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ABSTRACT Background: Robust and useful tools for exploratory analysis in biosciences are still lagging
behind the size and complexity of the biological datasets produced since the completion of the human
genome in 2000. A possible reason is that developers are unlikely to understand domain and case-specific
requirements of existing research questions.Methods: We formed a design team comprising a visualization
expert, a Human Computer Interaction (HCI) researcher, bioinformatics domain experts, and the Principal
Investigator (PI) as a ‘facilitator’ filling the communication gap between them. We implemented co-design
methodology. Results: We identified the need for an interactive visual analytic tool for exploratory analysis
of biological data. We describe the process of developing MAHiCGO, a novel tool for the simultaneous
visualization of MAGene Expression data, Hi-C data and Gene Ontology (GO) information in an interactive
manner for the exploratory analysis of biological data. Conclusion: The key finding of this research
to include a facilitator role in the co-design is useful in the evolving fields of design research and of
bioinformatics, merging computational sciences with biosciences. The findings support in understanding
new functional roles in the field of design, in particular design of computer applications in highly complex
domains such as bioinformatics, and for highly complex tasks such as exploratory tasks. The findings also
stress on the key role of visualization to expand user cognitive capabilities, and of co-design for constant
engagement of domain experts in the creation process.

INDEX TERMS Co-design, applications, HCI, visualization, BioVis, visualization for exploration, interac-
tive visualization, cross-domain collaboration, bioinformatics, MAHiCGO.

I. INTRODUCTION
A. OVERVIEW
John Tukey characterizes Exploratory Data Analysis (EDA)
by visualization, flexibility, and search for simplicity. EDA
emphasizes on the discovery of the unexpected by revealing
patterns and features of the data through visualization [43].
Despite this description of EDA since the seventies, visual-
ization is still widely seen as a tool to represent results rather
than a tool to support human cognitive abilities in exploratory
analysis [3].

For a design team to co-create, or to co-design com-
puter applications, the following functions are required: to
understand user needs, to design prototypes, to develop
the designed prototypes, to give and to receive feedback
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through evaluations [20], [45], [47]. It is ideal for these
functions to be carried out by referring to the literature
and research for the most appropriate theoretical and prac-
tical methodologies. This requiresHuman Computer Inter-
action (HCI) expertise [18], [28]. While for cognitively
complex prototypes, visualization expertise could add great
value to the co-design process [13], [23], [27], [49].

Distinct individuals in a co-design team could carry out
each of the different functional roles identified thus far. Alter-
natively, the same individual can carry out more than one
function. For example, the same person could carry out design
and development functions. Understanding user needs and
identifying best practices through research could be the role
of an HCI researcher.

Mirel et al. [22] have argued that one reason for the fact that
sufficiently robust and useful tools for exploratory analysis
in bioinformatics is in its infancy is because developers do
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FIGURE 1. Understanding the user workflow. The user journey starts with laboratory preparation and generation of raw data. The following
two stages, data processing, analysis and selection of a subset of genes to focus on, is where MAHiCGO is designed to help the users in
preparation of the final stage of downstream analysis. Section IV describes the first prototype of the visual analytic tool MAHiCGO in detail.

not fully understand domain and case-specific requirements
of existing research questions [22]. Before the co-design era,
the functional role of ‘understanding user needs’ has been
generally carried out by the HCI researchers. In co-design
research, designers, developers andHCI experts carry the role
out collaboratively [28], [38].

Co-design has come to shift the design process from
designing for users to designing with users. Co-design
requires the whole team to create throughout the span of the
design process [28], [38].

For a user domain of high complexity such as bioinfor-
matics [22]–[26], [49] neither the designer, nor the developer,
nor the HCI researcher will necessarily have a solid or even
a general understanding of the domain. Similarly, domain
experts might not have the required level of creativity to
design [24], [28]. It might require extensive time and effort
to bring domain experts to a level to acquire the desired
creativity to design, if at all possible.

B. MOTIVATION AND AIM
To tackle the challenge of understanding user needs for
the highly complex bioinformatics and biological visualiza-
tion (biovis) domains, we followed a co-design methodol-
ogy. To facilitate understanding and translation of needs,
we assigned a unique individual with enough knowledge
and expertise in all three fields of bioinformatics, human-
centered research, and design. The individual is a graduate
student in Data Analytics in Health Management, and had
covered introductory courses in bioinformatics. Throughout
the paper we will refer to this functional role as the Principal
Investigator (PI).

With a team of an HCI researcher, a visualization expert
and the PI, we worked with domain experts (users) through a
co-design process.

Through background research and interviews with the
domain experts participating in this study (detailed in
Section III) the team was able to narrow the wider field of
bioinformatics to focus on RNA-Seq research. We shaped

an understanding of the conventional workflow of genomic
data analysis comprising four broad stages (Fig. 1). Stage
‘A’ includes laboratory preparation and generation of raw
bioinformatics data generally in conventionally agreed for-
mats. Stage ‘B’ comprises analysis of the generated data in
some sort of visualization or through the use of traditional
databases. Stage ‘C’ includes selection of a subset of the
data based on inferences from the analysis. Finally, Stage ‘D’
includes downstream analysis, a more in-depth investigation
of causal relationships in biological context, including any
or a combination of Enrichment Analysis, Network Analy-
sis, Motif Analysis, and others. Some interviewees in this
research have identified a stage before ‘A’, the a priori anal-
ysis of literature data before starting wet lab experiments to
increase the likelihood of the experiment success. Others have
identified a stage after ‘D’, the functional validation on cells,
tissues, etc. back in the laboratory. Most users of this research
generally view stages ‘B’ and ‘C’ as part of a single stage
where innovative ways of visualization and representation of
data can be very useful and can lead to potentially valuable
discoveries through EDA (Fig. 1) [30], [31], [50] (Personal
Communications, 2019-2020).

In their 2019 comprehensive literature survey to compile
‘‘Tasks, Techniques, and Tools for Genomic Data Visualiza-
tion’’, Nusrat et al. [24] highlight how complex information
from different sources need to be integrated into visualization
in order to understand and interpret genomic information and
the corresponding complex biological systems. These can
be information about the abundance of proteins, or about
chemical modifications, or relating to 3D structures of chro-
mosomes. ‘‘The regulation of gene activity’’, the authors
write, ‘‘is controlled by the presence or absence of particular
regulatory proteins, chemical modification of parts of the
DNA, and the 3D structure of chromosomes, all of which are
changing depending on environmental and other factors.’’

An example the authors give in explaining the importance
of putting multiple data types into context is: evaluating if
a certain physical gene mutation has a significant functional
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impact by simultaneously visualizing the corresponding gene
annotations of the mutated and the non-mutated genes [24].

We identified a need to support interactive exploratory
analysis of gene expression from two biological samples
under study - for example a random sample and a control
group. The specific application that has been identified is
complex because it involves RNA-Seq differential expression
data (sometimes referred to as MA data) [20], Hi-C spatial
data of chromosomes [10], [13], and Gene Ontology (GO)
information [1], [39] for exploratory analysis of the signifi-
cantly expressed genes between the two groups under study.

As an outcome of this co-design process, we developed a
first prototype of the MAHiCGO visual analytic tool. The
developer co-designing and implementing user needs is a
visualization expert. The assignment supported the complex
task of exploratory analysis in a highly complex field by
expanding human cognitive abilities through visualization.
Moreover, we reflected on the co-design process and con-
cluded that the role of the PI, having the characteristics of a
facilitator elaborated in section V, is important for computer
applications for complex tasks like EDA and in complex
domains like bioinformatics.

We structured the remaining of the paper as follows.
Section II provides an overview of HCI research in biological
visualization. Section III describes the methodology through
which we conducted this study. Section IV discusses the
results and research findings. Section V concludes the paper
by presenting general recommendations and future work con-
siderations.

II. BACKGROUND AND LITERATURE REVIEW
The following section starts with an overview of the historical
development of the fields of bioinformatics and biovis with a
specific focus on the three visualizations used in MAHiCGO:
MA, Hi-C, and GO. The overview is followed by a presen-
tation of the challenges associated with a wide variety of
biovis tools. The section concludes with an overview of HCI
design in biovis and the drivers for choosing co-design as the
theoretical background of this study.

A. THE COMPLEXITY OF VISUALIZATION OF BIOLOGICAL
DATA (BIOVIS)
Lander et al. [22] characterize the 20th century by four phases
that have propelled biological sciences to new levels. The first
phase established the chromosomes as the cellular basis for
heredity. The second phase defined the DNA double helix
as the molecular basis for heredity. The third phase uncov-
ered the mechanism by which cells read the information in
genes. The last phase saw the birth of genomics – the drive
to decipher the first genes and genomes. With the announce-
ment of the completion of the human genome in the year
2000, the field of biology was faced by a sequenced genome
eight times as large as the sum of all previously sequenced
genomes [17], [26].

