodological
discussions. We developed the paper-within-a-paper style to stress the
role of the design study as a method of inquiry [44] that re�ects and
reports on a more diverse type of knowledge.

4.1 Biological Background

The driving question in the �eld of evolutionary biology is why the liv-
ing world evolved the way it did? To answer this question, researchers
need to determine when a given trait evolved, such as a lizard's long
tail, and whether a particular species possesses that trait as a result
of common ancestry or of other forces such as the environment. To
answer these questions, evolutionary biologists study a group of liv-
ing organisms to establish hypotheses about evolutionary forces that
can generalize to other species. For example, researchers study anole
lizards to infer how environment in�uences evolution. Analysis begins
in the �eld, where these researchers take samples of living species and
measure their physical characteristics, such as a lizard's tail length,
snout length, and body mass. They use these measurements of cur-
rent species, typically along with DNA sequence data, to reconstruct
physical characteristics of the ancestors in a species' phylogenetic his-
tory. These histories are then the basis of studying when and why
traits evolved, and whether the physical characteristics of contemporary
species are, or are not, a result of evolution from common ancestors.

Evolutionary relationships are commonly represented as a binary
tree, referred to as aphylogenetic tree. These trees are usually recon-
structed by modeling the evolution of a set of DNA sequences sampled
from present-day species. The leaf nodes of the tree represent the
contemporary species, whereas inner nodes represent their common an-
cestors. All nodes in the tree have associated characteristics described
by a set of traits. Internal nodes (common ancestors) have estimated

Fig. 1. De�ned preset patterns in the pattern view. (a) Pattern breakdown
for convergence (b) The six prede�ned patterns.

values for these traits. Leaf nodes (species) have measured values for
traits.

A common structure evolutionary biologists work with isclades,
which are subtrees of the larger phylogeny in which all species share
a single, unique, common ancestor. For example, for anole lizards,
the main clade of study is the genusAnolis, a group of more than 400
species that all evolved from a common ancestral lizard. These subtrees
are sometimes prede�ned, as is the case for well-established clades
such as anoles, or they can be de�ned during analysis.

Researchers analyze different, possible evolutionary mechanisms
by studyingpatterns of evolution. These patterns can be summarized
in terms of how traits change, or evolve, along the branches of the
phylogeny. A common pattern of trait evolution is that ofdivergence
in which species evolve increasingly distinct trait values over time [60].
Another pattern,convergencewhich is shown in Figure 1(a), is char-
acterized by traits that diverge early in two species' histories, but then
converge later in their evolutionary histories by developing similar or
identical traits [28]. Convergence is an indication of adaption — certain
traits evolve repeatedly because they are bene�cial in an environment
— and has been studied extensively in the anole lizards. Many of these
lizards, having split off from their common ancestors a long time ago,
inhabit similar environments on separated islands and have evolved
very similar characteristics as a consequence. Although other interest-
ing patterns besides divergence and convergence exist, such as those in
Figure 1(b), they do not have standardized names.

Identifying patterns of evolution is a challenging analysis problem
that involves accounting for changes to multiple traits under uncertainty
in the context of the tree topology. We worked with our collaborators
to explore new ways to enable this complex analysis with interactive
visual analysis tools.

4.2 Data and Task Abstraction

In the datasets our collaborators are analyzing, evolutionary relation-
ships are represented as rooted trees. Bifurcations in the tree represent
speciation events. Internal nodes encode hypothesized common ances-
tors of existing species, which in turn constitute the leaf nodes. The size
of the trees we focused on here ranged from 20 to 200 species (leaves),
each associated with 5 to 25 traits. Traits of a species can be discrete or
continuous and are uncertain for the reconstructed (inner node) species.
Reconstructed discrete traits, such as the geographic location where a
species is found or whether they lay eggs, are speci�ed as probabilities.
Continuous traits, such as tail length, are given as an estimated value
and a 95% con�dence interval.

