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Abstract

With the increased use of Data Visualization, allied with the growing trend of the
amount of data generated and processed, it is important that its reading is done
in the most efficient way possible, both in terms of speed and accuracy. For this,
we propose a method of evaluation based on graphical perception: “the visual
decoding of information encoded on graphs”. Applying a method with Machine
Learning (ML) models where we perform a regression of the values represented
in a chart, we get an estimation error associated with the reading. From this error,
we can compare the performance of different visualization techniques, contribut-
ing to figuring out which are the best according to our criteria. For that, we tested
different ML models, choosing the most suitable one for this task, and studied its
capabilities and limitations by analyzing the results from various experiments,
concluding that this method works but the proposed model might not be the
most suitable to apply it.
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Resumo

Com o aumento do uso de Visualiza¢do de Dados, aliado ao aumento da quan-
tidade de dados gerados e processados, é importante que a sua leitura seja o
mais eficiente possivel, quer a nivel de velocidade como de precisdo. Para isto,
propomos um método de avaliagdo baseado em percecdo gréfica: “a descodifi-
cagdo visual de informacao codificada em gréficos”. Aplicando um método com
modelos de Aprendizagem Computacional (AC) em que fazemos a regressdo dos
valores representados num grafico, obtemos um erro associado com a sua leitura,
que mede a capacidade de percecdo visual proveniente de um tipo de visualiza-
¢do. Com base neste erro, conseguimos comparar o desempenho de diferentes
técnicas de visualizagdo, ajudando a perceber quais as melhores segundo o nosso
critério. Para isso, testamos diferentes modelos, elegendo o mais apto para esta
tarefa e estudamos as suas capacidades e limita¢gdes analisando os seus resulta-
dos ao longo de diferentes experiéncias, concluindo que este método funciona
mas que o modelo proposto pode nédo ser o mais adequado para o aplicar.

Palavras-Chave

MLA4VIS, Aprendizagem Computacional, Visualizagdo de Dados, Modelos de Vi-
sualizagdo, Avaliacdo de Visualiza¢do, Aprendizagem Profunda, Redes Neuron-
ais Convolucionais
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Chapter 1

Introduction

Developments in computing power have greatly contributed to the advancement
of graphics for visualizing data [Friendly, 2008]. This fact, allied with the growing
trend of the amount of data generated and processed [Holst, 2021], has led to the
increased demand for the use of Data Visualizations, to help analyze and make
sense of this large amount of information. Similarly, Artificial Intelligence (AI)
and ML techniques have also been a target of immense investigation and great
evolution in the past few years [Aggarwal et al., 2022] and have proved to be
extremely useful in many areas. Due to that, there seems to be no reason why we
shouldn’t combine these two areas.

This dissertation presents a topic of research which aggregates two big fields,
Data Visualization and Machine Learning. The main goal is to apply the latter
to the former to contribute to its improvement. ML for Visualization (ML4VIS) is
a relatively recent topic, but under great focus from the scientific community in
the past few years [Wang et al., 2022; Wu et al., 2021]. In order to understand this
emerging topic, a deeper understanding of each field is needed.

Data Visualization has been around for centuries now, mostly revolving around
basic maps and diagrams up until the 17th century. From there, measurements
of time, distance and space started drawing more attention, as progress in ge-
ometry and coordinate systems rose [Friendly, 2008]. New domains and graphic
forms were adopted, and new data representations were adopted as more data
began being collected. In order to better analyze, extract and present information
hidden in the data, visualization can help by making use of the human’s visual
capabilities of detecting patterns, trends and outliers [Heer et al., 2010]. As more
data starts being collected, the more important it is to properly process it visually.
A valid approach would be to search for new and innovative techniques that al-
low for efficient analysis. However, developing novel visualization techniques is
not the only approach. Existing ones might just be accurate enough to achieve
the desired results. The problem is figuring out the most appropriate techniques
depending on the data, the task being carried out and the user, which is a big
challenge discussed deeper in chapter 2.

Machine Learning (ML), on the other hand, is a subfield of Artificial Intelligence
(AI) in which algorithms are used for computers to learn and solve tasks on their
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own, based on a set of data called training data. These algorithms are based
on statistical methods to enable machines to improve with experience [Aggar-
wal et al., 2022]. Several application domains and subdomains can be identi-
fied within ML applications, including tasks such as Prediction, Classification,
Natural Language Processing and Computer Vision, among others [Shinde and
Shah, 2018]. These techniques can be (and have been) applied to many areas. In
medicine, to diagnose diseases or assess future risks. In finance, to detect fraud-
ulent transactions or to predict the behavior of stock prices. Speech recognition,
language translation, fault prevention, recommendation systems, self-driving ve-
hicles, object detection in images are only a few examples of what can be done. As
we mentioned before, ML is still a growing field, as many researchers tackle on
new approaches and new areas in which to apply these techniques. Giant com-
panies like Google, Facebook and Twitter invest huge amounts of money in Deep
Learning (DL) research, a subset of ML that apply complex Neural Network (NN)
[Aggarwal et al., 2022]. These attempt to mimic the neural network of the human
brain, thus resulting in very complex structures but showing very promising re-
sults in many fields. One such example is the area of Data Visualization, which
this dissertation aims to contribute to.

In order to understand the purpose of ML4VIS, it is important to mention the
factors that motivate this dissertation. This project started in a research grant
where the goal is to integrate an evaluating node in an adaptive visualization
framework, that aims to automatically present the most suitable visualization
model according to the data in question. It is based on two main cycles, which
combined compose the execution of the framework.

The first cycle starts with the visualization pipeline [Card et al., 1999b], which
transforms raw data into views, followed by the user observation and then by
their interaction with the visualization, to carry out a specific task. This interac-
tion leads to an update on the view, restarting the cycle with the visualization
pipeline. The second cycle, performed in parallel, is where visual evaluation is
conducted automatically. Using ML models, that take the presented visualiza-
tion and contextual data as input, the resulting information is provided to the
adaptation component that adapts the corresponding modules in the visualiza-
tion pipeline, according to a set of predefined rules. By combining these cycles,
the framework generates graphics that adapt themselves automatically based on
visual evaluation by ML models. If the suitable model for a certain visualization
technique is not found, it is submitted to offline learning where a new model is
trained to evaluate that visualization type. This final component is the core of the
research presented in this dissertation.

The evaluation of visualization models is intrinsic to their usage. Generally, the
model that better allows the correct interpretation of the data, or the one that
does it in the easiest way, is the most desirable. However, this assessment can
be a difficult challenge as it heavily depends on the human-centered nature of
visualization, which requires large-scale empirical studies involving users [Lam
et al., 2011]. Several approaches, described in chapter 2, have managed to auto-
mate this process by developing rule-based systems that enable automatic eval-
uation. Even so, they are mostly based on domain knowledge and still require
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considerable effort to design [Wu et al., 2021].

We intend to go one step further with the goal to fully automate this process by
applying ML techniques to assess the quality of different models and determin-
ing which works better when it comes to the visual perception of the values. This
can lead to a better use of Data Visualization in the present and in the future,
especially since data analysis has an increasing importance, due to the growth of
areas like Artificial Intelligence and Data Science. Not only better use but also
made easier: our ultimate goal is to facilitate the creation and selection of visual-
izations based on automatic algorithms designed for assessment.

With this dissertation, we intend to search for and test a method to evaluate Data
Visualization Models using automated ML approaches. This evaluation consists
of the visual perception of graphics: how easily or accurately can the values rep-
resented in a data chart be perceived. By training a machine to “read” a type of
visualization, and therefore extracting a set of values, we can calculate its error
compared to the true values used to create the chart, obtaining a performance
score. That score can be used to compare different visualization types in a way to
assess which ones are more efficient (the less error, the better). By doing this, we
will be using a machine to automatically conduct this assessment, optimizing the
process. The term efficient can be related to both speed and accuracy: if the pre-
sented values are easy to perceive, it leads to a faster “reading”, as well as a more
precise one. In order to better understand this, we provide a deeper explanation
along with an illustrative example.

It all starts with a comparison between two (or more) visualization types to show
the same data. Let us take the example in Fig. 1.1, which shows the results of
the 2016 US Presidential Elections in two different ways: through a pie chart and
through a bar chart. Which one is the better representation?

2016 US Election - Popular Vote

70M
65,844,954

7,786,867 62,979,879

60M

62,979,879

65,844,954

20M

Candidate
u Trump
= Clinton
 Others

7,786,867

Figure 1.1: 2016 US Presidential Election results presented in two different visu-
alization types [Baddock, 2021].
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Many points can be made as to which is the better one. Behrisch et al. [2018] pre-
sented a survey where they gather and attempt to aggregate various articles on
quality metrics for data visualization, aiming to establish a common vocabulary
among different understandings. One of the elements presented is the catego-
rization of numerous metrics according to its cognitive complexity. These can
be grouped into low-level, mid-level and high-level metrics, where, for exam-
ple, low-level metrics relate to low-level perceptual tasks, such as visual search,
change detection and magnitude estimation while high-level refer to measures
like memorability, aesthetics, and engagement. These last ones are often consid-
ered subjective, according to the authors.

Therefore, we aim for a more objective analysis by targeting low-level metrics,
namely through graphical (or visual) perception. It is important to explicitly
define its meaning since it will be used many times throughout the document:
this phrase, defined by Cleveland and McGill [1984], relates to “the visual decod-
ing of information encoded on graphs”. In other words, the ability to retrieve
the original data used to create the visualization. We can consider this criterion
as objective since it is based on the human capabilities of processing visual in-
formation. By maximizing this aspect as much as possible, we can improve the
accuracy and/or speed of a user reading a chart. But how can we use this concept
to compare different representations?

In their paper, Cleveland and McGill [1984] presented several experiments that
attempt to measure human visual perception. Such an example is the “position-
angle” experiment, where the authors had users estimate the percentage of the
values relative to the maximum, within different charts. In order to better under-
stand this, we draw the reader’s attention to Fig. 1.2. Let us say the two charts
are presented and we ask a human user to estimate the values for A through E,
in relation to the maximum value, D, in both cases. Assuming the value for D is
100, the goal is for the user to try to provide the remaining values. The reader
may notice the number 40 on the vertical axis of the bar chart and be confused
as to how D can be 100, but the actual values have no influence on this task. We
simply assume D as 100 since it is the largest. This way, the exercise is to estimate
the percentage of the values in relation to the maximum. For example, if one of
the values appears to be half the size of the maximum one, we should assume
its relative value is 50. We invite the reader to also attempt this exercise to see
whether the result follows the previously tested theory on graphical perception
presented by Cleveland and McGill [1984].
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aQ A B CODE

Figure 1.2: Labeled examples of a pie chart and a bar chart [Cleveland and McGill,
1984].

The user starts with the pie chart, on the left of Fig. 1.2, estimating the values
for A through E as 40, 60, 50, 100 and 25, respectively. Then, the user does the
same for the bar chart on the right side of the figure, concluding that the values
represented for A through E correspond to 53, 60, 50, 100 and 35. Now, knowing
the original values and the corresponding real (approximate) percentages, we can
calculate the estimation error for the user. So taking the true values (62, 68, 55, 100
and 39) and the values estimated for the pie chart (40, 60, 50, 100 and 25) we can
calculate the difference between each one, thus calculating the error associated
with each variable, and then summing all those to compute the overall estimation
error for the reading of the chart, as it is shown in the following expression, where
A through E represent the true values and A through E represent the estimated
values:

|A—A|+|B—B|+|C—C|+|D—-D|+|E—E| =
62 — 40| + |68 — 40| + |55 — 50| + |100 — 100| + |39 — 25
=22+28+5+0+ 14
= 69

As we can see, an error of 69 was obtained by summing the error associated with
each variable. Doing the same for the values estimated for the bar chart (53, 60,
50, 100 and 35), which was generated from the same original data, we get the
following expression:

|A—A|+|B—B|+|C—-C|+|D-D|+|E—E| =
— |62 — 53| + |68 — 60| + |55 — 50| + |100 — 100| + |39 — 35| =
=94+8+5+0+4=
=26

In this case, from the bar chart, the estimation error was smaller, only 26. What
can we conclude from this? Obviously, from this small sample of examples, noth-
ing can be concluded, but one could argue that, possibly, bar charts can be better
than pie charts in terms of the ability to decode the information presented. The
point of this example is to illustrate how one could develop an experiment to try
and compare the performance of humans in terms of graphical perception, with

5
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a proper number of users and examples. In their version of this experiment, with
54 human users and 20 different charts, Cleveland and McGill [1984] concluded
that bar charts were superior representations in terms of human graphical per-
ception when compared to pie charts, which is in accordance with the example
previously shown. We intend to expand this reasoning used for the comparison
of data visualization models to machines. The logic is the same, but instead of
having a human look at papers with charts and asking them to provide estima-
tions, we set up a ML model which takes as an input a digital version of those
same charts and outputs the estimation of the values presented. This way, we
can use a fully automatized process to perform a comparison between different
visualization types.