In his ‘‘Rise and Demise of Bioinformatics? Promise
and Progress’’, Ouzounis describes how the field of

bioinformatics has gone through the stages of infancy, adoles-
cence and adulthood between the years 1996 and 2011 with
persistent problems of data organization, accessibility and
interpretation [26]. It forecasts that by 2020s the field
of bioinformatics and computational biology will emerge
as a distinct discipline with redefined scope as compu-
tational sciences continue to merge with biosciences and
biomedicine [26].

Humans can be good in making sense and memoriz-
ing a certain volume of information, but as the data gets
larger, interaction seems necessary in sense-making efforts
including scanning, recognizing patterns and identifying rela-
tionships and interpreting the data. Interaction supports the
analytical aspect of Information Visualization and expands
human cognitive capabilities even more than static visualiza-
tion [23], [42], [49].

Over the last decades, biological visualization has matured
exponentially to produce an array of diverse visualization
tools but has not been able to match the increase in size and
complexity of biological datasets produced. The concept of
developing the corresponding tools have been emphasized in
recent years, but the pace of development of usability has
been slower than competing priorities because ‘‘usability is
usually less rewarded in science than is research on new
methods’’ [25].

The biological visualizations specific to this study are the
MA plot, the HI-C data visualization, and GO information
visualizations.

1) MA PLOTS
MA plots are visualizations available in widely used tools
for differential gene expression analysis, such as edgeR and
DESeq2, to visualize genes expressed differently between
two samples under study - normal versus mutant, or wild type
versus knock out. For studies with more than two samples,
the researcher develops an MA plot for every pair of sam-
ples [20].

MA plots have evolved to well-developed representations
of gene expression data; but researchers mostly utilize them
as static, standalone outputs of gene expression RNA-Seq
experiments, which are widely used for understanding gene
expression data between two samples.

In the MA plot representing thousands of significantly
expressed genes from a biological experiment, if you know
which genes (or set of genes) you are looking for based on
previous knowledge, it might be easy to visualize the specific
gene on the plot and examine the corresponding intensity
of differential expression for the specific gene (or set of
genes). Nonetheless, the representation of thousands of genes
might not prove useful or intuitive for researchers aiming at
exploratory analysis of the data. In our approach to develop
the MAHiCGO prototype, we propose an interactive MA
plot, which allows the user to select genes of interest, to filter
genes based on the p-value, and to visualize the selected
genes in the other two plots in a simultaneous and interactive
manner.
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2) Hi-C PLOTS
Hi-C data, a transformation from 3C, 4C, and 5C Chromo-
some Conformation Capture assays, represents the spatial
arrangement and interaction of chromatin material in the
three dimensional space of a nucleus for the whole genome.
Unlike other sequencing techniques (e.g. RNA-Seq or ChIP-
Seq) that result in one-dimensional vectors of the genome,
Hi-C data comprises a two dimensional matrix, with the
data points representing interactions of each pair of genomic
loci [10], [13]. The tools developed as part of this research
utilizes the visualization of Hi-C data on a diagonally sym-
metric heat-map that usually represents strong correlation
of genomic regions of close proximity. The heat-maps in
MAHiCGO are interactive allowing selection of pairs of
genes and visualization of the selected genes in the other two
plots MA and GO.

3) GO PLOTS
As with any ontology, Gene Ontology encodes biological
information in a hierarchical, general-to-specific way. The
standardized representation of the biological information has
rendered GO a highly useful tool to interpret, for exam-
ple, the location or function of an over-expressed or an
under-expressed gene from a high-throughput sequencing
experiment, or to look for genes of similar characteristics [5].
This body of ontology knowledge of biological systems is
how the GO project classifies our biological knowledge of
today. GO diagrams represent the wealth of information
about biological processes as nodes and edges, the latter
representing the relationships between the nodes. Nodes
are GO terms having at a minimum: a unique identifier
(e.g. GO:004428), a label (e.g. ‘small molecule metabolic
process’), and a definition; but can also contain additional
information [1], [39].

In addition to the collection of biological terms and
their relationships, GO includes a wealth of knowledge
of linking genes (or gene products such as RNA) to GO
terms. This process is called gene annotation and it is a
statement about the most up-to-date function of a gene
in biology by associating it to a GO term and by tran-
sitivity principle to all its parent terms. If the role of a
gene product is unannotated in GO, it means its role in
biology is still unknown [39]. Networks are widely used
modes of visualizing groups of genes with corresponding
GO terms.

In an era of a multitude of visualization packages, biolo-
gists still have user-interface challenges finding tools diffi-
cult to learn or challenging to meet exact requirements and
therefore still requiring custom solutions or the need to learn
at least one programming language [25].

B. THE CHALLENGES ASSOCIATED WITH A WIDE VARIETY
OF DISCONNECTED TOOLS IN BIOVIS
R is a programming language used for the development of
most of the packages in Bioconductor, an open source and

open development environment that provides tools for the
analysis and comprehension of high-throughput biological
data. The first packages for analysis and interpretation of
biological data generally lacked any Graphical User Interface
(GUI). Later, and as frameworks developed to provide GUI in
command-line R packages and elsewhere, developers started
to incorporate packages like SeqGrapheR and OLINgui to
provide complementary GUI to existing biovis tools. Devel-
opers targeted most sequencing and further downstream anal-
yses tools, specifically the ones without advanced GUIs,
to bioinformaticians due to the required computational skills.
Tools specific for biologists without a solid knowledge of
bioinformatics or computational sciences are limited in scope
and hard to generalize [50].

Many of these biovis tools have remained separate from
conventional computational analysis tools and programming
languages. Batch & Elmqvist argue this being one of the main
three reasons behind the fact that visualization tools are not
widely used as part of the analysis process [3]. Similarly,
Nusrat et al. highlight the need to improve integration among
different tools to support researchers or users in a more
holistic understanding of the matter at hand and to allow for
easier transition from one analyzing tool or environment to
another [24].

Despite the abundance of visualization tools to represent
information conveyed by genomic data, many argue that the
large variety presents a dilemma to end-users to find domain
or task-specific tools [30], [31]. Another problemmost biolo-
gists face while working with these tools is the heavy reliance
on coding and programming expertise which most biologists
might need to exert extra effort, in addition to their existing
skills and expertise, to acquire [24], [50].

Despite the relative advancement of the GUI to visualize
MA, HI-C, and GO, none of the available tools support a
multi-way, simultaneous and interactive visualization of the
biological data underlying MA, Hi-C and GO thus making
the process very cumbersome for biologists to correlate these
data and make potentially important discovery in the field of
biology (Fig. 2).

By copying and pasting long lists of genes from one
software to another, biologists try to make biological sense
and inferences from the data at hand. Tools have recently
started to incorporate interactivity in different visualizations.
Examples include HiGlass1 and AEGIS.2

In line with this study’s underlying assumption of domains
of high complexity and to ease the flow of the text, we have
included domain-specific technical information relating to
MAHiCGO in the appendices in case the reader requests
further understanding. Appendix A presents state-of-the-art
biovis tools and practices gathered through interviews with
domain experts followed by verifying identified gaps through
literature review.

1http://higlass.io
2 http://aegis.stanford.edu/
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FIGURE 2. Overview of the status quo of existing biovis tools in the market (top). For the analysis of MA, Hi-C and GO
information, there is a gap in integration of different existing tools in different software environments. MAHiCGO is a novel
tool that will fill the gap in the existing practices, interactively combining all three visualizations in a single biovis exploratory
tool for analysis (bottom).

C. HCI DESIGN IN BIOVIS: METHODOLOGIES TO
DEVELOP BIOVIS TOOLS
Interaction design hackathons, referred to as design jams,
exist to present means to identify problems, to share knowl-
edge and to define community goals for interaction design
purposes [40].

User experience (UX) and interaction design hackathons
exist but are not widely adopted in biosciences communi-
ties. Thomer et al. argue that this is not out of disinterest
but rather a lack of resources, initiatives and cross-domain
collaborations [40]. In their 2018 work, Batch & Elmqvist [3]
further underscore the observation that visualization experts
need to be taking the initiative to highlight the importance
and promote the use of visualization and interactive GUI for
exploratory analysis to end-users in general and data analysts
in particular [3].

The evolution in design research from a user-centered
approach to co-designing is changing the roles of the
designer, the researcher and the person formerly known as
the ‘user’. ‘‘Sometimes ‘users’ can play co-creating roles
throughout the design process, i.e. become co-designers, but
not always. The person whowill eventually be served through
the design process is given the position of ‘expert of his/her
experience’, and plays a large role in knowledge develop-
ment, idea generation and concept development’’. The level
of involvement in co-creation of this person, previously the
‘user’, now the ‘expert of his/her experience’ as referred to
by Sanders & Stappers, depends on the level of expertise,

passions and creativity [28]. We refer to them as domain
experts in this research.

