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Figure 1: Application user journey diagram. The freeCount user journey diagram depicts the user-centered process of count
data analysis. The typical user is a student or researcher who begins their journey as a novice analyst. In the first phase the
novice analyst has received count data, but they are unsure how to proceed. The second phase is where the analyst completes
our web tutorials and now has an idea about how to proceed with analyzing their data. In the third phase the analyst uses our
Shiny applications to produce high-quality analysis results.

ABSTRACT
The analysis and interpretation of high-dimensional biological data
sets is a challenging task. Exploratory data analysis of count data
produced by next-generation sequencing technologies presents a
common hurdle to researchers. Biologists often find it difficult to
get started with the analysis process, which can be time consuming
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and repetitive. With the freeCount analysis framework students
and researchers are guided through the iterative steps of data as-
sessment, processing, and analysis in a visual environment. The
freeCount analysis framework takes advantage of the reactive fea-
tures of R Shiny to deliver a set of modular and interactive tools
and tutorials for the structured analysis and visualization of count
data.

CCS CONCEPTS
• Human-centered computing → Visualization systems and
tools; User centered design; • Applied computing → Education;
Genetics; Bioinformatics; Genomics; Computational biology.
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1 INTRODUCTION
The freeCount analysis framework provides a modular set of tools
and tutorials to guide users through a structured approach to biolog-
ical data analysis (https://github.com/ElizabethBrooks/freeCount).
In this paper we outline the utility and features of the freeCount
analysis framework, which has been used by researchers and stu-
dents at the University of Notre Dame (ND). The purpose of our
project was to provide students and researchers with a coding-
free framework for the rapid analysis of count data. Count data
is produced by processing a variety of routinely generated omics
data (e.g., transcriptomics, genomics, metagenomics). While the
methods were originally designed for analyzing gene expression
patterns measured by bulk RNA sequencing (RNAseq), the methods
have been applied more broadly to single cell RNA sequencing
(scRNAseq) and metagenomics data. Count data tables consist of
rows that represent a set of features (e.g. genes, genome features, or
species) and columns with the recorded features (counts) for each
sample.

Data assessment and processing is an important first step of any
analysis. The goal is to remove sources of technical bias (e.g., library
size, missing data) through normalization and filtering. Visualiza-
tion of the data is frequently necessary to facilitate the removal
of major outliers. Additionally, data visualization methods enable
researchers to assess the need for more data. Frequent approaches
to analyzing count data include differential expression (DE), net-
work, and functional analysis. In DE analysis samples are grouped
by condition (e.g., treatment, cell type, sample), then averages and
distributions are calculated. The resulting patterns are used to as-
sess the statistical likelihood of differences between groups. In the
analysis of RNA or scRNA transcriptomic data, DE analysis allows
researchers to identify genes that are differentially expressed. In the
case of metagenmoics data, DE analysis can be used to determine
the bacteria species that are more or less numerous. The results
of DE analysis are used to identify pathways or communities that
are impacted by the study conditions, finally getting back to the
biological question.

The exploratory data analysis process is repetitive and itera-
tive, requiring extensive amounts of code and small adjustments to
thresholds and filters throughout. Navigating the required amount
of code is a frequent barrier for users that contributes to signifi-
cant delays in the evaluation and interpretation of count data. The
freeCount analysis framework utilizes R Shiny [3], bioconductor
[9], and base R [15] packages to create interactive tools with graphi-
cal user-interfaces. R and bioconductor were chosen as they are the
most common platform and tools currently used by the community
for the analysis and visualization of these biological data sets. Our

user-friendly applications are designed to be easy to run, easy to
learn, and easy to scale.

2 FEATURES
2.1 Running & Scaling
The freeCount applications can be run locally in R or Rstudio, as
a single Shiny server, or as a swarm of virtual machines (VMs).
freeCount can be installed from github, with dependency handling
built in, and then launched as any other R Shiny application. De-
tailed installation instructions are available on the GitHub website,
along with tutorials for running each of the applications. This
instance provides rapid, interactive data analysis that reduces hun-
dreds of lines of code to a handful of commands to launch.