In order to achieve this goal, we proceed with the following objectives:

* Define and develop a setup for the experiments to be conducted, including
which models and visualizations to test.

* Run baseline experiments to compare the performance of different models.

¢ Assert the most suitable model for the task and test its capabilities and lim-
itations with several variations.

* Analyze the obtained results in order to draw conclusions.

By the end of the work, we expect to have a model capable of being trained to
“read” different types of data visualizations, allowing for their evaluation based
on the performance. This evaluation can then be used for their comparison, thus
supporting the decision-making of the adaptive visualization framework previ-
ously mentioned. More importantly than that though, we hope this work will
serve as a starting point for further research on the field of ML4VIS because, de-
spite our efforts, we are unable to develop a perfect model for this method of
visualization assessment. We hope to contribute by sharing our results and con-
clusions regarding capabilities and limitations.

This document is divided into six chapters, the first being the current one, pre-
senting the introduction of the dissertation. This includes the motivation, context,
research statement and a brief overview of our goals.

Chapter 2 is where the state-of-art on the topic is explored, by analyzing and
reflecting on past work from other authors.

Chapter 3 presents a comparison of the original proposed work plan with the ac-
tual sequence of tasks carried out for the development and its respective sched-
ule.

Chapter 4 provides a description of our approach to the task and outlines the
development conducted.

Chapter 5 describes all the analysis conducted on the results obtained from our
experiments.

Chapter 6 wraps up this dissertation by reflecting on our results, discussing key
takeaways and limitations of our work.



Chapter 2

State of the Art

Throughout this chapter, the state of the art in Machine Learning (ML) for visu-
alization evaluation is presented. By analyzing research that has previously been
conducted one can better understand which paths to follow and which to avoid
to further explore the topic in question.

This chapter is divided into three sections. The first presents data visualization
fundamentals, from the visual encodings that form a visualization, their effi-
ciency and up to their evaluation. Both classical and automated approaches for
this task are presented. The second section focuses on the use of ML for visualiza-
tion. First, some basic concepts are explained, followed by general applications
of ML for Visualization (ML4VIS), ending with uses of ML specifically for visu-
alization evaluation. The third section summarizes the contents and reflections
presented.

2.1 Data Visualization Fundamentals

Meirelles [2013] explores and explains the concept of Information Design. The
challenge of representing information with multiple dimensions in the usual two-
dimensional visual display is not as obvious as it seems. The process of designing
such visualizations is dependent on visual perception and cognitive processes. It
is essential to understand the constraints and capabilities of cognition in order
to develop efficient visual designs: if the process of decoding the information
present fails, so does the visualization altogether.

The term Information Design is used to describe communication design practices,
used mainly to provide information, as opposed to more persuasive methods
used, for example, for advertising. Many outputs can be produced, such as in-
fographics, that combine graphic elements with textual information, wayfinding
systems, used to assist in navigation, or visualization of statistical data. What all
of these have in common is the objective of revealing patterns and relationships
that in other ways would be unknown or hard to identify.

Related to Information Design is the term Data Visualization (or information vi-

7
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sualization). These correspond to the use of computer-supported, interactive,
visual representations of abstract data to amplify cognition, that is, acquiring
knowledge in an effective and efficient way [Card et al., 1999a].

Another important aspect mentioned by Meirelles [2013] is the purpose of visu-
alizations. They can serve as a communication tool, a way to present stories or
research findings, but can also be used for data manipulation and exploration,
especially through user interaction, another very relevant component of Data Vi-
sualization. We can look at it as a complement or strengthening element of our
mental abilities.

In this section, we present a few basic principles about Data Visualization, in a
way to better understand the purpose of research on this topic and how it can
contribute to it. Additionally, we also dig into studies and approaches conducted
towards the goal of improving this field.

One of the main components of these representations is the set of visual encod-
ings used to translate the information into graphical features [Heer et al., 2010].
This element is explored in the following subsection.

2.1.1 Visual Encodings and their Efficiency

Visual Encodings, or visual variables, describe what graphical dimensions are
used in a visualization to transmit information [Roth, 2017]. As we mentioned,
the decoding of these variables is done through graphical perception. Cleveland
and McGill [1984] studied and tested human graphical perception in their article.
They identified elementary perceptual tasks that are used to extract information
from charts, providing examples of basic models that apply them. They also or-
dered them according to how accurately people perform them, by testing with
subjects. In other words, they compared the performance of different tasks and
drew conclusions on which ones should be prioritized in order to maximize ac-
curacy when creating graphs.

This perception analysis is the base of the use of visual variables. Many authors
over the years have contributed to list the different types of variables available
[Bertacco, 1975; Bertin, 1967 /1983; MacEachren, 1995]. Roth [2017] has condensed
them in this article, as well as their perception, syntactics, and conjunctive uses.
Some examples of such visual variables include location/position, size, color and
orientation, and those examples, among others, are shown in Fig. 2.1.

By combining visual encodings, many visualizations can be created. Common
data graphs, like bar charts, pie charts or line charts are basic examples. How-
ever, more complex examples can be created. Heer et al. [2010] showcases more
sophisticated techniques, compared to basic graphs, prepared to display complex
and diverse datasets. By using several visual channels simultaneously, more in-
formation can be encoded at the same time, allowing for a better visualization
and better data analysis.

As we can see, different visual encodings can be used for different types of data
(nominal, ordinal, numerical), with different levels of efficiency. For that reason,
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the choice of visual variables to use is a challenge to maximize the efficiency of a
visualization. In fact, Munzner [2009] proposes a visualization model with four
levels, with the third one being the choice of visual encodings and interaction
techniques. They also discuss the problems that can appear by the wrong use of
variables, as well as some methods to validate possible options. However, the
validation (or evaluation) of visualization aspects is a much bigger challenge that
has been at the center of many studies and articles. That discussion is done in the
next subsection.

2.1.2 Visualization Models Evaluation - Classic Approaches

Why is visualization evaluation important? This might seem like an obvious
question, easily answered with “to get the best visualizations possible”. While
it is true, the reasons behind this evaluation go a bit deeper. Good evaluation can
help people choose the most suitable techniques or parameters to use, which can
help convince users to integrate new methods or tools [Wijk, 2013]. This leads to
innovation, which can then lead to better progress in all fields where visualization
is applied.

But even though the concept seems simple enough, many challenges appear
when performing this assessment. One of the main ones, pointed out by Wijk
[2013] is the complexity of the visualization process. The four components of this
process (users, tasks, data and artefacts) can have multiple variants, which makes
the evaluation method very complex. Users can have different backgrounds or
degrees of knowledge, tasks can be low or high-level, and data can be of many
types and domains. Kim and Heer [2018] and Saket et al. [2019] tackle this is-
sue by analyzing the effects of tasks and data distribution of the effectiveness of
visual encodings, going beyond the initial work done by Cleveland and McGill
[1984]. Plaisant [2004] mentions a similar issue of matching visualization tools
with users, tasks and problems. Another challenge mentioned by Wijk [2013] is
the generalization of findings. That issue is naturally related to the high com-
plexity of the previous challenge since an assessment for a specific combination
of users, tasks and data might not be the same for a different one. In fact, gener-
alization is one of the three main factors when considering a visualization study,
along with precision and realism, as first mentioned by McGrath [1995] and then
referred by Carpendale [2008] and Wijk [2013] when considering different ap-
proaches that attempt to balance them.

This opens up many possibilities in terms of how to conduct this evaluation, or
even when. Lam et al. [2011] mention evaluation can be used in different stages of
a visualization development: in pre-design, design, prototype, deployment and
re-design. In their article, they aggregate known approaches into seven different
scenarios, mentioning what questions are asked in those scenarios and providing
related literature.

1. Environments and Work Practices (EWP) is where the focus is on the envi-
ronment or the processes in which the visualization and its tools are used.
[Isenberg et al., 2008] is an example where this is applied. They explore
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ground evaluation, in which the visualization tool is analyzed within the
context where it is used, so as to adapt it to better perform.

2. Visual Data Analysis and Reasoning (VDAR) analyzes how well the visual-
ization tool supports analysis and reasoning of the data, that is, generating
knowledge/information.

3. Communication through Visualization (CTV) is the assessment of commu-
nication tasks using visualizations, such as learning/teaching, presenting
or simple consumption of information. The goal is to see how well these
tools perform conveying a message.

4. Collaborative Data Analysis (CDA) - how well a tool allows for collabora-
tion, to have a group of people conducting analysis together, helping in joint
decision-making, conclusions or discovery.

5. User Performance (UP) studies if and how certain features can affect UP.
Using task completion time or task accuracy, it is possible to conduct that
evaluation. [Heer and Bostock, 2010; Hu et al., 2019; Kim and Heer, 2018]
are some examples of such evaluation being used. Controlled experiments
(user tests) are the most used technique, but system logs can also be ana-
lyzed to see how a user interacts with the tool or what settings they use to
tigure out their performance.

6. User Experience (UE) relates to a user’s subjective feedback, opinions on
how well the visualizations work for the designated tasks, to discover new
requirements or needs.

7. Automated Evaluation of Visualizations (AEV) - automatic/computer-based
evaluation approaches. Here, the goal is to output quality or efficiency
scores.

An interesting note is that UP, UE and AEV represented 85% of the papers ana-
lyzed in this summary, meaning those were the main areas being focused on at
the time of publication. A combination of UP and AEV is what we look for with
this research.

As we can see, apart from AEV, all the scenarios mentioned imply the use of hu-
man subjects to participate in the evaluation project. Most approaches mentioned
in other papers that also attempt to summarize evaluation methods face this issue
[Carpendale, 2008; Munzner, 2009; Wijk, 2013]. The need for subjects had Heer
and Bostock [2010] analyzing the viability of crowdsourcing for graphical per-
ception, replicating, once more, the work of Cleveland and McGill [1984] using a
tool from Amazon, Mechanical Turk (also used by Hu et al. [2019]). One way to
ease this process could be done through the use of heuristics. Zuk et al. [2006] de-
veloped a decision support systems is based on general rules and guidelines for
visualization design, which can be easy and quick to apply. However, we believe
the answer lies in the automatization of evaluation processes, which is the topic
discussed in the following subsection.
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2.1.3 Visualization Models Evaluation - Automatic Approaches

Based on the past work analyzed, we conclude that the main goal of automating
the evaluation process is to support the tasks of visualization generation [Mackin-
lay, 1986; Moritz et al., 2019], recommendation [Ehsan et al., 2018; Lee et al., 2019;
Wongsuphasawat et al., 2016a,b] and improvement [Bryan et al., 2017]. These
tasks are obviously related, since the goal is the same: provide the most effective
versions of data visualization.

One of the first examples of automated model evaluation comes from Mackinlay
[1986]. He developed a tool that uses graphical design criteria, expressiveness
and efficiency, and a composition algebra to create visualizations automatically,
just like generating sentences from a certain language. The composition algebra
is composed by the graphical marks/techniques identified by Bertin [1967 /1983].
This tool concentrates on generating designs that can be accurately interpreted.
The two sets of criteria mentioned are the following:

* Expressiveness criteria - These identify graphical encodings that express the
desired information, all of it and nothing more (to avoid possible incorrect
extra information).

¢ Effectiveness criteria - These identify which of these graphical encodings,
in a given situation, is the most effective at exploiting the human visual
system. It can be based on the comparison of the perceptual tasks required
by alternative graphical variables.

Mackinlay [1986] extended Cleveland and McGill [1984]’s ranking of graphical
perception and uses that knowledge to compare approaches in order to figure
out the most effective options.

Although the tool does not directly evaluate visualizations, that process is im-
plicit since it compares different options based on theoretical analysis and previ-
ously acquired knowledge, outputting the one that maximizes effectiveness and
expressiveness. Therefore, we can identify this approach as knowledge-based
method of automated evaluation.