Scientific software developed by domain scientists with
little knowledge in user interface (UI) or UX design, or by
software engineers with broad system knowledge but little
knowledge in domain needs and visualization requirements,
might not fulfill the necessary requirements for a GUI with
high usability [34]. Thomer et al. [40] have highlighted that
not involving the right expertise in the development process
of a software with rich and useful GUI could hinder the whole
development process.

Co-design, by definition, refers to the process of engaging
all design team members to apply mutual empowerment and
collective creativity from the beginning and throughout the
lifecycle of the design process to make sure user needs are
met. The notion of designing for the experience rather than
just the product has later been introduced [28]. The focus
of our design has been to support for exploration. A typical
process in co-design starts with a session where the tech-
nical expert/ visualization designer explains the application
ranges and possibilities of the domain of visualization thus
raising awareness of the field to the domain expert; and it
is followed by a thorough session of understanding current
practices delivered by the domain expert. These first two
phases allow both parties to expand their knowledge about
each other’s areas. The sessions are followed by long, and
at times iterative, discussions about the potential aspira-
tion and requirements of the domain expert which are later

38300 VOLUME 9, 2021



T. B. Yacoubian et al.: Role of a Facilitator in Co-Design Applications for Exploratory Analysis in Domains of High Complexity

FIGURE 3. The five phases of the research: Requirement Gathering, Requirement Validation, Prototype Design, Formative Evaluations, and Summative
Evaluations.

refined and shortlisted by the technical expert/ visualization
designer [34].

The most common way to engage all co-design teammem-
bers in co-creation and co-design is through design work-
shops [13], [20], [47]. But there could be different ways
for the process [13]. In line with the principle of mutual
empowerment of co-design teammembers to contribute to the
design process, we have followed a methodology of mutual
empowerment for design throughout all the stages described
in Section III. The technical (HCI and visualization) experts
introduced the wide spectrum of support interactive visu-
alization could provide to the EDA process and demon-
strated state-of-the-art visualization tools including Shiny
from R [33]. The domain experts correspondingly identified
the different design requirements of the different features of
MAHiCGO in iterative discussions and validation sessions.

The field of design research is evolving [28], [38]. Sanders
& Stappers highlight that as new roles shape, the future of
co-design language will need to fill the gap in the functional
role for communication between the design team, the various
levels of ‘user groups’ and other stakeholders [28].

III. METHODOLOGY
As a typical co-design process, the design journey in this
research study started with an iterative involvement of
domain experts whowill eventually be served by the designed
prototype of the visual analytic tool MAHiCGO. The process
included five phases (Fig. 3) and four domain experts (par-
ticipants) referred to as Mahigo (P1), Mahi (P2), Mago (P3)

and Gogo (P4). This section elaborates on the selection of
participants and the procedure of the study.

A. PARTICIPANTS
The PI, together with an HCI researcher and a visualiza-
tion design expert, started the recruitment process with two
domain experts and recruited additional participants through
Peer Esteem Snowballing Technique (PEST) [4]. PEST starts
with an objective to identify a number of informants who
will provide unbiased initial nominations based on which
further nominations will be generated in a series of waves.
Christopoulos argues that to target a small number of expert
population, this technique provides a level of confidence in
the representativeness of the sample population [4].

Through PEST, seven potential candidates were identified.
The inclusion criteria used for the selection process were
twofold. a) Domain expert was to be a biologist or bioinfor-
matician experienced in and/or currently conducting research
on analysis of RNA-Seq data. This resulted from the initial
informal conversations with experts in the field showing that
RNA-Seq seems to be the most widely studied methodology
in genomic research in general and at the research complex
where the interviews were being carried out in particular. And
b) domain expert to be available in Doha, Qatar for face-to-
face interviews or laboratory evaluation sessions. Following
the above inclusion criteria, we recruited four participants
from an initial pool of seven.

The four participants with the profiles presented
in Table 1 are referred to as Mahigo, Mahi, Mago and Gogo
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TABLE 1. Profile of participants.

based on their current research focus and their expertise with
the selected visualizations – MA, Hi-C, and GO.

In line with Kandel et al.’s [12] classification of
data analysts, all four described themselves as mostly
Scripters/Hackers. Kandel et al. define hackers as users of
a mix of programming languages and visualization environ-
ments for analysis. Scripters are those who, even if not per-
forming their own ETL (Extract, Transform and Load), use
an analytical environment (e.g. R) with complex statistical
modeling [12].

Because the profession or expertise in bioinformat-
ics/biology of the user is critical to the evaluation exercise,
it is common to have small number of participants in similar
studies where it is hard to find a large number of highly
specialized participants with the suggested expertise [4], [20].

The fact that all participants in the study are Hack-
ers/Scripters is a pure coincidence of availability of partici-
pants in line with the inclusion criteria and is not intentional
as part of the methodology. Nonetheless, even biologists with
knowledge and experience to script would be willing to be
provided with tools that will create an easier environment for
analysis, exploration and discovery [31].

B. PROCEDURE
The procedure to conduct this research included five phases
(Fig. 3): Requirement Gathering, Requirement Validation,
Prototype Design, Formative Evaluations, and Summative
Evaluations.

All requirement gathering and evaluation sessions were
carried out as open-ended, think-aloud [7], semi-structured
interviews. We used questionnaires to evaluate usability (see
Appendix B). The sessions took place in participants’ work-
places and therefore the setting was as close to a real work
setting as possible. The co-design team members observed
domain experts performing predefined list of tasks. They used
the structured observation method [47] in a real setting.

All sessions were video or audio recorded upon the partic-
ipant’s permission and upon the mutual consent that once the
study is completed all recorded informationwill be destroyed.
We used the collected data for transcribing and analysis
purposes. The video recordings were mainly that of com-
puter screens and participants’ hands interacting with the
computers.

1) PHASE 1– REQUIREMENT GATHERING
This phase included the seven potential candidates recruited
by the PI with the support of the visualization andHCI experts
through PEST. We interviewed the first three domain experts
who were not selected to be part of the study following the
inclusion criteria. The Requirement Gathering phase con-
tinued with four interviews with the four domain experts
included as part of this research.

The PI facilitated four requirement gathering interviews
RG-I1-Mahigo/Mahi, RG-I2-Mahigo/Mahi, RG-I1-Mago,
and RG-I1-Gogo (Fig. 3) with two-fold aims. The first aim
was for the designer to raise awareness of the possibilities that
could be achieved by potential visualization tools. Demon-
strations included different available tools and the different
products with a specific focus on interactivity capabilities.
The second aimwas for the domain experts to describe a typi-
cal workflow of RNA-Seq analysis and identify, together with
the visualization expert, potential areas of support through
visualization (Fig. 1). To gain a solid understanding of the
user journey in analyzing RNA-Seq data and identifying areas
where interactive visualization could be useful, the partici-
pants were asked to describe the way they perform RNA-Seq
analysis and to demonstrate their work in programming envi-
ronment they use, and to list the tools they currently use.

The four requirement gathering interviews prepared all
members of the co-design team for mutual empowerment to
design. Since domain experts, biologists and bioinformati-
cians, might have limited view of the possibilities available
by the visualization domain, and since visualization designers
might have limited awareness about the domain-specific bio-
logical knowledge, these two aims complemented each other
by providing equal opportunities for both groups to learn from
each other. Detailed questions asked during the interviews can
be found in Appendix C.

2) PHASE 2 – REQUIREMENT VALIDATION
The PI facilitated and conducted three requirement valida-
tion interviews RV-I3-Mahigo, RV-I3-Mahi, and RV-I2-Mago
(Fig. 3) due to availability considerations of domain experts.
The visualization expert, who will be developing the proto-
type, and the HCI expert actively listed and supported in pre-
senting solutions to the teams. Following every session, the
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PI, HCI expert and the visualization expert conducted a thor-
ough analysis of the information gathered. They transcribed
the minutes of the initial requirement gathering sessions and
shared them with the domain experts for transparency and
validity purposes. They incorporated any feedback from fur-
ther evaluations in the design process.

It is important to highlight that throughout the require-
ment gathering and the requirement validation phases, PI’s
role was key in realizing a smooth collaboration between all
members of the co-design team. The PI facilitated under-
standing user requirements in the language spoken by biol-
ogists/bioinformaticians. The PI also supported in translating
the design requirements to the designer, and the designer’s
and HCI expert’s comments into a language understandable
by the biologists. The PI also carried out the required desk
research in all three fields to fill the knowledge gap in each
other’s domains, and confirm the identified gaps in design
through a study of the state-of-the-art visualization tools in
biology.

Detailed information gathered from the interviews and
desk research relating to the conventional biological data
analysis workflow and the state-of-the-art biovis tools can be
found in Appendix A.

3) PHASE 3 – PROTOTYPE DESIGN
Following phases 1 and 2, the visualization expert conducted
the technical development of the first prototype. The HCI
expert conducted the UX design. The PI participated in the
UX design and development process. After the formative
evaluations described in Phase 4, the design continued for an
enhanced prototype of the tool.