To explain why the living world evolved the way it did, our col-
laborators' analysis is focused on understanding when and how traits
evolved in a population, which requires viewing trait values for multiple
attributes in the context of the topology of the tree. We break down this
larger analysis goal into three domain tasks:
T1: Understand the uncertainty in multiple reconstructed traits.
Signi�cant uncertainty exists in the reconstructed traits for internal
nodes, so adequate visual representations of trait values and their un-
certainty are critical. Current methods for visualizing attributes in
phylogenetic trees are limited to showing one or two traits at a time,
and frequently cannot encode uncertainty [T42, T36, T16]. This task is
orthogonal to all other tasks, i.e., uncertainty analysis is a part of every
analysis task.
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T2: Analyze subtrees.
This task is concerned with creating and analyzing individual subtrees
(clades) and comparing between multiple subtrees.
T2.1: Create subtrees.
Our collaborators need the ability to create subtrees by topology and
trait values. For example, an analyst might want to create two subtrees
based on an attribute, such as the island a species is inhabiting [T64,
T80]. De�nitions of subtrees might also be given as formal clades in a
dataset.
T2.2: Analyze attribute distributions in subtrees.
Our collaborators need to be able to identify signi�cant changes in
multiple traits at once. For example, understanding whether a shift
toward a longer tail is correlated with a shift toward longer hind-legs can
give hints about the underlying causes of that change [T20]. Viewing
multiple traits at once is particularly dif�cult for our collaborators,
who rely on comparisons of reconstructed traits on separate trees [T36,
T72].
T2.3: Identify evolutionary outliers.
It is important for our collaborators to identify individual species, paths,
or subtrees that have signi�cantly different trait values compared to the
rest of the subtree [T17, T91]. For example, they want to identify paths
with species that have a larger body mass than the rest of the subtree.
T2.4: Compare attribute distributions of multiple subtrees.
Comparisons are important in characterizing what makes a subtree
unique. For example, our collaborators want to study whether the
species in a subtree share common characteristics, such as head and
tail length, that set them apart from the rest of the tree. To study how
traits evolved through history, they need to understand how subtree trait
distributions diverge and where this happens in the tree [T4, T20, T66,
T72, T88].
T3: Identify and analyze evolutionary patterns
An important task in our collaborators' analysis is identifying the evolu-
tionary patterns that indicate certain mechanisms underlying evolution
[T53, T64, T87]. Identifying these patterns requires the comparison
of trait trajectories of multiple species in a tree [T80,T93]. To identify
convergence, for example, an analyst would search for two paths that
separated early in the tree with trait values that �rst diverged, but then
later converged.

4.3 Related Work

Visualization of phylogenetic data is challenging in three ways: (1) the
trees can be large, requiring sophisticated navigation and/or aggregation
strategies to browse them; (2) the topology of the trees is uncertain,
requiring the comparison of multiple alternative trees; and (3) the trees
are associated with many (uncertain) attributes, requiring sophisticated
multivariate tree visualization strategies. Our work addresses the third
problem, multivariate trees, but we brie�y review all areas.

The scale and uncertainty of topology remain challenges in phyloge-
netic research and numerous visual solutions have been proposed for
both [5,7,33,34,36,51,62]. Large phylogenetic trees and topological
uncertainty are not key problems for our collaborators; visualizing trees
with many attributes, however, is. As a generalization, visualizing
many traits in the context of a tree is a type of multivariate network
visualization problem. Nobre et al. recently described the design space
of a multivariate network visualization in a survey that included tree
visualization [53]. We here focus mostly on approaches for phylogenies
but refer readers to this survey for a broader overview.

Within the evolutionary biology community, visualizations of phylo-
genetic data are used for both exploration and presentation in papers.
Most �gures found in evolutionary biology papers show trees laid out
using node-link diagrams with either linear or circular layouts, and
on-node or on-edge encoding to show trait values [58, 60]. These
�gures are often created with interactive tools such as iTOL [34] or
Dendroscope [27], or using scripted plotting libraries, such as phytools
or ggtree for R [57, 81]. Tools such as iTOL can visualize multiple
attributes for the leaves, but the inner nodes are usually limited to a
single attribute. Analysts, however, often need to account for multiple
traits at once to identify underlying forces in�uencing trait change. In
their current work�ow, they compare different traits mapped to the

nodes of multiple trees side-by-side. Such comparisons are dif�cult
with just 2 traits, but analysts must often consider up to 10 traits for a
given tree. As expressed by one of our collaborators, “if you have 1
continuous trait you can do things. If you have 2 — OK. If you have 3
or 4 or 5, there is nothing really suf�cient” [T36].