This tool, named “A Presentation Tool” (APT) was a pioneer in this field, making
way for other similar, yet improved, tools. One such example is Draco [Moritz
et al., 2019], where they attempted to re-implement APT. The goal was to develop
a system that represents design guidelines as a collection of constraints. Some of
these constraints are hard, so as not to violate basic design principles, but others
are soft and are used to rank visualizations. The soft constraints are represented
through weights that can be updated according to user preference or professional
experience. That way, the system can keep up with research. The weights were
initialized according to graphical perception studies [Cleveland and McGill, 1984;
Kim and Heer, 2018; Saket et al., 2019], just as with APT. These constraints are
used to calculate the cost (or score) of a visualization, thus allowing for a scor-
ing/ranking system.
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However, a different set of methods of automated evaluation can be identified.
Statistical-based methods analyze properties of the data to assert the most ef-
fective ways of visualizing it to gather insights. Wongsuphasawat et al. [2016b]
presents a tool, named Voyager, that allows a mixture of manual and automatic
visualization generation by having a user input of variables and encodings, but
also recommending some options. Voyager privileges data variation (different
variable selections and transformations) over design variation (different visual
encodings of the same data), which is a different strategy of improving data anal-
ysis: focusing more on which information is presented and how it is processed
before being encoded. Voyager is based on a recommendation engine called Com-
pass. This engine, presented in an article of its own [Wongsuphasawat et al.,
2016a], is capable of enumerating, clustering and ranking visualizations accord-
ing to data properties and graphical perception principles. Some examples of
the use of statistics in Compass include the analysis of correlation between data
attributes and presence of outliers. Those criteria can help better rank available
visualization options, allowing the recommendations suggested to the user in
Voyager.

Another way of using statistics for evaluation, suggested by Ehsan et al. [2018], is
by analyzing numerical attributes of data, possible aggregations and binning of
values in order to present better insights. Even though it seems simple enough,
the combinations of these possibilities are nearly endless. To reduce this number,
they apply a multi-objective utility function that captures the impact of numeri-
cal dimension attributes. The goal of the function is to measure interestingness,
usability and accuracy, balancing each other to achieve the highest performing
visualization. Once again, like in the first example of this subsection, although
the evaluation is not directly applied to a visualization, it still occurs, but this
approach manages to avoid the unnecessary generation of poor examples.

A similar strategy is presented by Lee et al. [2019]. The authors attempt to aid
analysts in presenting visualizations that maximize the information output of a
dataset. The focus is also in analyzing combinations of attributes, but in addition
to selecting combinations that provide more insight, the aim is also in avoiding
cases where the data presented is deceiving. For that, they apply a utility func-
tion that calculates how much a different visualization contributes in terms of
informativeness.

Statistics can also be used to determine certain points in a visualization that
should have more focus. Bryan et al. [2017] present an approach that helps to
explore Time Series in order to find and annotate points of interest (important
timestamps), to improve the quality of the presentation.

In summary, we can condense automated evaluation approaches into knowledge-
based and statistical-based ones. In spite of being based on carefully studied
design and cognitive principles, knowledge-based methods can be hard to apply
since they require the translation of theoretical concepts into algorithms. Not only
that, but as we have covered in this section, these concepts are heavily affected
by the context in which they are used, making the challenge even tougher to
generalize and automate. Statistical-based approaches, on the other end, seem to
be more focused on the information output than on the visualization technique
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itself. Therefore, despite seemingly promising, we believe we can surpass this
set of automated approaches by applying Machine Learning methods to evaluate
visualizations. That discussion is done in the following section.

2.2 Machine Learning for Data Visualization

As was mentioned before in the introduction, ML can be very helpful in assisting
in various fields and contexts, and Data Visualization is no exception. In fact, the
number of publications regarding ML4VIS have been steadily increasing during
the second half of the past decade [Wang et al., 2022; Wu et al., 2021] which shows
an increasing interest in this field. As Wang et al. [2022] put it, “the application
of ML techniques can benefit a variety of visualization related problems”. In the
survey they explore processes related to visualization that can benefit from the
use of such techniques. These seven processes are the following;:

¢ Data Processing: improving the efficiency of data processing and enhancing
the perception of visualization.

¢ Data-Visualization Mapping: mapping of data into visual channels and im-
proving the efficiency of visualization creation.

¢ Insight Communication: interpreting insights and improving efficiency of
communication through visualization.

¢ Style Imitation: imitating color and layout selection from designers’ prac-
tices.

¢ Visualization Interaction: understanding natural user interaction and refin-
ing results of said interactions.

* User Profiling: predicting user behavior and characteristics.

* Visualization Reading: extracting and interpreting content and estimating
human perception.

We can see that most of these processes, while closely related to the visualization
pipeline, are less focused on the final product of the graphical representation,
except for the final one, which closely relates to our research goal. In this section
we explore approaches for applying ML methods in Data Visualization, going
over several contexts of this field and focusing on the analysis and evaluation
part.

2.2.1 ML Base Concepts

Since in this section we will be presenting ML approaches, a context of basic
terms, concepts and definitions is necessary for the reader to fully grasp the topic
in hands. This subsection fulfills that requirement.
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Starting from the beginning, as previously explained, Machine Learning is a sub-
field of Artificial Intelligence (AI) that allows computers to automatically learn
how to solve certain tasks or improve its performance on them, without the need
of being explicitly programmed for that [Aggarwal et al., 2022]. This process is
based on ML algorithms that use data to train and adapt models to provide a use-
ful output based on new input data. This learning factor is what separates ML
from other subfields of Al [Aggarwal et al., 2022].

The data used to train the model, called training data, can be used in different
ways for the model to learn. One example is supervised learning, where the
training data is labeled with the corresponding output so that the model can ad-
just itself in order to deliver the expected response. Unsupervised learning, on
the other hand, does not have those labels, leaving it to model to find patterns
and relationships in the data on its own. A middle term between these two ap-
proaches is semi-supervised learning, where part of the data is labeled while the
other is not. These two components are used during the training process in dif-
ferent ways to improve the model. Another existing method is Reinforcement
Learning (RL), in which a model learns in a trial and error fashion. This is done
by assigning a reward (or punishment) to an action/decision from the model,
allowing it to adapt to its environment/task [Goodfellow et al., 2016].

For the training process of the models, it is common to split the available data
into two sets, a training set and a test set (train/test split). As the names indicate,
the training set is used to train the model, while the test set is used to evaluate
the model’s performance. This is done to get a more accurate estimate of how
well the model generalizes. Therefore, we test the model on new, unseen data to
verify if it didn’t simply adapt itself to the training data. If this happens, and the
model performs poorly on new data (after performing well on the training data),
it is a case of overfitting, where the model is not able to generalize. When the
performance is bad in both sets, it is called underfitting [Bonaccorso, 2017]. In
some cases it is common to split the data into three sets, with the additional one
being a validation set (train/validate/test split), which can be used for parameter
tuning. Different combinations of parameters can be tested with the validation
set to assert which are the highest performing ones. Additionally, it can also be
used during the training process evaluate the model’s performance and assert if
it is possibly underfitting or overfitting. The third set is needed because the final
evaluation must always be done on unseen data.

The data used in ML is typically composed of different attributes. For example,
in a dataset of houses, each house can be described by its size, location and price.
These attributes can also be referred to as dimensions or features. This informa-
tion is what the model uses to find patterns and relationships needed to solve
the designated tasks. The bigger the feature space (or dimensionality), the more
complex the data is, which can make it more difficult for the models to learn.

ML algorithms can solve tasks in many ways. Two of the most common are clas-
sification and regression. In classification problems, the goal is to predict a class
label for a given input. Classification can be binary, with only two classes (e.g.
true or false) or multi-class (e.g. fruit type). In regression, on the other hand, the
goal is to estimate a continuous output value (e.g. the price of a house, given its
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characteristics).

Many ML algorithms have been developed and presented over the years [Das
and Behera, 2017]. Since this subsection is not meant to be a comprehensive list
of existing approaches, we will only present those that are mentioned later in the
section.

Support Vector Machine (SVM) are a type of supervised learning algorithm that
can be used for both classification and regression tasks. The core idea behind
SVMs is to find the hyperplane in the feature space that best fits the training
data. For classification tasks, SVMs find the hyperplane that maximizes the sep-
aration between the classes by maximizing the margin, or the distance between
the hyperplane and the nearest support vectors (for multi-class problems, multi-
ple support vectors are used). This is known as the maximum margin classifier
[Jakkula, 2006]. For regression tasks, SVMs (known as Support Vector Regres-
sors (SVR’s)) find the hyperplane that best fits the data by minimizing the error
between the predictions and the true output values.

A Neural Network (NN) is a machine learning model inspired by the structure
and function of the brain, consisting of layers of interconnected nodes (neurons)
[Wang, 2003]. NN's are able to learn by adapting the weight of each connection
between nodes to improve its predictions. Therefore, they are able to learn com-
plex relationships between input and output data, and can be used for a wide
range of tasks. There are several types of neural networks, including feedfor-
ward neural networks, convolutional neural networks, relational networks, deep
belief networks and autoencoders. NN’s with multiple hidden layers (layers be-
tween the input and output layers) are considered Deep Neural Networks, and its
corresponding subfield in ML is called Deep Learning [Shinde and Shah, 2018].

In a feedforward neural network, the input data is fed through the network, layer
by layer, without looping back, unlike others where the data can also flow back-
wards. An example of such a NN is a Multi-Layer Perceptron (MLP), where
each node receives an input from the previous layer and combines these inputs
using an activation function [Manning et al., 2013]. The output of the last layer
is the overall output of the MLP. A simple example of a structure for this type of
teedforward NN is presented in Fig. 2.2.

Deep Belief Networks (DBN) are a different type of neural network composed
of multiple layers of other neural networks (restricted Boltzmann machines) that
apply probabilistic models to extract relevant features from the input in a hierar-
chical way [Hinton, 2009]. The final layer is used to make predictions based on
the input data.

Relational Networks are yet another type of neural networks that are used for
data with complex relationships [Santoro et al., 2017]. They are composed of mul-
tiple modules, each responsible for part of the input data. Attention mechanisms
are used to connect these modules, allowing the network to learn relationships
between different subsets of the input. Based on these relationships, relational
networks can, for example, join inputs of different types to make more informed
predictions.
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Input layer Hidden layer Output layer
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Input #2 Output

Input #3

Figure 2.2: Example of structure of a typical 3 layer feed forward multilayer per-
ceptron [Manning et al., 2013].

Convolutional Neural Network (CNN) is a type of neural network designed
specifically for processing input data with a grid-like topology, such as an im-
age (2 dimensional grid of pixels) [Goodfellow et al., 2016]. CNN's are composed
of multiple convolutional and pooling layers, which extract features from the in-
put data. Convolutional layers use filters to produce feature maps, that highlight
certain locations or patterns of the input, such as edges, corners or lines, for ex-
ample. These filters are adjusted during the training, thus allowing the CNN to
learn how to extract features. Fig. 2.3 illustrates how a convolutional layer can be
used to obtain the edges of something in an image.

Figure 2.3: Convolution operation for edge detection in an image [Goodfellow
et al., 2016].

Convolutional layers are usually followed by Pooling layers that down-sample
the feature maps previously generated by aggregating values through a certain
criterion (maximum, average or sum, for example). This pooling operation helps
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reduce the complexity of the feature maps, allowing for an easier processing and
better generalization of the model for future data. A simple example is presented
in Fig. 2.4, where an average pooling is applied.

2x2 average pooling, stride = 2

Figure 2.4: Average pooling operation example [Sanagapati, 2017].

These extracted features are then fed to a fully connected neural network that
processes the features into the final output of the CNN. Fig. 2.5 shows an exam-
ple of a CNN structure for number recognition, containing convolutional layers,
pooling layers and a fully connected neural network used to make a prediction.

fc_3 fc 4
Fully-Connected Fully-Connected
Neural Network Neural Network
Conv_1 Conv_2 RelU activation
Convolution Convolution 1 K—M
(5 X 5) ke"_'d Max-Pooling (5 X 5) I(err.zel Max-Pooling (with
valid padding 2x2) valid padding (2x2) /-’ﬂ.Nropout)
) A 2 L TS
e L .‘g X \“.‘.\ y 0
lFl @ 01
2
HHii=e e
b \|
INPUT nl channels nl channels n2 channels n2 channels \\'\"\u 9
\ ;
(28 x 28 x 1) (24 x 24 x n1) (12x12xnl) (8 x8xn2) (Ax4xn2) \ )~ OUTPUT
n3 units

Figure 2.5: CNN example for number recognition [Saha, 2022].

By combining convolutional and pooling layers (and its corresponding parame-
ters), different CNN architectures can be defined. These can vary according to
the input data and the designated task to perform. Over the years, many ar-
chitectures have been proposed for different purposes, which regularly serve as
starting points for projects involving CNN’s, since they have proven to be suc-
cessful in the past. Some popular architectures include LeNet, Inception and
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VGG, which have also different variations (e.g. VGG has VGG16 and VGG19).
However, many more exist and are mentioned throughout this document.