As one of the important features of co-design, and to ensure
optimal engagement in early prototyping, the datasets were
provided andwere pre-processed by one of the domain-expert
users (Mahi). Pre-processing the data in advance of the eval-
uation sessions also rendered the sessions more effective in
terms of focusing on the objective of studying the interac-
tive visualization portion of data analysis and exploration
of results. This has been highlighted by Saraiya et al. [31]
who underscore that biologists’ goal is to identify and under-
stand complex interactions among genes and conditions and
correspondingly highlight the importance of studying the
interactive visualization portion of data analysis. In doing
so, their focus in the study is on evaluating the success
of the visualization portion of datasets that have been pre-
processed, normalized, pre-filtered and converted into the
required formats [31].

The following datasets were provided by Mahi to be used
during the development phase.

• Two cooler datasets: One for GM12878 cell line and
another for H1hESC cell line.3

• Differential gene expression between GM12878 and
H1-hESC cell lines (using DESeq2 package).

3 https://github.com/mirnylab/cooler

• Reference gene annotation file for Human Genome 19
(hg19) genome (gtf format) (from UCSC database4).

4) PHASE 4 – FORMATIVE EVALUATIONS
To engage with the users throughout the prototype design
process, the PI facilitated and conducted two formative eval-
uations including only Mahigo and Mahi due to availability
considerations.We have resorted to the User Experience (UE)
evaluation methodology [16] in our study and we have for-
mally reported the systematic process in Chapter IV. The
visualization expert and HCI expert were active listeners
during these sessions.

The formative evaluations FE-I4-Mahigo and FE-I4-Mahi
(Fig. 3) were qualitative in nature with each of the end
users having minimal to none training of the first version
of the prototype being evaluated. During these formative
evaluation sessions, both domain experts and the rest of the
co-design team gathered further insights about the usabil-
ity and learnability of the prototype. The team detected
overlooked requirements, flaws and deficiencies as domain
experts carrying out the evaluations came across the prototype
for the first time.

After the completion of formative evaluations, the pro-
totype design continued. The visualization expert conduct-
ing the developer role incorporated user comments in the
design process. Informal discussions continued to take place
between the domain experts and the rest of the co-design team
about the progress in designing the prototype. The purpose
of these iterative collaborations in a co-design approach is to
ensure that the developer understands exact user needs and
work practices, and domain experts are comfortable with the
prototype the designers produce commenting on flaws and
faults throughout the design process.

During FE-I4-Mahigo and FE-I4-Mahi (Fig. 3), the team
asked the domain experts to identify tasks to be used in
the subsequent summative evaluations. The purpose of this
exercise was to trigger the thought process of the domain
experts for exploratory analysis exercising some pressure
to understand and explain their own EDA process. Due to
the exploratory nature of the tool, it has proven difficult for
end-users to identify specific tasks at this stage.

5) PHASE 5 – SUMMATIVE EVALUATIONS
Finally, the PI facilitated and conducted four summative
evaluations carried out individually with the four partic-
ipants. We refer to them as SE-I5-Mahigo, SE-I5-Mahi,
SE-I3-Mago, and SE-I2-Gogo (Fig. 3).

Through a thorough literature review, further discussions
with users, and a better understanding and insight of the
analysis and the exploratoryworkflow of the data under study,
the PI identified the following tasks prior to the summative
evaluations.
• T1: Find an interesting set of differentially expressed
genes describing the reasons for the choice; identify

4https://genome.ucsc.edu/cgi-bin/hgTables
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where the genes are on the chromosomes and their
interactivity with other genes. What conclusions can
you draw? What can you say about their functional GO
categories?

• T2: Starting from the Hi-C dataset, select a set of inter-
esting genes describing the reason for selection. Discuss
your observations about their differential expression and
functional GO categories.

At the start of each session unlike the formative evalu-
ations, the team provided a brief explanation of the func-
tionalities of the prototype, the latest enhancements, and
information about the datasets used. To spur the thought
processes of domain experts and ensure optimal engagement
level, the team asked domain experts to write down a task
they would perform with the given dataset. Now that the
prototype was further developed and the requirements largely
incorporated, domain experts were able to suggest potential
EDA tasks that could be carried out with the current prototype
of MAHiCGO.

Following a period of 20-30 minutes of exploratory time
with the tool in an effort to carry out tasks T1 and T2, users
were asked to fill a questionnaire soliciting user opinions and
reactions to the tested prototype of the visual analytic tool
MAHiCGO and assessing its usefulness in user context.

IV. RESEARCH FINDINGS
The following section describes the design requirements
gathered through Phases 1 and 2 followed by a snapshot of
the design of the first prototype of MAHiCGO. We later
present the results of the formative evaluations and describe
the enhanced prototype in detail. Finally this section ends
with the results of the summative evaluations including the
usability themes identified and the results of the usefulness
questionnaire.

A. DESIGN REQUIREMENTS
The interviews conducted during the requirement gather-
ing phase of the co-design process, RG-I1-Mahigo/Mahi,
RG-I2-Mahigo/Mahi, RG-I1-Mago, and RG-I1-Gogo
(Fig. 3), resulted in the identification of a gap in the
mutual representation and multi-way interaction between
three genomic information: MA, Hi-C and GO.

The first interview RG-I1-Mahigo/Mahi (Fig. 3)
highlighted two key concepts in understanding design
requirements. The first concept is that of interactivity in
the visualization of the MA plot with the ability to control
the parameters for the significance level of differentially
expressed genes. The second concept is that of the representa-
tion of differentially expressed genes in GO categories. The
common data point combining these two requirements was
the Gene ID. With a common data point, the visualization
expert/ developer would be able to link the two representa-
tions in an interactive manner.

The following interview RG-I2-Mahigo/Mahi (Fig. 3) pro-
posed the concept of linking the suggested two visualizations

with Hi-C data. The visualization developer accepted the
proposition because the same set of Gene ID could be used
to deliver the requirement. The interview underscored the
usefulness of the two-way interactivity between Hi-C and
MA plots.

In addition to interactivity connecting the three visual-
izations, this and following interviews RG-I1-Mahigo/Mahi,
RG-I2-Mahigo/Mahi, RG-I1-Mago, RG-I1-Gogo, RV-I3-
Mahigo, RV-I3-Mahi, and RV-I3-Mago (Fig. 3) underscored
the importance of interactivity on individual plots, with the
potential to zoom, select and show more/less as part of the
exploration process to select a subset of genes of interest.

We summarize the design requirements as follows:

• Simultaneous visualization and interactivity between the
three visualizations - MA, Hi-C, and GO.

• Interactivity within each graph (ability to select, filter,
expand/reduce, etc.).

• Ability to select and control input features/parameters
and view corresponding output.

• Simple visualization of results with interpretable visual
outputs/graphs.

• Little or no coding required.
• Ability to load and save data in standard format (at least
csv) or images (for publication).

It is important to highlight that the users Mago and Gogo
do not work with Hi-C data and therefore the incorporation
of the Hi-C element as part of the GUI was not necessary
for them. However, given the difficulty of finding users and
the fact that MA plot and its interactive connection to GO
information was a common ground between the four domain
experts, we decided to incorporate Hi-C visualization as part
of the prototype. At a low time and effort cost, this would
have expanded the usefulness of the tool for users Mahigo
and Mahi and would have added an additional layer of result
validation from a different perspective as part of the analysis
for Mago and Gogo.

Below is a summary of contribution of domain experts
in the design features of MAHiCGO. Details and links of
these contributions to the designed prototype can be found
in Appendix D.

• Mahigo, Mahi, and Mago contributed to the design ele-
ment of linking the MA, Hi-C and GO information in an
interactive manner.

• Mahigo and Mahi contributed to the design concept of
interactive MA and Hi-C plots. While Gogo was an
advocate for an interactive design for the GO plot.

• Mahigo and Mahi contributed to the design concept of
being able to control the parameters of visualizing gene
expression information on the MA plot.

• Mago has had the major contribution in identifying the
design and format of the downloaded information, such
that the user can save and retrieve the selected set of
genes in standard formats for further use in downstream
analysis or for publications.
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• Gogo introduced ShinyGO and highlighted its interac-
tive and useful features to the co-design team.

B. PROTOYPE DESIGN
Following the described chain of design specifications by
domain experts and the verification of the gap in state-of-
the-art tools by the PI, this study presents MAHiCGO as a
novel tool in this specialized area of biovis. We developed
MAHiCGO in Shiny from R Studio [33], compatible with
Bioconductor in R, and with a GUI that requires no program-
ming expertise.

The first version of the MAHiCGO prototype included a
single tab GUI, with allocated space for the three visualiza-
tions together with a list of the selected genes. In line with
user requirements, the developer designed the tool to feature
gene expression results interactively on an MA plot, Hi-C
results of one of the corresponding groups under study, and
the related information in the current GO database. Note that
this prototype at the time of the Formative Evaluations had yet
not incorporated GO visualization but has allocated a space
on the GUI for it.