In the visualization community, several tools have been designed to
visualize trees with attributes. Lineage [52], for example, visualizes
attributes for genealogical trees using a linearization approach, where
the attributes are shown in a table; Juniper is a generalization of this
method to networks [54]. Other tools, such as TreeVersity2 [22], vi-
sualize attributes using implicit layouts. Researchers currently have
no tool suitable for visualizing many traits for inner nodes and leaves
under uncertainty in the context of phylogenetic trees.

4.4 Visualization Design

Two technical contributions emerged from this design study. The �rst
is a technique for visualizing summary distributions of attributes in a
(sub)tree — thetrait view — designed to address the analysis of sub-
trees (T2). The second contribution is a view for querying, ranking, and
visualizing patterns consisting of topological and attribute features —
thepattern view — designed to address the identi�cation and analysis
of evolutionary patterns (T3). Both views visualize uncertainty (T1)
and were implemented in a web-based tool we call Trevo, along with
two additional views:https://vdl.sci.utah.edu/Trevo/ .

4.4.1 Trait View

A crucial task for our collaborators is analyzing patterns of attributes
within and between subtrees. When subtrees are de�ned topologically,
this analysis can be supported in the context of a phylogenetic tree.
For subtrees de�ned based on trait values, however, species can be
scattered across a phylogentic tree. For example, our collaborators
want to create two subtrees for anole species that are found on the
islands of Hispaniola and Cuba so they can compare the distribution
of body mass of the lizards on these islands to study any environmen-
tal effects that might appear. The “island” trait does not clearly split
the phylogenetic tree into disjunct subtrees, as common ancestors col-
onized islands multiple times. It instead creates trees with partially
overlapping branches. Figure-2(b) shows these disjunct subtrees with
the species color coded by island. Lizards originating from Hispaniola
are colored green, and those originating from Cuba are colored blue.
Our collaborators compare the subtrees' trait values through the evo-
lutionary history to determine when and how these groups began to
diverge, for example, to determine if there is a difference in body mass
between the two islands and when this divergence in traits began to
occur along the evolutionary history. Identifying differences in value
trends and when they occur within the phylogenetic tree can be dif�cult
given the overlapping topology.

Through an iterative design process with our primary collaborators
[T68, T74, T108, T114], we tackled this challenge with an aggregation
solution for creating trait-de�ned subtrees. The key aspect of this new
trait view is that it enables analysts to �lter branches of the tree based on
traits of the leaves. Figure 3 shows the steps involved in transforming a
node-link tree layout into the trait view. Initially, the tree is �ltered to
include only extant species with a certain attribute such as the green
leaves in Figure 3(a). We then leverage temporal information to bin
the other nodes in the subtree by time, shown in Figure 3(b). The
leaves are assigned a separate bin for which the uncertain discrete-
and numerical-trait distributions are visualized in columns. Nodes are
shown at the top of the bin; their horizontal position is driven by their
time attribute, allowing analysts to compare multiple uncertain trait
distributions in a temporal context unhindered by the tree's topology.
Next, we use different encodings for leaf nodes with known trait values
versus inner nodes with uncertain ones, shown in Figure 3(c). The
known attributes of the leaves are encoded using histograms. For
continuous uncertain traits we show the median plus a 95% con�dence
interval for the estimated values and a kernel density estimate plot.
Finally, probabilities for uncertain discrete traits are represented in the
trait view as separate one-dimensional dot plots for each state; to reduce
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Fig. 2. Trait view showing four continuous and two discrete trait variables for 100 Anolis lizard species. (a) Outliers in the last SVL bin are brushed. A
traditional phylogenetic tree view, shown on the right, can be used to de�ne subtrees. (b) Leaf nodes can be color-coded by trait category. This detail
view shows all leaf nodes color-coded by island of origin. These categories can be used to de�ne subgroups by trait category or value, independent
of the topology of the tree.