The training process of a CNN usually takes significant amounts of time and com-
putational resources, as well as the need for very large datasets, when done from
scratch. To avoid this, one can use Transfer Learning, which basically consists
of adapting a previously trained CNN to a new task or domain. Since the model
was already trained, all that is needed is to fine-tune it, which reduces training
time and resources, and can also help provide better results [Shin et al., 2016]. A
common example is ImageNet trained models. Many CNN's of different archi-
tectures have been trained on ImageNet [Deng et al., 2009], a benchmark dataset
for image classification and are used as the base for transfer learning.

The final model presented is the Autoencoder (AE), a type of neural network
designed to learn a reduced, compact, representation of the input data [An and
Cho, 2015] (e.g. an image). This low-dimensional version is called the latent rep-
resentation (or code). The AE is composed of two main elements: an encoder and
a decoder. The encoder takes the input and maps it to its latent representation
through a series of hidden layers. The decoder, on the other hand, reverses that
process and reconstructs the input, also through several hidden layers. The main
goal of an AE is to minimize the difference between the original and the recon-
structed data, after reducing it to its latent representation. A simple schema of
how an AE works is presented in Fig. 2.6.

—> Encoder |- Decoder —>

Original
input

Reconstructed
input

Compressed
representation

Figure 2.6: Autoencoder schema example [Chollet, 2016].

A more complex version of this algorithm is the Variational Autoencoder (VAE),
that differs from the AE by how it learns to represent the data compactly. While
AE learns to compress the input, the VAE learns a continuous latent space that is
able to capture the underlying structure of the data. By applying a probabilistic
model, all that is needed are the estimated parameters for the distribution of the
input. These parameters allow the reconstruction by sampling values from the
corresponding distributions [An and Cho, 2015].

In this subsection, we presented some basic ML concepts as well as popular ap-
proaches used in the field, which are mentioned later in this section. As it may
have been noticed, deep learning methods, especially CNN’s, were the most em-
phasized, since those are the main approaches applied in the gathered literature.
Nevertheless, only a brief overview was provided. For that reason, should the
reader be interested to deeply explore these concepts, we suggest the following
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book [Goodfellow et al., 2016].

Lastly, other ML algorithms, such as K-Nearest Neighbors, Naive Bayes, Deci-
sion Trees, Random Forest or Logistic Regression, more classical approaches, are
also mentioned throughout the rest of the section. However, since they are more
used as baseline models to compare to novel ones and are not the focus of our re-
search, they were not be presented in this subsection. However, similarly to deep
learning methods, if the reader wishes to find out more about these techniques, or
even other topics less discussed, such as Reinforcement Learning, we encourage
to explore the following reference, since the a deep analysis of algorithms is out
of this dissertation’s scope [Mitchell, 1997].

2.2.2 Applications of ML in Data Visualization

ML can be used in visualization for many reasons and in many ways. As far as
reasons go, Wu et al. [2021] identify three main goals in their survey: visualization
generation, enhancement and analysis. These can be achieved in many ways. The
survey identifies seven primary tasks with that apply ML for visualization:

Transformation

This operation converts the formats of visualizations. It can be used to transform
visualization programs, another known visualization format other than the clas-
sic graphical image, into the other version. Programs consist of the description of
the visualization, rather than simply an image, which can be easier to adapt.

Such an adaptation example is VisCode [Zhang et al., 2020], an approach aim-
ing to embed information in visualization images, without distorting the original
chart. This can help enter more information in the visualization without being
seen, avoiding a loss in quality or appearance. It can be used to insert metadata,
source code or for visualization retargeting. This tool has three main components:
A Visual Importance Network (a CNN with a BASNet architecture) that analyzes
the most important areas of the chart in order to avoid them when inserting infor-
mation. An Encoder Network that inserts a message within the image, encoding
it. This is a CNN acting as an Autoencoder. The Decoder Network, that reverts
that process and recovers the encoded message. This is also a CNN (smaller)
acting as an Autoencoder.

Another example is MobileVisFixer [Wu et al., 2020]. They use RL in order to
train a model to adapt visualizations in their "regular" desktop/web dimensions
to mobile friendly views, so as to be properly used in that context. They use RL
since the goal is to mimic human behavior into automating the adapting process.
To train this model, they apply heuristics for the learning policy.

Part of the transformation process of turning a graphical visualization into a pro-
gram is the classification of the visualization received as input. That is a challenge
explored by Deepchart [Tang et al., 2016]. They combine CNN’s and Deep Belief
Networks (DBN) in order to classify data charts of five types: pie charts, scat-
ter charts, line charts, bar charts, and flow charts. The CNN are used to extract
deep hidden features of the images and the DBN makes use of those to make the

20



State of the Art

prediction of the type of chart.

Also regarding this problem is the contribution from Chagas et al. [2018], where
they compare different CNN architectures (VGG19, Resnet-50, and Inception-
V3) and compare these approaches against conventional classifiers (K-Nearest
Neighbors, Naive Bayes, Random Forest, Support Vector Machine). The dataset
used comprised of 10 classes of chart images. The results showed Resnet-50 and
Inception-V3 performed best, achieving an accuracy of 77.76% and 76.77% re-
spectively, much better than the other approaches, barely surpassing 45%.

Transformation might also need pre-processing, such as decomposition of mul-
tipart figures. Tsutsui and Crandall [2017] presents an automated approach for
this task, so that each chart can be analyzed individually. They try to improve
the existing methods, based on manually defined rules, by using YOLO V2 CNN
architecture to identify bounding boxes needed to separate the sub-figures. They
also apply Transfer Learning by using ImageNet’s set of weights for the neural
network.

Comparison

Comparing two visualizations through a certain criterion, such as, for example,
similarity. This can be also be considered part of visualization analysis and can
be useful when looking into a collection of examples.

One example of this task is ScatterNet [Ma et al., 2020]. ScatterNet attempts
to represent human perception in analyzing scatter plots. To do this, they use
CNN'’s with a triplet network structure (and Krizhevsky et al. [2017]’s architec-
ture) to assess the similarity (or dissimilarity) of scatter plots. For human evalu-
ation, they conducted user studies, and concluded that ScatterNet’s learned fea-
tures capture the human perception of scatter plots effectively.

Querying

Retrieving relevant visualizations from a collection according to the user’s needs.
This can be very useful for search engines, for example, when searching for visu-
alizations regarding a specific topic.

An example of this task is present in VizWiki [Lin et al., 2018], a system that scans
the internet, namely the Wikipedia database (Wikimedia Commons) for visual-
izations to enrich news articles. First, they separate visualization images from
non-visualization ones by using a CNN (InceptionV3 with ImageNet weights)
and a Support Vector Machine (SVM). After that, the visualizations are analyzed
and ranked in terms of usefulness. This analysis combines textual and graphical
features (that ended up not being so useful) which are used by a Ranking SVM
(RankSVM) to rank.

Reasoning

Interpreting visualizations in order to extract high-level information, as in more
than just assessing the type of chart of visual encoding used. The goal of this task
is for the machine to read visualizations like a human would.

A good example to illustrate this task is the work of Poco and Heer [2017]. They
present a pipeline that allows the automatic recovery of visual encodings from a
chart image. First, it identifies textual elements in the chart, using Darknet (an
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open source CNN framework). Then, it recovers the text using optical character
recognition. After that, they classify the role of each element. Next, they identify
the graphical mark used, using a CNN with AlexNet’s architecture. Finally, using
this information, it is possible to recover what variables are encoded and how
they are encoded in the chart.

With Chart decoder [Dai et al., 2018] the authors go even deeper in the reason-
ing task. They present a system that decodes visual features in order to gen-
erate textual and numeric information from a chart. Their approach consists of
four pipelines: chart classification with CNN'’s (Alexnet, VGG16, GoogLeNet and
ResNet architectures were tested, with VGG16 being a close best), textual compo-
nent extraction (through identification, text recovery and role classification, like
in the previous example), graphical component extraction by detecting bars in
bar charts and assessing their values, and chart data recovery by combining the
information gathered until this point. The final two steps were only implemented
for bar charts, though. This example could also be included in the Transformation
task, since it allows for a change in the visualization format, in a way.

Other examples [Kafle et al., 2018; Kahou et al., 2017] explore this task by present-
ing datasets of visualizations and question-answer pairs for each chart in order to
study aspects of machine understanding of data visualization, along with model
performance evaluation on the dataset. Kafle et al. [2018] present two novel ap-
proaches using Neural Networks that generate strings to answer the questions,
while Kahou et al. [2017] apply a text-only Long Short-Term Memory (LSTM)
model, that same model combined with CNN'’s of different architectures and a
Relational Network (a network model that analyzes the relation between differ-
ent elements) to provide a binary response to the questions: yes or no.

Recommendation
Even though the name is pretty straightforward, this task helps the user by sug-
gesting or advising them in terms of visualization choice.

An illustrative example on how it can be used is VizML [Hu et al., 2018]. They
present an ML-based approach for recommendation that learns visualization de-
sign choices (such as selecting visualization type or choosing which axis do en-
code) from a large dataset. The model used is a fully connected, feed-forward
neural network that receives manually chosen features. They compared the per-
formance of this model against baseline models (Naive Bayes, Logistic Regres-
sion, K-Nearest Neighbors, Random Forest) and against other known ML-based
approaches. They also showed the performance of their model is comparable to
human performance, through a crowdsourced test set.

Mining
Gathering insights from a visualization database. This task differs from querying
since it does not return a set of visualizations from a collection, but rather patterns

of data or of visualizations, that can result in cluster or statistical analysis, for
example.

VizByWiki [Lin et al., 2018] can also be included in this task since the search pro-
cess also returns statistics regarding percentages of analyzed visualizations and
their level of relevance (useful, somewhat useful of not useful).
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As we can see, many applications can be identified for ML. It is worth reminding
that all these tasks are all part of the same domain, data visualization. This just
goes the show how deep ML techniques can be explored within a single field, for
a great profit.

However, one particular task was not mentioned in the listing throughout this
subsection. That task is assessment, which is the main focus of this dissertation
and discussed in the following subsection.

2.2.3 ML for Evaluation

The assessment task, or evaluation, consists of assessing a visualization according
to a certain criterion, either in an absolute way, by calculating a score, or in a
relative way, by ranking multiple visualizations. However, an absolute score can
be more valuable since it can also be used for ranking but can, in addition, be
used for optimization of algorithms, for example, for visualization generation,
recommendation or enhancement. Even though a wide range of criteria can be
identified, such as similarity between visualizations as presented in ScatterNet
[Ma et al., 2020] in the previous subsection, we believe the most useful one might
be a quality assessment.

However, the definition of the quality criterion can be highly subjective and can
also be measured in many ways. For example, VizByWiki [Lin et al., 2018], also
previously discussed, makes a ranking of visualizations according to their use-
fulness to the article being written, which, in a way, represents its quality.

A different criterion that may make more sense to mention related to quality is
aesthetics. In other words, it measures how good the figure looks, which can cer-
tainly add value to the visualization. Fu et al. [2019] make use of this criterion
in their research. They automate the process of visualization assessment through
ML techniques. Using a semi-supervised learning approach, they apply a Varia-
tional Autoencoder (unsupervised learning) to extract effective features from the
visualizations, followed by the model that calculates a score based on the features
and on the corresponding assessment criteria. More specifically, the criteria used
are aesthetics and memorability. For each of these, a Support Vector Regressor
(SVR) is trained (supervised learning) to estimate a score for a visualization fed
to the model, thus allowing for an assessment.

Aesthetics is also analyzed by Haleem et al. [2019], although with a different,
more objective goal than the previous approach. They attempt to optimize the
process of evaluating dense graphs in terms of readability, by assessing the image
layout of the graph. For this, they present a new CNN architecture that takes into
account multiple metrics like edge crossing or node spreading, for example. In-
spired by AlexNet and VGG, their architecture consists of 6 convolutional layers
that feed a two-layered, fully connected Neural Network that makes a regression
estimation of each metric designed.

Readability is certainly an important criterion of visualizations, that can reflect on
other aspects such as accuracy or completion time of visualization related tasks.
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Giovannangeli et al. [2020] attempt to automate the evaluation process according
to this aspect. The goal is to use it as supporting evidence for standard user as-
sessment, since existing approaches cannot yet reflect human capabilities but can
still be useful for comparing different visualization techniques. Therefore, they
assess the correlation between the performance of users and CNN'’s through ex-
periments that compare certain tasks carried out with graphs of two types: node-
link diagrams and adjacency matrix diagrams. For each task and type of graph,
they train two CNN models, with LeNet and VGG16 architectures, and compare
the results through several metrics. They conclude that user’s and machine’s
performances could be correlated for some tasks, but more work is needed to
generalize this assumption.