C. RESULTS FROM FORMATIVE EVALUATIONS
Halfway through the design process, the team carried out two
formative evaluation interviews with Mahigo and Mahi FE-
I4-Mahigo and FE-I4-Mahi (Fig. 3). Only two domain experts
were included in this phase because of time constraints.

In an effort to incorporate user feedback from Formative
Evaluations, and to analyze the collected information through
audio and video recordings, the co-design team listened to
and transcribed results from the recordings. The highlighted
usability themes included: unconventional color use for infor-
mation coding for the MA plot; visualization-task mismatch,
unreadable labels for the Hi-C plot, missing labels, lack of
orientation and help functions, suboptimal spatial organi-
zation, and extra information presented as distraction. The
developer has not yet fully completed the prototype, and
therefore most of the identified themes by the users were to
be incorporated as part of the work in progress.

The most critical flaw identified during these hour-long
sessions was the realization that the prototype should simul-
taneously present the Hi-C graphs for the two groups under
study in MA and not just one of them. Only when the HiC
information of the two groups under study are presented is
when the domain expert can carry out a proper EDA of the
information.

D. ENHANCED PROTOTYPE DESIGN
In line with user requirements, the prototype has undergone
further design iterations.

On the upper left corner of the first tab, the user loads the
file before initiating MAHiCGO (Fig. 4, area 1). For the pur-
poses of the evaluation exercises, the data has been preloaded.
The differential expression (MA) and Hi-C datasets have
been processed and uploaded to the tool as the visualization

FIGURE 4. MAHiCGO GUI for MA plot highlighting the selected genes of
interest in green.

expert developed the prototype and throughout the evaluation
stages.

Mahigo,Mahi, andMago contributed to the design element
of linking theMA, Hi-C and GO information in an interactive
manner. The interface comprises three tabs with a common
pane at the leftmost part of every tab which collects and
presents the set of ‘tracked’ genes from any of the three
visualizations and which combines all three visualizations
(Fig. 4, area 2). We highlighted the common set of genes
in green on the three visualizations. This set will remain in
the panel until the user decides to reset. The user can add
gene sets to it and the tool allows for the selection of the
intersection or union of the two sets, aggregating results of
several selections. At any point in time, the user might want to
download the selected set in a csv file (Fig. 4, area 3). Before
downloading the data, the user can also view the selection in a
table, with additional details about the selected genes (Fig. 5).

FIGURE 5. MAHiCGO allows for a table view of the selected genes ready
to be downloaded for downstream analysis.

Mahigo and Mahi contributed to the design concept of
interactive MA and Hi-C plots. While Gogo was an advo-
cate for an interactive design for the GO plot. We therefore
designed all three plots with interactive interfaces allowing
brushing, selecting and other interactive operations. The three
visualizations have been developed using ggplotly5 which has

5Carson Sievert - data science (R, shiny, plotly, visualization) consultant
(cpsievert.me)
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the following interactive functional capabilities: download
the plot as a png, zoom in/out, pan, auto-scale, lasso select,
and reset axes, among others.

Appendix D presents a detailed description of the designed
prototype.

E. RESULTS FROM SUMMATIVE EVALUATIONS
The team carried out four summative evaluations SE-I5-
Mahigo, SE-I5-Mahi, SE-I3-Mago, and SE-I2-Gogo (Fig. 3)
individually with the four participants. The evaluations lasted
around an hour each and they started by guiding the users to
evaluate the interface and functionalities with less focus on
the data.

Whenwe asked the domain experts to write down a specific
task they would perform givenMAHiCGO and its functional-
ities, all users were able to identify tasks that are exploratory
in nature at this stage. The identified tasks presented below
are largely aligned with T1 and T2.

• Mahigo: Study co-regulation of genes involved in cer-
tain pathways/biological processes. ‘‘If you can link from
GO back to differential expression that’s a very interest-
ing aspect of looking at the data; because in GO, you
can have a group of genes that are supposed to be in the
same functional category’’.

• Mahi: What are the genes that are misrelated in Autism
Spectrum Disorders? How do they contribute to the
disease?

• Mago: What are the biological processes enriched
among the differentially expressed genes between two
conditions? - It can actually be a two-fold question
starting from both sides.

‘‘Starting from an RNA-Seq dataset with the differentially
expressed genes, what is hard is to really make sense of them
especially if they are a bunch of genes that you have never
come across in your life. Instead of going through them one
by one, especially for biological researchers who are not
well-versed with bioinformatics, this is an integrated tool
where with a click of a button you can go from differential
expression to GO analysis.’’

• Gogo: What are different characteristics of basal gene
expression that differentiate groups?

1) USABILITY THEMES IDENTIFIED AS USERS CARRIED OUT
TASKS T1 AND T2
As highlighted in the methodology section, following iden-
tification of tasks, users were asked to spend a period of
20-30 minutes exploring the tool in an effort to carry out the
two pre-defined tasks T1 and T2.

Similar to the initial open coding stage of the Grounded
Theory approach, we have used these heuristics developed
by Forsell and Johansson [7] and Väätäjä and colleagues [44]
to categorize and present the usability topics suggested by
the users during the evaluation sessions [41]. Forsell and
Johansson [7] have suggested a set of 10 heuristics (H1
to H10) for information visualization as follows: spatial

organization, information coding, orientation and help, data
set reduction, recognition rather than recall, remove the extra-
neous, prompting, minimal actions, consistency, and flexibil-
ity. Väätäjä and colleagues [44] have suggested to add inter-
action, veracity, and aesthetics to the list [7], [44], [46], [51].

Further description of each heuristic and detailed results
can be found in Appendix V. The results suggest that most
comments from the Summative Evaluations were about:

• more interaction (9 comments on H11),
• flexibility (7 comments on H10),
• recognition rather than recall (6 comments on H5),
• minimal action (5 comments on H8),
• data set reduction (4 comments on H4).

The remaining comments were relating to: spatial organi-
zation (3H1), information coding (3H2), orientation and help
(H3), prompting (3 H7), consistency (3 H9), veracity (3 H12),
and aesthetics (3 H13).

We categorized the results in Appendix V by user and by
tab. Points raised by domain experts with expertise relating to
the corresponding visualizations will facilitate the prioritiza-
tion of tasks for the next iteration of theMAHiCGO prototype
design.

2) USEFULLNESS QUESTIONNAIRE RESULTS
Through a questionnaire at the end of the evaluation session
(see Appendix B), evaluators asked the users if they would
consider using MAHiCGO in upcoming research projects.

All users confirmed that the tool is highly useful for
exploratory analysis, for the corresponding selection of a sub-
set of genes, and for hypothesizing inferences about causal
relationships of interest. Users further highlighted that in
their most difficult stages of gaining an understanding of the
data under study, including data integration, interactive anal-
ysis of differential expression results, analysis of Hi-C data,
and correspondingly finding meaningful subsets of genes for
downstream analysis, MAHiCGO would prove very useful.

Domain experts underscored that the fact that gene
expression information and the other genetic information are
visualized rather than listed facilitates EDA. Additionally,
the interactivity within and between each and every visual-
ization, and the fact that this can happen instantly within the
same tool allowing back and forth movement between the
three visualizations are very attractive features of the tool.
They highlighted that these features would be helpful to both
experts who are looking for exploration, and novices who
are trying to have a general and simple understanding of the
complex genetic information.

In summary, users have found MAHiCGO easy-to-use and
novel, highlighting that they have not been aware of any cur-
rent tool in the market that combines gene expression, Hi-C
and GO information in a single, interactive package. User
feedback included many specific comments during explo-
ration confirming these observations. An excerpt of verbatim
user comments can be found in Appendix F.
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FIGURE 6. Summary of the roles of each of the domain experts, PI, and HCI and Visualization experts during the different stages of the co-design process
of MAHiCGO. The role of PI as a facilitator is recommended in similar studies of co-designing computer applications of exploratory tasks in complex
domains.

Mahigo and Mahi were optimistic about the usefulness of
the tool conditional on improving certain features for them to
trust the tool outcome and credibility for analysis purposes.
Suggested improvements mainly focused on the credibility of
Hi-C information, including the validity of the preprocessing
code for aggregation of interaction values and missing infor-
mation on parts of the chromosome. Users Mahigo andMahi,
who have been the most knowledgeable about Hi-C, sug-
gested comparison of results fromMAHiCGOwith outcomes
of a tool tailored by them for their research requirements and
those of other state-of-the-art tools.We suggest this validation
exercise as future work of MAHiCGO.

V. REFLECTIONS ON THE CO-DESIGN PROCESS
This section starts with an observation of the role of the PI
in fulfilling the different needs to co-design MAHiCGO. The
role is later interpreted as a facilitator. The section concludes
with a reflection on the profile and generic functions of the
facilitator role in co-design. This includes a broad, rather than
deep, knowledge in each of HCI, visualization and applica-
tion (in this case bioinformatics) domains.