Fig. 3. Transforming a phylogenetic tree into the trait view. (a) We select
a subtree by brushing for a trait in the leaves, shown in green. (b) The
subtree is binned by time intervals and the leaves are assigned a sepa-
rate bin. (c) We show continuous uncertain traits using a median plus
con�dence interval visualization and a KDE plot. For discrete uncertain
traits we use multiple dot-plots, one for each trait category. Known traits
are visualized using histograms.

the risk of overlapping dots, we use transparency and vertical jitter. The
average for each state probability is plotted as a line in the plots.

4.4.2 Pattern View

The pattern view allows analysts to query for and �nd pairs of paths
that follow a speci�c pattern of evolution such as convergence and di-
vergence. Patterns of evolution are characterized by three key metrics:
distance, delta, and closeness. Thedistancebetween two species refers
to time and topological distance up to the �rst common ancestor.Delta
is the maximum difference in an estimated continuous trait value after
the species diverge.Closenessis the difference in a speci�c, continuous
trait value between the extant species. We developed a query inter-
face, shown in Figure 4(a), that analysts can use to de�ne patterns of
interest based on these three characterizing parameters. We found that
while these simple parameters cannot represent arbitrary patterns, they
covered all the patterns of evolution our collaborators are interested
in. To simplify the pattern de�nition, we also developed six preset
patterns that an analyst can choose from to score pairs of paths. These
patterns, shown in Figure 1(b), emerged from repeated iterations with
our collaborators [T94, T96,T129].

To create a ranking for paths that match a speci�ed pattern we
calculate scores for all possible pairs of leaves using the selected pattern
parameters for all traits. We then rank the pairs of paths based on the
initial trait chosen by the domain expert, and visualize the two paths
using a ranked list of line+area charts, as shown in Figure 4(b). In this
chart, the vertical axis corresponds to the trait value. Individual species
are shown as squares, which are positioned to be centered on their most
likely trait value. The height of the box shows the con�dence interval.
The boxes are connected by lines for the most likely value, and areas
for the con�dence interval.

One limitation of our original design of the pattern view was that

it could only show a single trait at a time [T96]. In an early feedback
meeting, our collaborators asked if it was possible to have an indication
of whether a speci�c pair of paths was also ranked highly for other
traits [T99, T112, T113]. That is, in some cases the analysts might be
interested in identifying species pairs that have converged in several
traits, rather than just one. Convergence of sets of traits is of particular
interest because such cases can provide the strongest evidence for
adaptation to particular environments. To address this shortcoming,
we added a supplementary heat map to the side of the pair plot that
indicates whether the pair is ranked in the top 1% for a given pattern in
any other traits in the data set, shown in Figure 4(b) on the right. Here,
each square in a heat map represents other traits, where squares with
darker saturation have a higher ranking. To �nd which pairs are ranked
high for the pattern in the largest number of other traits, they can be
sorted by frequency of top rankings from the heat map.

4.5 Case Study

We validate the trait and pattern views instantiated within Trevo by
demonstrating their usefulness in a case study. The case study was
conducted and written by our primary collaborators, who are also co-
authors of this paper, and focuses on one of their primary datasets of
the Anolis lizard genus. We provide a brief summary of �ndings here.
We do not include the more detailed case study in this paper-within-a-
paper, instead linking to it as external evidence [T145], as we �nd that
domain-speci�c case studies often do not signi�cantly contribute to a
broader understanding of research contributions in design studies, but
are rather akin to analysis scripts used in quantitative data analysis: they
are necessary to ensure validity and trust, but do not convey knowledge
on the subject of the research.

Using the trait view, our collaborators were able to reduce their
analysis to a subset of species that exhibit exceptionally large body
features, and to see how body features evolved differently over time.
Traditional visualization approaches would have required coloring dis-
junct branches in a phylogenetic tree and making dif�cult judgments
about color variations; the trait view instead provided targeted anal-
ysis using spatial encoding of the traits of interest. With the pattern
view, our collaborators were able to con�rm a known convergence and
divergence event, a task not possible with commonly used software
for the phylogenetic analysis of trait evolution. Furthermore, they we
were able to identify a new pattern of convergence in a pair of species,
leading them to new biological questions about the evolutionary forces
at play. This case study shows that our collaborators not only could
easily distinguish interesting patterns in their data using Trevo, but also
document a previously unknown insight. We offer this case study as
evidence of the validity of our proposed designs [50].
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