A Shiny server version of freeCount is available on the Jetstream2
[7] image library, allowing for ACCESS users to launch an instance
and run freeCount through a browser, and with code fully elimi-
nated from data exploration. A second image is also available on
the image library, which quickly sets up a load-balanced swarm of
VMs with a single front end that can serve in a classroom setting.
This can be set up with minimal code and time, either by a savvy
instructor or support centers as needed.

2.2 Education Support
The multi-stage and iterative process of biological data analysis is
difficult and time consuming. It is also typically necessary to write
custom code to visualize biological data or consolidate the results
from different analyses. Students with limited coding experience
face a steep learning curve that makes the analysis process take
excessive amounts of time. As a result, the quality of the analyses
can suffer. While coding skills are extremely useful for students to
learn, they are often not the focus of their education or academic
interests. Recognizing these challenges, we have created a set of
interactive tools and tutorials to guide students and researchers
through the process of count data analysis (Figure 1).

The successive approach of the tutorials allows us to meet the
learners where they are, providing support to extend their under-
standing without overwhelming them. No coding experience or
programming knowledge is necessary to use the freeCount tools or
to conduct the analysis workflows described in the tutorials. After
running the tutorials, users can immediately explore, manipulate,
and visualize their own complex omics data. Students who have
an inherent investment in their own data are motivated to achieve
a deeper understanding of the analysis. Continued engagement is
promoted by the rapid, interactive nature of the process. Students
are also better positioned to understand, interpret, and critique
publications after interacting with the publication standard visu-
alizations produced by freeCount. The most impactful outcome of
our research is the development of a framework that circumvents
the typical barriers that students encounter when performing com-
putational analysis, while promoting a deeper understanding of the
data and analysis process.

The freeCount tools and tutorials have been used at ND in biol-
ogy classes with both first year undergraduate students and early
graduate students. The undergraduate students were able to learn
how to conduct reproducible and high-quality analysis of research
data they generated using the Shiny server swarm option. In this
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case, the Genomics and Bioinformatics Core Facility managed the
VMs on Jetstream2 and provided guest classroom instruction. The
graduate student course included numerous teaching assistants
for the ten supported sections of the undergraduate course. These
graduate students used the local implementation of freeCount to
gain expertise in the same data and workflow, creating a pool of
expertise supporting the undergraduate course and their own grad-
uate data analysis. Another graduate student used the workflow to
perform an individual analysis and complete a dissertation chapter.

3 SIMILAR FRAMEWORKS
Other frameworks exist that support the analysis of count data, such
as Galaxy [5], RNAlysis [17], DEBrowser [10], ideal [13], PIVOT
[18], NetSeekR [16], and Curare and GenExVis [2]. Each of these
frameworks provide tools to perform differential expression analy-
sis, but they vary widely in their additional features and analysis
options. Furthermore, many of these frameworks were designed
specifically for use with RNA sequencing data. It is also more or less
difficult for users to install or access the framework tools. Students
who are new to exploratory data analysis can also find some of the
interfaces to be complicated and difficult to navigate.

4 ANALYSIS FRAMEWORK
4.1 Overview
The freeCount framework leverages the reactive data processing
and visualization components of R Shiny applications to aid re-
searchers in the process of count data analysis. We created separate
applications to provide a modular set of tools for the most common
analyses. Tutorial and demo data are shipped with each application,
which support and guide users through the iterative steps of data
assessment, processing, and analysis. Users are also able to export
R markdown files with the analysis conducted in each application.

4.2 DE Analysis
As the methods were originally developed for bulk RNAseq data,
our modules are named after the commonly performed DE analysis.
freeCount DA allows users to identify changes in features using
either exact tests or general linearizedmodels (GLMs) with edgeR [4,
14]. Users begin the assessment of the raw count data by visualizing
distributions using bar plots, followed by trimmed mean of M-
values (TMM) normalization to control for library size bias. Broad
sample-level patterns are visualized with ordination plots, including
both principal component analysis (PCA) and multi-dimensional
scaling (MDS). PCA is commonly used in gene expression analyses
and MDS is common for metagenomics. Users can select different
pairwise comparisons or provide custom models to test for differces
between groups. It is also possible to filter the results for statistical
and biological significance by adjusting false discovery rate (FDR)
and log2-fold change (LFC) cut offs. The results and thresholds are
visualized using mean-difference (MD) plots, volcano plots, and
heatmaps. Tables with the resulting DE features are formatted for
downstream analysis, such as functional analysis or set operations.