A. OBSERVATION ON THE ROLE OF PI FULFILLING
DIFFERENT NEEDS TO CO-DESIGN MAHICGO
The co-design team identified a large number of wide-ranging
requirements at the initial stages of the requirement gathering
phase. It has been challenging for the co-design team to
translate the wide variety of user needs into a coherent set
of requirements to be catered for by a single tool.

Where it proved challenging for the HCI researcher and the
visualization expert to understand key biological concepts,
the role of the PI with a broad knowledge spectrum across the
three fields of biology, visualization, and HCI, proved essen-
tial in the overall success and the smooth progression of the

process. The PI supported in shortlisting of the requirements
by identifying the potential to connect through the Gene ID
and interpreting the limitations of Shiny fromR in preparation
for the design.

From the start of the co-design process, the visualization
expert, the HCI expert and the PI approached domain experts
and raised awareness about the potential for visualization
to support EDA. Nonetheless, it still proved challenging for
most users to identify a visualization gap until the developer
designed the first complete prototype.

Here again, we underscore the specific role of the PI in
attenuating the challenges faced by domain experts to envis-
age the art of possible for EDA tasks.

The Requirement Gathering interviews designed by the
PI started with the visualization expert introducing the wide
spectrum of support interactive visualization could provide
to the EDA process and demonstrated some state-of-the-art
visualization tools including Shiny from R [33]. Together
with the visualization expert, and through the extensive use
of visualization as a means for ideation, design and eval-
uation, the PI prepared and conducted the interviews in a
way to realize the importance of interactivity in EDA and to
empower domain experts to contribute to the design.

Fig 6 provides a summary of the roles of each of the domain
experts, PI, and HCI and visualization experts during the
different stages of the co-design process of MAHiCGO. The
roles of the PI in this research can be summarized as follows
(Fig. 6):

• Connecting two complex domains and their experts
through: recruiting participants; preparing and conduct-
ing interviews during Requirement Gathering and Eval-
uation stages

• Proposing solutions to suggested needs during Require-
ment Validation stages
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FIGURE 7. Not all design problems would need a facilitator. Sometimes application domains and the design of
corresponding tasks could be complex and the experts not engaged due to lack of design knowledge or time and
commitment making the co-design process less effective. We recommend the facilitator role in co-design processes of
computer applications in areas of high complexity and for complex tasks. The co-design of MAHiCGO had a specific
balance of a high complexity design problem and an average participation of all the domain experts thanks to the
facilitator role taken by the PI.

• Participating in UX and Visualization Design/
Development.

B. PI AS A FACILITATOR
Sui [36] claims that in co-design, designers act as facili-
tators directing end users’ level of awareness about design
choices, while end-users facilitate in providing opinions and
contributing with contextual experience. Despite that, in most
co-design studies, team members take two key aspects for
granted in identifying team structure and corresponding func-
tional roles and responsibilities. The first is the complexity of
the design problem and that of the design domain. The second
is a combination of domain experts’ (users) level of creativ-
ity, passion, expertise, and commitment to allocate time and
attention to the co-design process (Fig. 7).

Note that in most co-design studies, designers still play a
critical role in giving form to ideas [38]. There is the need for
visualizing almost certainly in any area that relies on analysis
of big data and there is a role for visualization experts together
with the PI to play in unveiling the gaps and the needs of the
domain [3].

Sometimes users or domain experts are not aware of
the potential of cognitive support visualization can pro-
vide unless they are intentionally made aware of. Visualiza-
tion experts could facilitate unveiling key visualization gaps
essential for exploratory analysis and for supporting human
cognitive abilities in exploration [3], [43].

During the interviews with the domain experts, the terms
used to explain key concepts in biology was completely
unfamiliar to the HCI and visualization experts and it would
have otherwise required a lot of time and effort to gain
the minimum necessary knowledge to keep pace with the
provided information and to be able to input in the creative
process of co-design.

The visualization expert stated that ‘‘basic concepts about
RNASeq provided by the PI were very helpful and avoided
additional discussions with domain experts. I was able to
collate domain-specific questions in batches and without the
need to discuss them directly with the domain experts at
regularly scheduledmeetings. The PI was also able to identify
the underlying fundamental difference between an MA plot
and HiC plot variables quicker than I could have, using more
targeted search based on her basic but necessary knowledge
in the application domain. Both plots were presenting gene
information but in a semantically very different way and it
was necessary to understand the differences to be able to link
them through the gene ID.’’

The domain experts have reiterated the above concepts
from a different perspective with Mahigo highlighting that
‘‘the PI made the design process very straightforward from
our side, there was no need to go deep into the details about
the biological concepts we were addressing and therefore we
could concentrate on how intuitive and useful the visualiza-
tion tool was. We could contribute to the design in short,
well-organized and fruitful sessions.’’ AndMahi highlighting
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that ‘‘the PI acted as the liaison between us and the Visual-
ization/HCI experts, and helped cascade all our feedback and
comments to ensure we’re all aligned. She was diligent in
providing us with the needed details regarding MAHiCGO’s
design and supported with the logistics requirements making
our collaboration a very smooth and successful process.’’

The HCI expert further validated the PI role as a facilitator
‘‘addressing the knowledge and experience gap. From anHCI
perspective, the first aspect realized is the complexity of this
domain. There is a constant need to get back to the end-user
and clarify the different concepts, terminologies, and even
basic information related to RNA-seq. Being an HCI expert
with more than 12 years expertise in designing for disability
and almost five years’ experience in designing for eHealth,
it is quite clear for me now that HCI researchers would
need to learn and read about the domain and at least have
the minimum knowledge to be able to employ participatory
design in any domain. The role of the facilitator, with the
corresponding knowledge and expertise, has addressed this
gap.’’

The presence of the PI as a facilitator was instrumental
to the fluidity of the collaborative design process. For ques-
tions from the HCI and visualization experts during remote
off-meeting work, the facilitator will swiftly provide answers
to questions otherwise common knowledge in the application
domain without bothering the domain experts.

C. RECOMMENDATIONS ON THE NEED FOR A
FACILITATOR ROLE
As both fields of biovis and design research evolve with the
corresponding implications for the education of designers and
researchers, we recommend including a ‘facilitator’ role in a
co-design team for domains of high complexity and specifi-
cally for exploratory analysis. Similar to the PI in this study,
the ‘facilitator’ will have enough knowledge in the different
domains to help close the communication gap between the
different experts of the design team.

As illustrated in Fig. 7, at one end of the engagement
spectrum, there are domain designers with high-level of
expertise, passion, creativity, and commitment to allocate
time and attention to the design process; and technical
(HCI/visualization) experts with wide knowledge and exper-
tise of the specific application domain. At the other end of the
spectrum, there are passive users and passive technical HCI
and visualization designers.

The spectrum of the application domain and corresponding
design complexity could extend from a simple design prob-
lem for a domain with low-level complexity and a widespread
public knowledge and understanding, to a design for a com-
plex task (such as EDA) in a highly complex domain with
lower levels of widespread public understanding.

Not all design problems would need a facilitator. For high
level of engagement of domain experts and technical experts
in co-design for domains of low complexity of user needs
and technical solutions, a facilitator role is not required.
The facilitator role can help for both cases of high levels

of domain/technical engagement for needs of high levels of
complexity, and of low levels of domain/technical engage-
ment for solution needs of low complexity. We specifically
recommend the facilitator role in co-design processes of
computer applications in areas of high complexity and for
complex tasks such as EDA (Fig. 7).

The co-design of MAHiCGO had a specific balance of a
high complexity design problem and an average participation
of all the domain experts thanks to the facilitator role taken
by the PI (Fig. 7). The facilitator role of the PI made the
co-design process successful by filling the gaps that would
have occurred otherwise by lack of time to gain the missing
knowledge of the co-design team members of each other’s
fields.

D. THE PROFILE OF THE FACILITATOR
The field of design research is evolving [28], [38]. Sanders
& Stappers highlight that as new roles shape, the future of
co-design language will need to fill the gap in the functional
role for communication between the design team, the various
levels of ‘user groups’ and other stakeholders [28]. The field
of bioinformatics is similarly evolving [26].

To produce optimal results, a co-design process requires
from all participants a good mutual understanding of each
other’s field of expertise, represented in ellipses in Fig. 8.

The area of the ellipse, roughly proportional to experience,
represents the total amount of knowledge acquired by the
expert so far. Knowledge (the area of the ellipse) can as well
be interpreted in both in breadth (angular across scientific
domains) and in depth (radial along one domain axis).