Just as readability is related to accuracy, accuracy itself is related to graphical per-
ception, as was explained in subsection 2.1.1. DeepEye [Luo et al., 2018] explores
this as a metric for evaluation. DeepEye is a system that supports automatic data
visualization by tackling three problems: i) deciding if a visualization is good or
bad, ii) choosing which visualization is better between two examples and iii) re-
trieving the n best visualizations in a dataset. This evaluation is done in terms
of human graphical perception, which can be hard to capture and compare since
there is no ground truth. They compare knowledge-based approaches with ML-
based ones, using pre-defined features such as number of distinct values in a col-
umn, data types or correlation of different columns. Through these features they
train a binary classifier for problem i), using Decision Trees as the highest per-
forming one. For problems ii) and iii) they apply the LambdaMART algorithm
to find a function that outputs a score for each example, allowing for a ranking
of visualizations. For problem iii) they also proposed a solution of partially or-
dering visualizations to better rank them, which is relevant and presents better
results since different visualization types might not be directly comparable.

Another approach for this metric is explored by Haehn et al. [2018], in which they
measure the graphical perception capabilities of CNN’s by reproducing Cleve-
land and McGill’s experiments [Cleveland and McGill, 1984]. Only five of those
are conducted, aiming to predict values in the visualizations from the visual
marks presented in each case, through logistic regression. Four models are tested
and compared for these tasks. As a baseline model, a simple MLP is used, with no
feature extraction. Then, three CNN architectures are used, LeNet, VGG19 and
Xception, with and without transfer learning by importing ImageNet’s weights.
They also compared these models against human performance, concluding the
CNN’s are not, as of yet, the most effective way of capturing human graphical
perception, since they show better performance in certain tasks but worse in oth-
ers.

2.3 Summary

Throughout this chapter we carried out an extensive research regarding data vi-
sualization. We started by presenting the principles in the basis of information
design in section 2.1, namely regarding visual encodings and the way they are
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used to transmit information to the viewer. This is an vital aspect to look into
since the visual variables are the main element of a visualization, thus having a
great impact.

Next, we explored the methods used to assess their efficiency. In subsection 2.1.2
more classical methods are discussed, such as user studies of different types con-
ducted to draw conclusions, while in subsection 2.1.3 more innovative ones, that
automate the process by using computers for that analysis, have been presented
and discussed. These can be done in different ways, summing up to knowledge-
based approaches and statistical-based ones. These methods, although success-
ful to an extent, have their weaknesses: user studies require human subjects to
engage in tests, knowledge-based tools require the mapping of theoretical find-
ings into computer algorithms and statistical-based methods, while useful, do
not seem to target the same problem as us.

Then, we introduced ML techniques in subsection 2.2.1 and reviewed cases of
how they could be applied for visualization-related tasks. Subsection 2.2.2 covers
a range of scenarios, such as visualization transformation, comparison, querying,
reasoning, recommendation and mining, providing us with a valuable list of ML
approaches for visualization-related tasks, which can be useful when we need to
select which ones to use.

The evaluation task is more emphasized in subsection 2.2.3, given that it is the
focus of our research. Several strategies were presented, including the ones we
believe better align with our goals, such as readability, accuracy and visual per-
ception. Being able to capture human graphical perception with machines would
be perfect for evaluation, since we could replicate those capabilities in order to
properly evaluate visualizations, as if they were humans. However, it seems we
are not at that stage yet. Moreover, we can see that few ML approaches have been
presented that take into account the mentioned metrics, and even fewer (or none)
that generalize that type of evaluation. We have seen examples of assessment for
graphs only [Giovannangeli et al., 2020; Haleem et al., 2019], an approach that
simply classifies visualizations as good or bad [Luo et al., 2018] and an approach
that merely replicates simple experiences [Haehn et al., 2018]. Nevertheless, these
findings are a very important basis for our work: we are aware of the progresses
made so far, their approaches and their limitations, which serve both as inspi-
ration and support. What we look for though, is a more generalized approach
that can help better compare different types of visualization. A more thorough
explanation, as well as the goals to achieve such an objective, are presented in the
following chapter.
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Work Plan

In this chapter, we discuss how the work plan defined at the beginning was actu-
ally carried out throughout the past months. We start by summarizing the tasks
previously suggested and how they were later adapted to better fit the require-
ments of our goals. However, we will not get into the full details of the tasks in
this chapter since they are deeply explored later in the document. Additionally,
we compare the time window of the developed tasks against the original plan.

3.1 Tasks

As it was mentioned in the introduction, the main goal of this research was to
achieve a method of evaluating data visualizations in terms of visual perception.
In other words, we want to be able to assess a certain model on how easily or
accurately the encoded information can be perceived. Inspired by the experi-
ments conducted by Haehn et al. [2018], our strategy consists of applying Ma-
chine Learning (ML) techniques that attempt to extract the values embedded in
the visualization and compare them to the original values used to create the vi-
sualization. These values, called ground truth, can be used to calculate the esti-
mation error of the predictive model. Based on that error, essentially a scoring
metric, it is possible to evaluate the performance of the respective model. On top
of that, it allows for a comparison between different visualization models, which
is one of the reasons for this work. However, in order to apply that strategy and
achieve our goals, multiple steps are needed, which were discussed at the start
of this work. In Fig. 3.1, we show the Gantt diagram corresponding to the work
plan originally defined, featuring all the tasks and their associated time frame.
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Figure 3.1: Gantt diagram of the scheduled project development.

The first task defined (Select Existing Models) essentially meant looking into the
gathered literature on the topic of ML for Visualization (ML4VIS) in order to fig-
ure out which ML models would be the most suitable to test for our method of
evaluation. The second one (Create Dataset) was mostly related to increasing the
variety of data visualizations available to test our models, which meant decid-
ing which chart types to use. These two tasks were aggregated into a single one
(Experiments’ Setup Definition) where, in addition to these two tasks, it was
decided how to conduct the experiments and what information to save for each
one.

The third task stipulated (Baseline Tests Development) consisted of developing
the necessary code to conduct the base experiments and running them. This task
was split into two to separate the development and the experiments. The devel-
opment ended up being renamed (Experiments” Setup Development) since the
code is not exclusively meant for the base experiments and is later used for other
tests, while the experiments essentially kept the name (Base Experiments).

We added a task specifically for the development of the API for integration (API
Development since it is unrelated to the experiments but necessary work for the
project.

Regarding the fourth task (Results Analysis), it remained unchanged, apart from
its duration, since it is fundamental in a scenario of research and investigation
such as this one. Despite not being the last task presented in this section, it is
the final task of the development stage, due to it being initiated after the base
experiments but carrying on after the variations experiments, since those results
should obviously be analyzed too.

The fifth task (Generic Model Implementation) was somewhat discarded from the
original plan. Part of that task had already been developed at the beginning of
the semester, while another part was integrated into the experiment setup, where
the automation of training models was introduced. Additionally, the name of the
task was considered misleading as to what it actually meant, contributing to its
removal.

The final task of the development (Model Validation) had the goal of testing our
best-suiting model further in order to validate it for deployment. While the prin-
ciple remained, its name was changed, as well as its purpose, in a way. Now
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related to visualization variations used to test the capabilities and limitations of
our most suitable model, this task was also split into two, the first one being the
setup necessary for these new experiments (Variations Setup) and the second
one running the actual experiments (Variations Experiments).

Regarding the writing of the dissertation and article, a paper was written but has
not yet been published. This is planned to happen as soon as the target confer-
ences start in 2023, which correspond to IEEE VIS, EuroVis, and PacificVis, re-
garding visualization conferences, and IJCNN, ECML and ICML, regarding ML
ones.

3.2 Schedule

Regarding the scheduling of the work, we present an updated Gantt diagram in
Fig. 3.2 which takes into account not only the changes to the designated tasks but
also their time frame, indicating their true start and end. Despite these changes,
the waterfall methodology [Royce, 1987] was used anyway since the sequential
nature of the tasks remained, justifying this choice.

JAN 2023 FEB 2023 MAR 2023 APR 2022 MAY 2023 JUN 2023 JuL 2023 AUG 2023

1 8 15 22 29 5 12 19 26 5 12 19 26 2 9 6 23 30 7 4 AN 2B 4 ® B 5 2 9 6 23 I 6 B 20 7

Work Plan

v Project Development

Variations Setup

Variations Experiments
Results Analysis

End of Development

+ Final Report
Dissertation Writing
Article Writing
Report Delivery

Figure 3.2: Gantt diagram of the actual project development.

As we can see, several tasks had a noticeable difference in terms of duration. The
tasks regarding experiments (Base Experiments and Variations Experiments) took
longer than expected due to three main reasons: hardware limitations, which
forced us to adapt our code so as to be more optimized in terms of memory usage,
unpredictable duration for the training of the models and small mistakes in the
configuration of the experiments which on occasion led to their repetition.

The analysis of the obtained results also appeared to be longer than initially
planned. Although marked as a single continuous task, it consisted of several
moments as new results were being produced by experiments, thus appearing
longer than it actually was. In spite of that, the analysis took in fact longer than
expected since each time new information was discovered from the results, new
ideas of how to analyze that data appeared, leading to a chain of sub-tasks which
took a significant (yet justified) amount of time.

Similarly, the writing tasks (dissertation and article) also have a longer duration
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since they consisted of multiple moments throughout the course of the semester,
especially while the experiments were running, to avoid dead times.

Despite the changes to the work plan, the updated tasks maintain the same over-
all strategy and the same end goal: assessing the method of evaluation data vi-
sualizations in terms of graphical perception through the use of ML models. By
conducting baseline experiments to assert the most suitable model, further testing
it to understand its capabilities and limitations and analyze the obtained results,
we are able to reach that goal. The definition of the work plan at the start of the
project was fundamental in order to follow a logical sequence of steps and opti-
mize time usage. The tasks mentioned throughout this chapter are described in
full detail in the next chapters.
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Development

In this chapter, we describe all the work developed for the research on the topic
of this dissertation. The development had several stages, each with different con-
tributions towards the end goal. The necessary code for each task was written in
Python, the main programming language used throughout the development.

The chapter is composed of five sections, organized as follows: firstly, we explain
the approach used for our method for evaluating Visualization Models. Then,
we present the pipeline necessary for training the ML models. Next, we go over
the experiments we conducted to test different Convolutional Neural Network
(CNN) architectures, along with different types of visualization models. After
those experiments, we also test some variations in order to understand the limi-
tations of our proposed model. Finally, we describe the integration of our solu-
tion through an Application Programming Interface (API) and finish with a small
summary of what was presented.

4.1 Approach

In this section, we describe our approach towards the development of a solution
for a method of evaluating data visualization models. This approach follows the
logic presented in the introduction, where the concept of graphical perception is
used as the criterion of evaluation. However, instead of conducting studies with
human users, we make use of ML models to serve as the eyes and brain in order
to provide answers. More specifically, we use CNN's since the inputs are images
of data charts and, as it was presented in subsection 2.2.1, these are suitable for
image processing.

Our models are composed of two main elements. The first one, feature generator,
is what we named the CNN architecture that takes an image as an input and ex-
tracts its features, as it was explained in subsection 2.2.1. The feature generators
used, which are discussed later in subsection 4.3.1, have different characteris-
tics but the goal is the same: generate the necessary features to properly analyze
the image, which serves as input for the second element. This one, with the ex-
act same structure for every instance of our model, is a Multi-Layer Perceptron
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(MLP) consisting of an input layer which receives the features from the feature
generator, a hidden layer with 256 neurons and an output layer with the number
of neurons according to the number of values to regress (for example, a model
trained to process a visualization with five values must end with five neurons in
its final layer). To optimize this network we use an algorithm called Stochastic
Gradient Descent (SGD) with a learning rate of 0.0001, a Nesterov momentum
with a value of 0.9 and a batch size of 32 (32 samples processed at each time).
This optimization occurs throughout 1000 epochs, which means the training set
is processed a thousand times, as long as the network keeps improving.

The following diagram in Fig. 4.1 illustrates the structure of the model including
the two elements previously mentioned, as well as an example of how the input
image is processed into a set of labels.

1
0.28205128
0.64102564
0.20512821
0.43589744

Multilayer Perceptron
(MLP)

Feature Generator

Predicted Labels

Original Image

Figure 4.1: Model structure with an example - An image representing a chart is
inputted into the feature generator, which extracts the relevant features. Then,
those features serve as input for the MLP, which processes them and outputs the
estimated values represented in the original image.