4.3 Network Analysis
freeCount NA guides researchers through the construction of un-
signed networks using normalized count data with weighted gene
co-expression network analysis (WGCNA) [8, 11]. Appropriately
normalized count data can be generated using freeCount DA. Re-
searchers begin assessing their normalized count data by examining
the hierarchical clustering of samples. Next, researchers can super-
vise network construction through the iterative adjustment and
assessment of network features. Several reactive images are pro-
duced by the application to aid in the assessment, including network
topology plots and clustering dendrograms. Results tables with the
eigengene data for each module and sets of features associated with
each network module can be downloaded and used in downstream
analyses.

4.4 Functional Analysis
freeCount FA provides researchers with two different test statistics
using topGO [1], Fisher’s exact and Kolmogorov-Smirnov (KS) like
tests. The Fisher’s exact test statistic assumes independence of fea-
ture observations and is appropriate for the downstream analysis of
DE results. The KS like test assumes dependence and is appropriate
for the downstream analysis of network results. The results of the
functional analysis are visualized using bar, density, and dot plots.
Subgraphs of the significant results may be constructed and down-
loaded using the application. Results tables with lists of potential
biological, molecular, and cellular functions for the sets of input
features are also generated. The results tables can be filtered by the
unadjusted p-values.

4.5 Set Operations
The freeCount set operations application enables the integration of
results from the different analyses. Set operations include subset
extractions, in addition to visualizations with Venn and Euler dia-
grams using ggVennDiagram [6] and eulerr [12]. The set operations
can be used by researchers to identify commonly shared or distinct
sets of features associated with different analyses. All tables and
images generated by the Shiny applications can be downloaded.
The images are high-resolution, color blind safe, and publication
ready.

4.6 Base Code
There is a distinct trade-off between ease-of-use and flexibility. R
Shiny applications constrain the analyses to the reactive elements
made available by the application authors. As a result, some options
may not be included and there will be parameters that cannot be
tuned. To support users who require specific functionality, we pro-
vide the base R code required to replicate the tutorials. Users can use
the applications and tutorials to learn the analysis process, develop
their understanding quickly, replicate the analyses in base R, and
then customize the code more easily. This approach helps lower
the barriers to entry, then builds the complexity through succes-
sive passes with verifiable outputs. Thus, allowing for a smoother
learning curve while providing maximum flexibility.
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5 SUMMARY & OUTLOOK
Biological data sets are typically high-dimensional and large, of-
ten requiring the use of multiple bioinformatic software tools to
analyze. Many of the available software tools require the analyst
to have some knowledge of coding in a programming language to
operate. Furthermore, the analysis of biological data heavily relies
on the iterative application of visualization and processing methods.
The freeCount tools and tutorials guide students and researchers
through the complicated process of biological data analysis without
the need for any prior experience with coding.

With freeCount there is no need to freak out. The freeCount tools
provide an easy to run, scalable platform for individual researchers
or classes of various experience levels to interactively engage with
the analysis of count data. Count data was chosen as it encom-
passes three common workflows (bulk RNAseq, scRNAseq, and
metagenomics) that rely heavily on visualization. Count data also
requires many repeated steps to properly analyze and processes,
which is conducive to automation. Flexible options for deployment
are provided to support count data analysis at an individual level.
It is also possible to employ a central support center with minimal
technical requirements.

freeCount is easy to run, easy to learn, easy to scale. We focused
on providing easy to run R Shiny applications that facilitate ex-
ploratory data analysis and maintain user engagement. Tutorials
are paired with each application to build deeper understanding
during the analysis process. To aid research collaboration and re-
producibility, users can create R markdown files of the analysis
completed with each application. Additionally, R scripts with the
code for the analysis methods conducted by each application are
provided.

The freeCount analysis framework tools and tutorials are freely
available onGitHub (https://github.com/ElizabethBrooks/freeCount).
The students and researchers at ND have provided valuable feed-
back for the continued refinement of the freeCount analysis frame-
work. Further development of the freeCount tutorials and applica-
tions are ongoing.
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