As time is finite, an expert will reach his/her boundary of
knowledge in his/her field (light blue dashed circle in Fig. 8)
by narrowing and focusing on that specific domain earlier
in career. Within the same amount of experience or time,
a Facilitator (golden ellipse in Fig. 8) would have a lower
depth in each domain, but a broader range of expertise across
all participant domains, and therefore a larger level of mutual
understanding is attained during the co-design process. With-
out a Facilitator, the range of knowledge reached by co-
design participants (brown dashed circle in Fig. 8) would be
lower and could be insufficient to solve complex problems
with advanced techniques. This could lead to a failure of
the co-design process for lack of engagement of the partic-
ipants. Without an application domain expert (green ellipse),
the problem to solve would be trivial and not relevant to the
state-of-the-art of the applied domain. Without a technical
expert (blue or red ellipse), the technical solution to the
complex problem would not be optimal.

Therefore, HCI and visualization experts (Technical
Experts), Application Domain Experts and Facilitator roles
are all important for co-design to succeed when a complex
problem requiring advanced solutions are expected. The facil-
itator role will support in the following functions:

• Connect two complex domains and their experts
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FIGURE 8. We illustrate how the Facilitator role can help bridge the knowledge gap between HCI and visualization experts
(Technical Experts) and the end-users (Application domain experts) in a co-design process. To be optimal, a co-design process
requires from all participants a good mutual understanding of each other’s field of expertise. Each ellipse represent the
knowledge both in breadth (angular across scientific domains) and in depth (radial along one domain axis). The area of the
ellipse represent the total amount of knowledge acquired by the expert so far, so it is roughly proportional to the experience:
a Facilitator (golden ellipse) would have a lower depth in each domain, but a broader range of expertise across all participant
domains, so a larger level of mutual understanding is attained during the co-design process (golden dashed circle).

• Participate in the HCI/visualization design process
informing the process with common knowledge of the
application domain

• Propose solutions to the suggested needs through
UX/Design development.

Competencies and the associated skill set of the Facilitator
role can help bridge the knowledge gap between Technical
Experts and Application domain experts in a co-design pro-
cess. These include:

• Broad range of knowledge across the application domain
and the HCI/ visualization domains, rather than deep
technical expertise in any one of them

• Communication skills to conduct the interviews and
experimental sessions, to help on the design and to
maintain an active collaboration among the different
co-design team members

• Empathy with both domain experts and HCI/ visualiza-
tion experts throughout the co-design process.

VI. CONCLUSION
HCI research in visualization of biological data analysis,
and specifically interactive visualization in exploratory data
analysis, has a huge potential in supporting researchers in
understanding biological processes, applying bioinformat-
ics techniques, and exploring for new discoveries. Scala-
bility and complexity are two challenges facing biological
research. Visualization will expand the user’s cognitive

capabilities, and HCI research will ensure the usability of the
developed tools to support the user.

As highlighted by Batch & Elmqvist [3] and others pre-
viously, we reiterate the importance of the deployment of
visualization and visualization expertise to expand cognitive
abilities as a means for ideation, design and evaluation.

Currently, most of the scientific explorations within the
fields of RNA-Seq gene expression and the Hi-C information
happens in standalone tools with little or no holistic interac-
tion between the results of gene expression data, that of Hi-C
data and potential explorations within the rich knowledge
environment of the GO project.

We have described the process of developing and evaluat-
ing a prototype of MAHiCGO, a novel visualization tool to
create a multi-way interactive dashboard between three visu-
alizations. The first visualization is the MA Plot for the visu-
alization of RNA-Seq differential gene expression between
two groups; the second is the Hi-C Plot for the visualization
of interactivity of genetic material in the 3D cellular space;
and the third is the Gene Ontology representation of genetic
data. The authors of this study have recently published a
paper for an enhanced MA Plot to ease exploratory analysis
of transcriptomic data [32].

As an immediate future work, it will be important to pri-
oritize the enhancement of the current version of the tool
by incorporating future enhancements highlighted as part of
the evaluations of this HCI research. We summarize further
suggested enhancements in Appendix G.
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Engagement of domain experts from the start throughout
the whole process through co-design is key. We further rec-
ommend demonstrating real usability and continued evalua-
tion and improvement of the prototype through longitudinal
studies in real setting.

In addition to designing a novel tool for the simultane-
ous visualization of MA plot, Hi-C plot and GO plot in an
interactive manner, the main contribution of this work is
the recommendation in having a ‘Facilitator’ as part of the
co-design team. Similar to the PI in this research, the Facilita-
tor will support in narrowing the communication gap between
domain experts and technical developers to understand design
requirements. The recommendation is specifically useful for
the design of computer applications for complex exploratory
tasks and in highly complex domains such as bioinformatics.
Having a facilitator will allow to artificially increase the
domain knowledge of the team members in each other’s
fields. This, in turn, will expand their capability to co-create
and will empower team members to co-design.
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APPENDIX A
STATE-OF-THE-ART BIOVIS TOOLS
This section is a result from the interviews with domain
experts followed by verifying identified gaps through liter-
ature review.

Requirement Gathering interviews have identified that as
part of the conventional data analysis workflow, our users
mainly resort to Galaxy and SeqMonk in the post-laboratory
data preparation stages to perform functions such as Quality
Control of the generated data, sequence alignment, file for-
mat conversion, filtering and visualization of regions against
annotated genomes (Personal Communications, 2019-2020).

Not being satisfactory for general analyses and visualiza-
tion requirements, additional stages or other tools are usually
required for the following stages of exploratory analysis and
the corresponding selection of a subset of genes for repeated
exploration and downstream analysis [50] (Personal Commu-
nications, 2019-2020).

In Stage B, mappers are used for quantification and sep-
arate tools are generally used for gene expression analy-
sis afterwards. Tools identified for this stage by our users
include: HT-Seq, STAR, TopHat2, DESeq2, EdgeR, Cuf-
flinks, Kallisto, Salmon, Gothic, Chicago, and Juicer. Tools
such as HiCPlotter and HiGlass have been identified to visu-
alize Hi-C data (Personal Communications, 2019-2020).

Resulting gene expression (or Hi-C) data tables are mostly
explored in spreadsheet applications such as Excel, users
have said. Theymight later be visualized in genome browsers,
like UCSC and IGV, popular for visualizing data on a genome
scale. Subsequent calculations are done in either spreadsheets

or programming or scripting environments which require
computational expertise to learn and then to keep up to speed
with field advancements [50] (Personal Communications,
2019-2020).

Following and as part of the analysis in Stage B, a subset
of genes is selected in Stage C for further analysis. A user
has identified that gene lists from literature or from known
pathways could usually be manually selected at this stage.

As identified by the users in this research, Stage D
includes the most research-specific analysis. This is where
the researcher needs to perform downstream analysis includ-
ing hypotheses generation through different means including
enrichment analysis and pathway analysis among others. For
these reasons, in addition to the use of available biological
ontology and visualization tools and packages - including
GO, KEGG, Reactome, STRING, clusterProfiler, GSEA,
Profiler - this stage might require tailor-made plots, usually
in R, generated by the researcher to answer specific questions
including tailored summary representation and visualization
of enriched term (Personal Communications, 2019-2020).

In addition to the visualization tools and packages
identified by users during interviews, we have looked at the
state-of-the-art tools to visualize MA, Hi-C and GO genomic
information and studied a selection of them. HiCPlotter inte-
grates genomic data with Hi-C interaction matrices by side-
by-side presentation of Hi-C interaction matrices of several
experimental conditions, in addition to several tracks of dif-
ferent genomic features including RNA-Seq data, ChIP-Seq
data and others but lacks integration with GO information [2].
HiGlass6 is a state-of-the-art zoomable, interactive visualiza-
tion of Hi-C information. HiCcompare [35], a freely available
R Bioconductor package, is what we have relied to visualize
Hi-C data in MAHiCGO. REVIGO and QuickGO are among
the state-of-the-art tools for the visual representation of GO
information; while the Augmented Exploration of the GO
with Interactive Simulation, or AEGIS,7 a recently developed
2019 open-source tool by a group of Stanford researchers,
provides novel visualizations of GO terms [1], [5], [28], [37].
ShinyGO complements existing enrichment tools with graph-
ical visualization of enrichment results without the need for
programming in R and also provides an application program
interface access to KEGG and STRING for the retrieval
of pathway diagrams and protein-protein interaction net-
works [9]. We have used ShinyGO to visualize GO informa-
tion in MAHiCGO.

APPENDIX B
USABILITY QUESTIONNAIRE DURING SUMMATIVE
EVALUATION INTERVIEWS
To understand usefulness of MAHiCGO to the participant
domain experts, the following questions were asked during
the summative evaluations:

6http://higlass.io
7http://aegis.stanford.edu/
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• Tell me about 2-3 interesting data analysis exercises you
have conducted lately. What data did you use? How did
you get the data and how did you transform it before
analysis?

• Can you describe points in these processes where gain-
ing a complete understanding of the data has been the
most difficult? What makes insight most difficult at
these points in the process?

• Which of the aforementioned stages do you think
MAHiCGO will be useful in?