The input consists of an image of 100 by 100 pixels, with each one having a value
between 0 and 1, where 0 is white and 1 black, therefore using only tones of gray.
Essentially, the image simply consists of a matrix of numbers, with 100 rows and
100 columns. This is further explained later in subsection 4.2.2. Regarding the
output, the number of values to regress corresponds to the number of variables
represented in the chart. However, how are the labels shown in the figure ob-
tained from the values used to generate the image? Well, given the original val-
ues, (17, 39, 11, 25, 8), we take the largest one, 39, and divide all the numbers by
this maximum value, obtaining the following set of labels:

0.43589744
1
0.28205128
0.64102564
0.20512821

This means that the labels simply reflect the proportion of the values in relation
to the maximum, just like the example provided in the introduction. The only
difference is that previously, for ease of demonstration, we multiplied all values
by 100 to simulate percentages and rounded the values to integers. One more
step is needed though. We need to roll the labels so that the first one corresponds
to the largest value, maintaining the order. By doing that, we obtain the labels
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according to the example, which is the logic used in the generation of the datasets,
further explained in subsection 4.2.2.

By using CNN’s to make a regression of the values presented in visualizations,
we can calculate how the error associated with the “reading” of the chart, as it
was explained in the introduction. This error allows the comparison of different
visualization types (or variations) by providing us with an absolute value for the
performance.

In order to make use of CNN’s for this task, we must first train them for that pur-
pose, just like a person first needs to learn how to perform a new skill, as simple
as it may be. But even though the logic is similar, the learning process is obviously
much different between machines and humans. Not only that, while humans eas-
ily learn and retain multiple skills simultaneously, the ML models used here are
fairly simple and can only be trained for a single task. This means that in order
to test different visualization techniques and their respective variations, multiple
models must be trained. For that reason, it is important to establish all the steps
necessary to train and test a model and implement them in such a way that is
easily repeatable, which is discussed in the following section.

4.2 Pipeline for Training

Due to the need to train multiple models in a repetitive way, many of them with
different configurations, we designed and implemented a pipeline for training,
which is described in this section. This consists of a series of tasks necessary for
the full process of training and testing a ML model, as well as making it available
for future use. These steps are presented in Fig. 4.2 and then described in the
following subsections.

Model Training

Model
Initialization

Dataset
Creation

Y

Feature
Generation

Weight
Adjustment

Model
Assessment

Model Prediction

Prediction
Score

Values
Regression

l—

Feature
Extraction

A

Figure 4.2: Sequence diagram of the developed pipeline process. Dashed lines

Model
Load

Model
Storage

indicate optional tasks.
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4.2.1 Model Initialization

Firstly, the model is initiated with all necessary parameters defined: a name for
the model, the CNN architecture to use, if the training should be done from
scratch or from ImageNet weights (see subsection 2.2.1 for further explanation)
and the number of variables to consider in the visualizations. This last parameter
is required for the final layer of the neural network previously mentioned: we
must specify the number of values to output in order to initialize it. Regarding
the remaining parameters, more details are provided in the following sections.

4.2.2 Dataset Creation

In order for the CNN's to be trained, a set of examples is necessary. In this case,
these correspond to charts with their represented values, just like the example
described in the introduction. Despite being a seemingly simple task, it is com-
prised of many steps. It is important to mention that the process described in this
subsection is heavily inspired by the work developed by Haehn et al. [2018] since
some of their code is used here.

First off, n values are randomly generated. This number varies according to the
model configuration. To facilitate the explanation, let us assume n as 5. This
means that 5 values are generated, which will be used to construct the visualiza-
tion. However, this generation obeys a set of rules to ensure a fair training:

e A minimum value;
e A maximum value;

* A minimum difference between values (e.g. with a minimum difference of
3, values such as 10 and 12 could not appear in the same set);

* A number for the total sum of the values (e.g. with a total sum of 100, the
sum of all values should match that number).

For 5 variables, the generation takes into account a minimum of 3, a maximum of
39, a minimum difference of 3, and a total sum of 100. As previously mentioned,
these properties vary slightly according to the number of variables desired for
generation, but the principle is the same.

Once we have the values, the next step is the generation of the image. This is
done by initializing a matrix of 100 by 100 values with zeros, which corresponds
to a plain white canvas, where the charts are drawn. For this, we use a Python
package called sickit-image which allows the drawing of lines, polygons, circum-
ferences and other elements, by providing coordinates and dimensions. These
are calculated through the use of the variables previously generated, therefore
representing them on the image.

Next, we mark the largest element. Why is this necessary? If we were to show
these images to a human being and ask them to perform the regression task, we
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A2

(a) Bar chart (b) Pie chart

Figure 4.3: Examples of images generated for the datasets. The largest element in
each chart is marked with a single dot.

would simply point to the largest value in order to guide them. Since we cannot
do that with a machine, we overcome that issue it by marking the largest variable
visually. This is shown in Fig. 4.3, where each chart has a single dot identifying
the largest value. If this was not done, it would mean that in addition to estimat-
ing the ratio of the represented values, the models would also need to identify
the largest value, which is an extra task that can influence the regression results
and is not what we intend to test. This hypothesis was tested and its results are
later presented in chapter 5.

Then, we add random noise to the background. This just means that instead of
having a pure white background, there are slight, random variations in the pixels,
within different tones of gray. Fig. 4.4 shows such an example, where we notice
the random noise in the background of the chart. Digitally speaking, instead of
having a matrix simply consisting of 1’s and 0’s, each pixel has a random vari-
ation within the range of -0.025 to 0.025. This is done for the model to focus on
the relevant features of the images, rather than on very specific, less important
patterns, which helps prevent over-fitting. Finally, after all the images have been
generated, their pixels” values are normalized and scaled to the range of -0.5 to
0.5, before being ready to be fed into the models for training and testing.

Regarding the labels for the images, further processing is needed for them to
be used in training and testing. Going back, we mentioned that n values, let
us say 5, are generated according to a set of rules. However, the task at hand
is not to make a regression of the values represented in the chart, but of their
proportion. In other words, we do not care about the specific values but only
their ratio. As we previously mentioned, the ratio should be calculated in relation
to the largest value. This means that in order to obtain these ratios based on the
original values, we need to divide them all by the largest one, as it was explained
in section 4.1. After that, the labels are rolled so that the first value corresponds
to the maximum, which will be 1 (since the largest value is divided by itself),
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Figure 4.4: Example of a chart generated with noise in the background.

maintaining the relative order for the remaining labels. Let us look at an example.
The values 8, 17, 39, 11, and 25 are randomly generated. Then, since 39 is the
largest value present, we divide them all by 39, obtaining 0.21, 0.44, 1, 0.28, and
0.64 (approximately). By successively rolling the numbers, we are able to move
the number 1 to the first position while maintaining the order, as it is shown
below:

021 044 1 0.28 0.64
064 021 044 1 0.28
028 064 021 044 1
1 028 0.64 0.21 0.44

This process is done for every single set of labels in order to be used for training.
It is necessary to do so because this way the order in which the model outputs
the variables is clearly defined. The last step for the labels is, once again, a nor-
malization in the range of 0 and 1.

Fig. 4.5 summarizes these steps into a diagram. First, we generate a set of random
values, which are used for two purposes. One of them is to produce a chart
representing the values, in which the largest element is marked and random noise
is added to introduce variation. The other purpose is to create the labels. For this,
we divide all the values by their largest and then roll the labels so that the largest
one is at the first position.

4.2.3 Model Training

The training of the model is slightly different according to a configuration defined
in the initialization stage. If the model is set to be trained from scratch, both the
feature generator and the MLP are trained. The former adjusts the way it extracts
features, while the latter learns how to process these features in order to calculate
the values, by adjusting the weights in the neural network, as it was explained in
subsection 2.2.1.

On the other hand, if the model should make use of transfer learning, by applying
ImageNet weights to the feature generator, only the MLP is trained, fine-tuning
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Figure 4.5: Diagram for the process of data generation.

the pre-trained convolutional network. This means that there are fewer param-
eters to adjust, compared to training from scratch, resulting in a faster training
time. However, it leads to worse results since we are only adapting a previously
trained network to a new task instead of solely training it for this challenge.

4.2.4 Model Assessment

The next step is the model assessment, in which the test set is used to assess the
model’s performance. This step is important to understand how well the model
learned how to perform the task, which in this case corresponds to extracting the
values represented in visualizations.

The way this is done is simply by having the trained model predict the labels pre-
sented in the test set of the dataset. Then, using the predicted labels and the true
ones, it is possible to calculate the performance metrics based on the estimation
error. These metrics are what allow the comparison between different visualiza-
tion types, according to the model’s performance on them.

4.2.5 Model Storage and Load

At this step, since the model is trained, it is ready to be used and thus, can be
saved (model storage) to be utilized later, in a different setting, if needed. If that
is the case, it is then loaded (model load) and ready to make predictions based
on more data. It is especially important once the pipeline is integrated since a
trained model will have to be used multiple times to assess new visualization
examples, but it is also useful for testing/experimenting purposes, to repeat or
conduct more tests on a particular model.
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4.2.6 Model Prediction

This stage of the pipeline can be considered the main one. This is because the end
goal is to have a method to assess a new example of a visualization and this is
achieved through the prediction (and its error) for a new input.

For this task, two steps are also needed. Facing a new visualization image, its
features are first extracted (feature extraction) using the feature generator previ-
ously mentioned, and then based on those, the MLP makes the regression (values
regression), outputting the estimated values.

4.2.7 Prediction Score

The final part of the pipeline consists of, once again, calculating scoring metrics
associated to the predictions made by the model. This is the way to transform
the estimated values into a metric that allows for a comparison between different
options.

4.3 Base Experiments

Throughout the previous section, we described the several steps included in the
pipeline for training, some of which require some parameter definition, namely
the CNN architecture to use, or whether or not to use transfer learning for the
training of models. Therefore, we must run experiments to try and assess the
best options for our evaluation method, as well as to attempt to figure out if it is
viable to use. This section describes that process, which, in summary, compares
the different options for the ML model to use in our evaluation, across a range
of selected visualizations. We named these “base experiments” due to being the
tirst ones and serving as a foundation for the research.

4.3.1 CNN Selection

The first, and most obvious question, is simply “which is the most suitable model
for this task?”. Well, for starters we know from domain knowledge mentioned in
subsection 2.2.1 that CNN’s have proven themselves to be highly effective with
image processing, which is the present case. On top of that, from our analysis of
the state of the art on ML4VIS, we also have some suggestions in terms of what
architectures to use for our domain specifically, along with some baseline results
for comparison [Haehn et al., 2018].

Therefore, we decided the most suitable CNN architectures to test for this re-
search were VGG19 [Simonyan and Zisserman, 2015], XCEPTION [Chollet, 2017]
and ResNet50 [He et al., 2015], since they have previously been used in tasks re-
lated to data visualization and proven successful. Obviously, more options could
also have been tested, but given time limitations, these were the prioritized ones.
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Another question important to test is the use of transfer learning. The available
implementations of these architectures allow the use of a previously trained ver-
sion on ImageNet, a widely known dataset of images. This adds a binary pa-
rameter to each of the mentioned architectures, turning the three options into six:
each one of VGG19, XCEPTION and ResNet50 with and without the use of Im-
ageNet weights. Unfortunately though, due to hardware limitations, ResNet50
with the use of transfer learning could not be properly tested, finalizing the num-
ber of possible CNN'’s to use to five. In order to integrate these architectures into
our pipeline, we made use of their implementation provided by the ML package
Tensorflow for Python. Should the reader wish to find out more about the struc-
ture of these CNN'’s, we invite them to check the references cited in the previous
paragraph.

4.3.2 Visualization Selection

After defining which CNN'’s to test, the next question relies on which visual-
ization techniques we test them on. This way, we also have the opportunity to
simultaneously test the performance for different visualization models and pos-
sibly draw some initial conclusions. It is important to mention that for this set of
base experiments, all visualizations used are generated from five values, which
means they only represent five variables, as we will see in the examples shown
in this subsection.

The first two available options are the bar chart and the pie chart, which need
no introduction as they are two of the most commonly used visualization tech-
niques. Examples of these are presented in Fig. 4.3. They are particularly im-
portant because since they are already used by Haehn et al. [2018] in their exper-
iments, we have some baseline results to compare our own for confirmation. It
is worth pointing out that for pie charts, the layout of the values starts at the top
(or, to be clear, at 12 o’clock) and progresses counter-clockwise. The question of
establishing that initial position as opposed to randomly choosing one was tested
and its results are later presented in chapter 5.