• Can you trust MAHiCGO and the statistics it generates?
Do you think the data is reliable and credible?

• Does MAHiCGO support you to group genes and rela-
tionships of interest to infer causal relationships?

• Would you be considering using MAHiCGO in your
research or in a scenario you would be willing to
describe?

APPENDIX C
QUESTIONS ASKED DURING REQUIREMENT
GATHERING INTERVIEWS
To understand user requirements, the following questions
were asked during the preliminary interviews:
• ‘‘How do you carry out a typical RNA-Seq analysis?
Please provide a step-by-step explanation.’’

• ‘‘To shape a deeper understanding of the specific type of
analysis you would be willing to see in the end-product,
discuss in more detail a typical downstream analysis
journey that you currently follow once the differentially
expressed genes are identified from an RNA sequencing.
We would ideally like to see a demonstration on screen
in an actual programming environment you work in.’’

• ‘‘Demonstrate how, when, and in what format do
you discard the less-significant differentially expressed
genes and carry on with the more-significantly
expressed ones in the downstream analysis workflow.’’

• ‘‘If possible and available, provide names of soft-
wares/tools you have encountered that provide informa-
tion, and further corresponding analysis, about where in
the genome the differentially expressed genes are.’’

APPENDIX D
DESCRIPTION OF THE ENHANCED
MAHICGO PROTOTYPE DESIGN
In line with user requirements, the prototype has undergone
further design iterations. We have banked our tool on existing
packages:
• ggmaplot8 for the development of the MA plot.
• HiCcompare [35] for the development of Hi-C plots.
• ShinyGO9 for the visualization of GO information.
MAHiCGO codes gene identification information in gene

names, the conventional method of referring to genes. The
algorithm used in the prototype converts all corresponding

8ggmaplot function | R Documentation
9http://bioinformatics.sdstate.edu/go/

information coded in Ensemble or other codes into gene
names. The rest of this sub-section will present the main
components of the GUI.

A. TAB 1 – MA PLOT
On the first tab, the MA plot visualizes the differential
gene expressions, plotting ‘log2 mean expression’ versus
‘log2 fold change’ of all the genes in the two groups under
study. The plot presents significantly differentially expressed
genes in different colors. Significantly up-regulated genes
are colored in red, while significantly down-regulated genes
are colored in blue. Non-significantly expressed ones col-
ored in grey. This overview presentation of all differentially
expressed genes will allow users to spot genes of interest for
further downstream analysis (Fig. 9).

FIGURE 9. MAHiCGO allows for lasso selection of genes.

Mahigo and Mahi contributed to the design concept of
being able to control the parameters of visualizing gene
expression information on the MA plot. We consequently
designed the MA plot such that users can select the preferred
adjusted p-value for the significance level of differentiation
by using the corresponding slider on the upper-right cor-
ner of the page (Fig. 9, area 4). Users will also be able
to select a group of genes based on different set of cutoff
criteria including: all up-regulated significantly expressed, all
down-regulated significantly expressed, all above or below
log-x-fold change.

Detailed information relating to the genes visualized on the
MA plot can be available by hovering on the dots (genes) on
the MA plot: Gene Name, Up or Down-regulated. Finally,
extraneous information for the GUI, available in the dataset
for back-end operations, are removed from the GUI and can
be can be available on demand by downloading the data in
a table format (Fig. 5). The downloaded file will contain
raw information about the selected subset of genes including
‘log2FoldChange’, expression level ‘baseMean’, location on
chromosome, p-value, and adjusted p-value, among others.
Mago has had the major contribution in identifying the design
and format of the downloaded information, such that the user
can save and retrieve the selected set of genes in standard
formats for further use in downstream analysis or for pub-
lications.

B. TAB 2 – HI-C PLOT
The interface on the second tab is to visualize the Hi-C
information from the two groups under study. It is split
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into six sections due to scalability considerations. The upper
half of the page comprises three heat-map visualizations
of Hi-C interactions at a chromosome-chromosome level
(Fig. 10, areas a, b, and c); and the lower half correspondingly
comprises three visualizations which will zoom in to the
brushed/selected portions of the corresponding upper coun-
terparts (Fig. 10, areas d, e, and f). The leftmost visualizations
correspond to the Hi-C interactions within the first group
under study (Fig. 10, areas a and d); while the rightmost visu-
alizations correspond to the Hi-C interactions within the sec-
ond group under study (Fig. 10, areas c and f). Themiddle two
visualizations represent the difference in interactions of the
same segments of the chromosome between the two groups
(Fig. 10, areas b, e).

FIGURE 10. MAHiCGO GUI for Hi-C Plots. The initial chromosome-level
view of the two groups under study together with the difference in Hi-C
information between the two groups.

Any box in the heat-maps highlighted by a green dot
identifies the existence of a tracked gene in that box. This
has proven confusing for the users especially for the upper,
chromosome-level graphs, where at timesmost chromosomes
would be highlighted conveying no clear message to the user.
At a zoomed level, the information will be clearer on the
lower heat-maps.

The plots on the lower level have more details about
the granular levels of interactions. They can be zoomed,
by the order of 3, by double-clicking on a colored-box in any
of the rectangles (Fig. 11). The color scale gives the intensity
of the interactions. The colors are on the same scale on all six
plots. Before clicking on a given box of interest, the user can
get the maximum number of aggregated interactions within
that region by hovering on a given box.

All lower heat-maps are zoomed at the same level; and once
the zoom is at the gene level (Fig. 11, area 5), the user can
brush any portion of the heat-map to select the corresponding
genes. The selected genes will appear on the right hand panel
and will be added to the existing list of genes if the pane
was not empty (Fig. 11, area 6). The user should reset the
pane if willing to start exploration from scratch. The new
selection will not appear on Tab 1 or Tab 2 unless tracked.
By clicking on the track button (Fig. 11, area 7), the user

FIGURE 11. MAHiCGO GUI for Hi-C Plots – Gene-level view. By selecting a
specific section of the chromosome, the user can zoom in to the selected
portion of the chromosome for a more detailed and specific Hi-C
information.

FIGURE 12. ShinyGO10 GI for GO information–Hierarchical cluster tree
view.

pushes the new set of genes to the left panel (Fig. 11, area 2).
The tracked set will then appear on the MA plot or the GO
visualization.

C. TAB 3 – GO PLOT
The third tab presents the selected set of genes on an inter-
active network visualization, allowing the user to choose
the type of functional enrichment between the available
options of GO Biological Process, GO Cellular Component,
GOMolecular Function, KEGG, and others (Fig. 12, area 1).
In addition to the functional enrichment, the user can select
different options for other parameters including the p-value
cutoff (FDR or False Discovery Rate), the number of most
significant terms to show, edge cutoff, and others (Fig. 12,
area 2).

It will be possible for users to download (Fig. 12, area 3) the
different plots and tabular GO information for the selected
Gene IDs including High Level GO categories (Fig. 13),

10http://bioinformatics.sdstate.edu/go/
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TABLE 2. Usability themes for improvement highlighted through the Summative Evaluations.

functional categories, total number and name of genes includ-
ing identification of those in the selected list, enrichment
FDR, network plots of the set of genes (Fig. 14) and
others.

It is important to note that ShinyGO network visualizations
include both static and interactive versions, allowing the user
to move nodes around and hover over them to get additional
information about each node (Fig. 14).
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FIGURE 13. ShinyGO GUI for GO information – grouped by categories.

FIGURE 14. ShinyGO GUI for GO information – network plot view.
ShinyGO allows for the visualization of the GO information in an
interactive network plot.

APPENDIX E
USABILITY THEMES IDENTIFIED AS USERS CARRIED OUT
TASKS T1 AND T2 DURING SUMMATIVE EVALUATIONS
Table 2 presents detailed usability findings highlighted by the
users as they carried out tasks T1 and T2 during the final
summative evaluation sessions. Note that the highlighted
Points Raised are those made by participants with exper-
tise relating to the corresponding visualizations. This will
facilitate prioritization of tasks by the developer of the next
iteration prototype of MAHiCGO. We have used Forsell and
Johansson’s [7] set of 10 heuristics in addition to the three
later added by Väätäjä and colleagues [44] to categorize and
present the usability themes suggested by the users during the
evaluation sessions [41].

APPENDIX F
USEFULLNESS QUESTIONNAIRE RESULTS FROM
SUMMATIVE EVALUATION SESSIONS
See Table 3.

APPENDIX G
FUTURE ENHANCEMENTS OF MAHICGO
Future enhancements highlighted as part of the evaluations of
this HCI research can be summarized as follows:

TABLE 3. Usefulness of MAHiCGO assessed by participants.

• enhancing the algorithm and filling scalability gaps by
identifying a better algorithm for loading the datasets

• improved aesthetics
• visualizing both gene and non-gene interactions on the
Hi-C plot

• providing different algorithms to annotate genes and rec-
ommending the best including other pathway analysis
repositories such as Reactomes.
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