However, we want to expand further to other visualizations, especially those suit-
able for different data types. For instance, bar and pie charts are mostly used for
categorical data, where the values are assigned to categories and have no order
or numerical meaning. On the other hand, time series, a different type of data,
represent a sequence of samples observed over a period of time, so their repre-
sentation should highlight the evolution between sequential samples. For that
reason, we added the line chart to our set of visualizations, visible on the left of
Fig. 4.6. This type of visualization also makes use of the position to represent the
values, but unlike the bar chart, it connects adjacent points with a straight line.
Additionally, we wanted to evaluate the effect of the area under the line being
filled with color, so we also added that version (line chart filled) to the set, also
visible in Fig. 4.6 on the right side. In this case, to identify the largest value, we
mark it with a small circumference.
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(a) Line chart (b) Line chart filled

Figure 4.6: Examples of a line chart and line chart filled. The largest element in
each chart is marked with a small circumference.

Finally, we also propose a model that represents the values through the size of
rectangles, whose area varies horizontally. We call this one area chart, and an
example is shown in Fig. 4.7. This technique was mainly chosen for being a poor
representation, since the use of area is the least accurate perceptual task according
to Cleveland and McGill [1984], among those presented here. Just like the first
two presented visualizations, here the largest element is also marked with a dot.

Figure 4.7: Example of area chart. The largest value is marked with a single dot.

4.3.3 Experiment Structure

With five different CNN'’s to test (VGG19 with and without transfer learning,
XCEPTION with and without transfer learning and ResNet50) and five different
visualization models (bar chart, pie chart, line chart, line chart filled and area
chart), that give us a total of 25 experiments, since we want to test every visual-
ization with every model.

Additionally, due to a random factor associated with the testing, both for the gen-

40



Development

eration of the datasets and for the weight initialization of the MLP (and feature
generator, if applicable), we decided to run every experiment 5 times with each
set of parameters, totalling the number of base experiments to 125 (25 x 5 = 125).

In these experiments we follow most of the steps presented in the pipeline pre-
sented in Fig. 4.2, initializing the model, generating the appropriate dataset (ac-
cording to the visualization type), training the model, storing it, and testing. The
datasets used for these experiments consist of 100.000 samples, with a Train-
Validate-Test split of 60/20/20, which means 60.000 samples are used for training,
20.000 for validation and 20.000 for testing. We calculate several metrics, which
are covered in section 5.1, both for the validation and test sets, storing them along
with the trained model itself (and its configuration).

After testing the model we also store all the true and predicted labels by the
model, as well as the original values used to produce the charts in the test. This
allows us to calculate any metric we might need in the future, as well as analyzing
individual examples that might stand out.

Additionally, we also store other information such as the total time for the ex-
periment, the random seed used, the size of the dataset and the date and time of
when the experiment was conducted.

4.4 Visualization Variations

After asserting the most suitable CNN to use by analyzing the results of the base
experiments, we need to test it further in order to better understand its capabili-
ties and discover its limitations. For that, we defined variations for the proposed
visualizations. For each variation, the same logic from the base experiments is
followed: five experiments are conducted, training and testing a new model in
order to properly analyze the effects of the changes to the charts. All further
configurations remain the same, as well as the saved information regarding the
experiment.

Rotation

The first variation introduced is a simple rotation. The point is to analyze whether
the orientation of the chart has any influence on the performance of the CNN. For
that, we simply apply a 90° clockwise rotation for the visualizations before using
them for training and testing. Examples of this variation are visible in Fig. 4.8.
Regarding the pie chart, this variation was not tested because of its nature: since
it is an angle-based visualization, a rotation will have little to no significance,
which is why it does not appear in the examples.
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Figure 4.8: Examples of charts rotated 90° clockwise.

Number of variables

In the base experiments, and in all the examples shown so far in this chapter, only
five values are represented in each visualization. The reason for that is that the
initial tests conducted by Cleveland and McGill [1984] and Haehn et al. [2018]
only made use of such examples, so it was our starting point. However, it is
unrealistic to assume that all charts will only have 5 variables, as is assuming that
a different number of values will not influence the performance of the CNN's.
Therefore, in order to expand on previous research, we must test that change in
our experiments. We added the feature to control the number of variables present
to our dataset generator, and conducted tests with 3, 7 and 10 values in each
visualization, hoping to understand how the variation of performance behaves
(i.e. grows, decreases) in each of those scenarios, in comparison to the baseline of
5 values. Examples of this variation are shown in Figs. 4.9a through 4.9c.

J D v A

(a) 3 variables

|

Ml @ Vo e

(b) 7 variables

Nt % Aroda,l

(c) 10 variables

Figure 4.9: Examples of charts with different number of variables represented.

42



Development

Color

Another property of the charts presented so far that is constant is the color dis-
play: black lines drawn on top of a white background. The line chart filled is
already a variation of the line chart, but it is the only example, and a fairly sim-
ple one. Still, that same principle was applied to the remaining visualizations,
creating a variation worth testing. Examples of such a change are shown in Fig.
4.10.

Figure 4.10: Examples of charts with the filled variation.

Additionally, another color-related variation used is reversing the colors used
for the background and for drawing the chart. In other words, this variation
consists of drawing the charts in white, over a black background, as opposed to
the reverse in previous tests. Examples of this variation are shown in Fig. 4.11.

Figure 4.11: Examples of charts with the reversed variation.

Finally, we also propose a combination of these two color variations: reversing
the colors and filling the charts. Examples are shown in Fig. 4.12.

g © 1

Figure 4.12: Examples of charts with the reversed and filled variations combined.

In order to test these color variations, the approach was different from the pre-
vious ones, which was similar to the one used in the base experiments. Here,
instead of testing each color variation in its own experiment, we conduct a single
experiment where the dataset is comprised of all the variations in a balanced dis-
tribution. This means that, for example, a dataset of bar charts, which has four
possible versions, will have 25% of each one, in order to properly test the effect
of the variation.
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Even though we refer to these variations as “color-related”, we understand that
these still only generate charts in black and white. However, if we were to test
with the color spectrum outside the tones of gray, endless possibilities and com-
binations could be found, which would consume too much time to be beneficial
to the experiments. Not only that but from our domain knowledge of how CNN’s
work, we believe that changes of color would not deeply impact the performance,
as long as there is enough contrast to notice the edges of the chart from the back-
ground.

4.5 API for Integration

Even though the main goal of this dissertation is research on the topic of ML4VIS
and, more specifically, on methods using ML to evaluate visualization techniques,
its integration into a visualization framework was the initial purpose for this
work, as it was mentioned in the introduction (chapter 1). So integration plays
a very important role in the development, being necessary to bridge the gap be-
tween these two components: the visualization framework as a whole and its
evaluating node.

However, due to a conflict of programming languages used in both elements, this
integration is not trivial. The proposed solution consists of developing a simple,
yet effective REST (Representational state transfer) API. An APl act as a standard-
ized interface that facilitates the interaction and data exchange, necessary for the
proper functioning of the framework.

As we mentioned, at this point the API if fairly simple with only a few endpoints
necessary to connect the two elements, presented below.

List models

This endpoint allows the requester to retrieve the list of models available to use,
i.e., models previously trained in the system. This way, the framework has access
to this information and is able to make use of the appropriate models if they are
available.

Model information

Given the full list of available models in the system, the framework also has the
option to fetch more information about a particular model through this endpoint.
The response in this case includes the configuration of the model along with the
stored performance metrics calculated from its testing.

Evaluate visualization

This endpoint is what allows the main operation to be conducted: evaluating
data visualizations. The way this endpoint works is by making a request to the
API with an image of a chart, along with the values represented in it. The two
elements correspond, respectively, to the input and expected output of a trained
model, as has been previously explained in this chapter. With this pair, it is possi-
ble to conduct the evaluation by having the model predict the values represented
in the figure and calculate the estimation error. This error is then returned as the
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response to the request, providing the framework with an absolute value that can
be used to compare different variations of charts to be presented.

4.6 Summary

Throughout this chapter, we described in full detail the work developed through-
out the past months. More than just reporting the software developed and what
experiments were conducted from that software, we explained our approach
from the start and the reason for our sequence of tasks.

Starting from our logic behind the proposed method for visualizations evalua-
tion, we explained how we can use the extraction of values from charts as a per-
formance metric associated with a certain visualization technique. However, in
order to affirm this, we need several tests to figure out the most suitable model
for the task, as well as to assert whether or not this approach is even possible. For
that, we propose a set of base experiments, to draw these basic conclusions, which
require all the software necessary to generate an appropriate dataset, training a
model and testing it to assert its performance, among other steps.

After that, more tests are needed so as to understand the viability of this method
and of our models. These include slight variations in the data charts fed to the
models to test their capabilities and limitations since in practice data visualiza-
tions come in many different ways. We tested variations regarding the orientation
of charts, the number of variables presented and color settings used.

Additionally, in order to integrate our method with other tools, namely the adap-
tive visualization framework described at the start of the document, we imple-
mented a simple API to allow the use of our software from external sources.

Apart from this last element, all the work developed provided us with a large
amount of data resulting from the experiments conducted. In order to draw any
conclusions from them, a deep analysis is needed, involving processing and vi-
sualizing our data in different ways. The next chapter describes in detail all those
tasks and also provides a critical analysis of what we can extract from them.
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Results and Analysis

In this chapter, we describe our analysis of the results obtained from the exper-
iments conducted. These results stem from the predictions made by the models
on the test set from the dataset used for training. Here, our goal is to go beyond
simply showing the basic overall metrics but to dig deeper and analyze the per-
formance of the models in a more detailed level. We also attempt to discover why
some of the results were obtained, in order to better understand the limitations
of our models.

We start by providing a description of the metrics used for the analysis, as well as
the reasons for their choice. Then, we discuss the results obtained from the base
experiments, where we attempt to discover the most suitable model and how it
behaved during those experiments with more detail. After that, we take a look
at the results obtained from the variations experiments, used to further test the
most suitable model, chosen from the analysis of the base experiments.

5.1 Metrics

In this section, we present the metrics used throughout this chapter to expose
the results obtained from our experiments. Several metrics are calculated and
saved from the predictions of the model, both on the test and validation sets.
This duality allows us to compare both performances if we want, which can be
useful to figure out whether or not over-fitting occurred during the training.

The first metrics considered are the Mean Absolute Error (MAE) and Mean Squared
Error (MSE), two popular metrics used for regression problems. These calculate
the overall error of the model’s predictions by calculating the mean of each in-
dividual error, as the name indicates. This means that for each estimated label
in the set, its error is calculated, summed to the total and then divided by the
number of predicted labels, aggregating the error. It is important to mention that
for these calculations, the labels are multiplied by 100 to turn them into percent-
ages (remember that they represent the proportions of the variables, as it was ex-
plained in chapter 1 and section 4.1). The only difference between MAE and MSE
is that for each individual error, MAE computes its absolute value while MSE
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computes its squared value, as it is visible in the following expressions (where y
corresponds to the true label, § to the predicted one and # to the size of the set):

1 n
MAE = - ; ly; * 100 — ; = 100)|

i=1

1 n
MSE =~} (y; * 100 — ; * 100)?
i=1

However, the main metric used for the overall performance of the models is the
Mean Logarithmic Absolute Error (MLAE). This metric simply takes the MAE
previously mentioned, sums 0.125 to it and computes its base 2 logarithm, as it is
shown below.

MLAE = log,(MAE +0.125)

The main reason for the use of this metric is the fact that part of our base exper-
iments corresponds to a replication of similar experiments conducted by Haehn
et al. [2018]. Therefore, in order to confirm that our implementation appeared
correct, we made use of the same metric to compare our results with theirs. After
that, we stuck with it as the main overall metric.

In addition to these overall metrics, which aggregate the errors associated with
each individual prediction, we also analyze the error associated with each sample
in the dataset, to perform a more detailed analysis on the performance of the
model. In this case, the metric used is the absolute error, where, for each sample,
the absolute error of each estimated label (remember that each sample, i.e. each
chart, has multiple values represented) is calculated and summed as the total
prediction error for a chart, much like the examples provided in chapter 1. This
means that, for each sample, the absolute error is calculated in the following way;,
where 1 corresponds to the number of variables represented in the chart:

n
Absolute Error = Z lyi — il
i=1

Now that we have established the metrics used for our analysis, we are ready to
move on and present the obtained results from the experiments, which starts in
the following section.

5.2 Base experiments

As we mentioned before, we separated the experiments conducted into two sets.
In this section, we present the results obtained from the base experiments, where
we test different models with different visualization techniques in order to de-
termine which model is the most suitable for the task of extracting the numeric

48



Results and Analysis

values represented in a chart. Having said that, we present in Table 5.1 the re-
sults obtained from the experiments, from the main metric mentioned, MLAE.
This metric represents an error, which means that lower values represent less er-
ror, and therefore a better performance. It is important to mention that since we
ran five experiments for each combination of model and visualization, we present
the mean and standard deviation obtained from the values of all runs. Addition-
ally, we highlight the lowest values obtained for each visualization type, showing
the best performing model.

Table 5.1: Results from base experiments. Values expressed in MLAE with stan-
dard deviation.

Chart VGG19 XCEPTION
Type w/ TL VGG19 w/TL | XCEPTION | ResNet50
2.62+0.10 | 1.30 £0.07 | 224+£0.04 | 1.29+0.11 | 2.64+0.16

ESnml

@ 297004 | 1.71£0.17 | 257 £0.04 | 2.12+0.05 | 3.20 = 0.15
2212005 | 1.18 £0.22 | 236 £0.01 | 1.09+0.05 | 2.58 +0.07
2122008 | 1.12£0.14 | 224+0.04 | 1.06+0.09 | 2.53 +0.06
DHD 298 +0.07 | 1.44 £ 0.06 | 2.86+0.07 | 1.72£0.07 | 3.52 + 0.04

As we clearly see, the VGG19 and XCEPTION models trained from scratch (i.e.,
without transfer learning) showed the best results, as they have the lowest errors.
Unsurprisingly, these outperform the models employing transfer learning, since
their Convolutional Neural Networks (CNN's) were previously trained and now
adapted to this task, therefore not achieving the same results, as it was explained
in subsection 2.2.1. On the other hand, the poor performance from the ResNet50
architecture was unexpected, as it presents the worst results from all the models
tested, even those with transfer learning. It might be the case that ResNet50 is not
as capable to capture the necessary features to perform the visual regression task.

While conducting these experiments, we came across a small discovery worth
sharing. Regarding the pie chart visualization, initially, the chart generation was
slightly different. We mentioned in subsection 4.3.2 that the layout of the values
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always starts at the top (12 o’clock) and progresses counter-clockwise. However,
initially, that starting position was not fixed but actually randomly generated.
Since we suspected this could influence the results, we decide to repeat the ex-
periments and compare the performances in order to analyze this aspect. Those
results are presented in Table 5.2.

Table 5.2: Pie chart variation comparison - Random starting position vs Fixed
starting position, expressed in MLAE with standard deviation, along with the
difference the results.

VGG19 XCEPTION
XCEPTI R
My VGG19 ) TL CEPTION | ResNet50
Random | 555, 005|350 +£098 | 3.03+002 | 276+ 0.11 | 3.87 + 0.08
Position
Fixed | 597,004 171017 | 257004 | 2.11+0.05 | 3.20=0.13
Position
Difference 0.55 1.79 0.46 0.65 0.67

As we can see, our assumptions were correct and the random factor of the chart’s
starting point has an influence on the performance of models. Therefore, we de-
cided to stick with the option of fixating the starting position, since it reduces
the random factor associated with the training of the model. By reducing it, the
model focuses only of the regression of the models which is the main task we
want to assess.

Getting back to the overall results, in order to better visualize the performance
of the models, we also present a set of histograms that show the distribution of
the errors associated with each individual sample in the test set. In other words,
with a test set of 20.000 charts and labels, the model will make 20.000 predic-
tions, generating 20.000 sets of estimated labels and from their comparison to the
true values we obtain 20.000 different errors, one for each sample. By plotting
these values in a histogram, we get the distribution of the error, allowing us to
visualize properties such as the most common error values. However, since we
run each experiment five times, five histograms will be generated, each with its
results. Therefore, we calculate the average of those five histograms to visualize
the average performance of the model. Fig. 5.1 shows an example to illustrate this
strategy, presenting the results from the XCEPTION model trained from scratch
on a dataset of bar charts (Barchart XCEPTION experiment).
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Histogram for Histogram for Histogram for
run 1 run 2 run 3

Histogram for Histogram for Average of
run 4 run 5 histograms

Figure 5.1: Example for average of histograms strategy from Barchart XCEPTION
experiment results. The first 5 plots show the distribution of absolute errors from
the test set for each run of the experiment, while the last plot shows the average
number of samples in each bin.

Here, after calculating the absolute error for each prediction, as it was explained
in the previous section, we obtain 20.000 values for each run. After that, we take
the overall minimum and maximum error from the five runs, create 20 evenly
spaced bins within those limits and for each bin, count the number of errors in
each one. This is needed because if we want to calculate the average count in each
bin, they must consist of the same interval. Then, we simply plot the histogram
with the average count for each bin (bottom right corner of the figure), providing
us with an average error distribution for this model. Applying the same logic for
all trained models, we get the set of histograms presented in Fig. 5.2.

First of all, we can see that the position of the histogram reflects the results pre-
sented in Table 5.1: the closer to the left (closer to zero), the lower the error,
which, once again, show VGG19 and XCEPTION as the best performing mod-
els. Another aspect to take into account is the shape of the histogram. If the
shape resembles a bell-shaped curve (such as Barchart ResNet50), similar to a
Gaussian distribution, it means that the most common result is considered “av-
erage”, or in other words, not the worse but also not the best. On the other hand,
histograms whose most common results lean closer to one of the sides, i.e., with
skewness, show that most times the model performs to its best (or worse, accord-
ing to the side in which the histogram leans), while the other observed values are
considered “exceptions”. This is a relevant detail since it allows us to measure
the variance of the model’s performance, which preferably should be low.

According to both criteria, it is clear that the two most suitable models are VGG19
and XCEPTION. Looking once again into the MLAE values (Table 5.1), we can
see that XCEPTION performs slightly better (though very close) than VGG19 on
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Figure 5.2: Average histograms for absolute error distribution for all experiments.

bar charts, line charts and line charts filled, whereas VGG19 more clearly outper-
forms XCEPTION on pie and area charts. Which one should we choose as the
most suitable?

We believe XCEPTION is the better option to perform this task, for two reasons
that are related. First of all, had we conducted similar experiments with users, we
would choose a model that could better resemble the performance of a human.
For these results, we have some useful data from one of the papers which we
based on, by Haehn et al. [2018]. Fig. 5.3 shows the results from similar experi-
ments as ours, for bar charts and pie charts and from several Machine Learning
(ML) models, as well as from human users.
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Figure 5.3: MLAE results from experiments with bar and pie charts, for different
ML models and human performance [Haehn et al., 2018].

From this figure, we can draw one main conclusion: XCEPTION more closely
resembles human performance than VGG19. Yes, VGG19’s MLAE value is closer
to human MLAE for bar charts, but XCEPTION's is far closer when it comes to
pie charts, compensating the loss for bar charts, and is not that far behind either.
In summary, having to choose one according to this criterion, we are going with
XCEPTION.

The second reason for choosing XCEPTION over VGG19 is their performance
regarding pie and area charts. VGGI19 clearly outperforms in these examples,
but let us keep in mind that we do not wish for the best possible performance -
we wish for one that looks more like a human’s. As it was mentioned before in
subsection 4.3.2, Cleveland and McGill [1984] list angle and area (used by pie and
area charts, respectively) as poor elements in terms of perceptual accuracy, unlike
position, for example, used by the remaining chart types, which is considered the
best. Therefore, we would expect a worse performance for pie charts and area
charts. Although we observe that for both models, the difference between those
two and the remaining ones for VGG19 is not a considerable one. We believe a
larger difference in performance would be expected, such as the one visible for
XCEPTION. For these reasons, we choose XCEPTION trained from scratch as the
most suitable model for the task.

Before advancing into a deeper analysis of the results for this model, we decided
to test another hypothesis regarding the generated charts and the performance
of the models. We mentioned the importance of marking the largest value rep-
resented in the chart in subsection 4.5, so we wanted to put that theory to the
test. In order to do so, we repeated the experiments for each visualization type
without any sort of marking for the largest value, but only for XCEPTION from
scratch, which we found to be our best suited model. Just like every other exper-
iment, we ran it five times and calculated the mean and standard deviation from
the results, presented in Table 5.3.
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Table 5.3: Results from experiments comparing the performance between regres-
sion from charts with the largest element marked against charts without it. Values
expressed in MLAE with standard deviation, as well as the difference between the
results for each chart type.

Chart With mark | Without mark | Difference
Type
129 £0.11 | 1.24+0.07 0.05
A2
@ 212+005| 2.15+0.05 -0.03
1.09 £0.05 | 1.47+0.09 -0.38
1.06 +0.09 | 1.28 +0.04 0.22
DHD 1.72+£0.07 | 1.89 +0.10 -0.17

These results are somewhat inconclusive, as far as we can tell. For bar charts and
pie charts, it seems as though there is little to no difference in the performance, so
much so that for bar charts the performance even improves slightly, but within
the standard deviation intervals. However, the same cannot be said for the re-
maining visualizations. Despite not being a great loss in performance, we cannot
deny it exists. Since we want to maximize the capabilities of the models in per-
forming visual regression, and this is a factor that might influence that, ever so
slightly, we would rather avoid that possibility. Especially considering that the
experiments discussed in the next section have an expected increase in difficulty
for the model.

Now that we have settled on the most suitable model, let us take a deeper look
at the results obtained from those experiments. First, we isolate the histograms
related to that particular model from the others, in other to allow for a close-up
view, shown in Fig. 5.4.
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Linachart filled
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Figure 5.4: Results from the experiments with XCEPTION trained from scratch -
average histogram of absolute error distribution for each chart type.

Although we can now see more clearly the distribution of errors, it still does not
convey as much information as it possibly could, since the values shown repre-
sent the absolute error from the real and predicted labels, which are normalized,
therefore yielding small errors (less than 1). For that reason, we looked into the
process of reverting the normalization (described in section 4.1 and subsection
4.2.2), transforming the predicted labels back into values capable of generating
a chart. That way, we calculate the error in a much more clear and visible way.
For example, having the original values used to create the initial image and the
ones predicted by the model we can compare the two corresponding charts, as it
is shown in Fig. 5.5.

Original chart Chart from predicted values Comparisen

39.0 120 36.0 B0 5.0 38.0 120 220 19.0 8.0 10 00 14.0 -11.0 3.0

Figure 5.5: Comparison of original chart against the one generated from the per-
ceived values by the model. The third image shows their comparison by plotting
the chart obtained from the perceived values (red) over the original one (black).

In the first image (from left to right) we have the original chart, fed to the model
during the prediction stage, with its values underneath. Then, in the second im-
age, the chart generated from the values perceived by the model from the original
chart is shown underneath as well. Finally, in the third image, we compare their
visual differences by placing the second chart (red) on top of the first one (black),
showing their numerical difference underneath.

Applying this de-normalization process for each set of labels obtained from the
test set, we can now show the previously shown histograms again, but this time
with discrete errors, based on the original /de-normalized values and rounded to
the unit, as it is seen in Fig. 5.6.
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Linechart filled
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Figure 5.6: Results from the experiments with XCEPTION trained from scratch -
histogram of absolute error distribution with de-normalized labels, for each chart

type.

Through these plots we can better understand the magnitude of the errors from
the model’s predictions. Remember that these represent the average performance
of the five runs for this model. For example, we can clearly understand the mag-
nitude of an error of 3 (knowing the scale, obviously) - among values ranging
from 3 to 39, an error of 3 is not that large, whereas one of 20 has more impact.
Additionally, these plots allow us to extract more information from the results
that we otherwise could not, such as the number of “perfect” estimations - pre-
dictions in which the corresponding error is zero (approximately, due to round-
ing), represented in the first bar - or the most common error, for example. Table
5.4 shows some of this data.

Table 5.4: Details from histograms of discrete error distribution. Perfect estima-
tions (approximate error of 0), most common error and average error for each
chart type.

Chart Perfect Most Common | Average
Type Estimations Error Error
549 3 3

IEaEl

Q}% 88 4 6

891 2 3

N
900 2 3

ha d
H]D 174 4 5
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The next step we took was to look at the best and worst performances of the
model for each type of visualization. By looking at the charts and the represented
values, we might be able to better understand where the model struggles and
where it exceeds. In order to do that, we gathered the top 5 largest and lowest
errors obtained for each visualization type and analyzed them to attempt to draw
conclusions.

Regarding the best regressions from bar charts, we found that the model excels
with relatively soft transitions in the values and a minor difference between the
largest and smallest numbers represented. Such an example is shown in Fig. 5.7,
representative of the top 5.

Original chart Chart from predicted values Difference
0125 -

0.100 -

0.075 -

0050 -

0025 -

0.000 - \—‘ —]

|—||_||_| ﬂ |—||_||_||_"|_|

5.0 906 2202 14B8 39 1501 0.06 0.0z 012 0.04 .01

Figure 5.7: Best estimation for the bar chart. Comparison between the original
chart (first panel) and the one generated from the perceived values (second panel)
is done by presenting the difference between each variable (third panel).

Similar to Fig. 5.5, we compare the original chart with the one created from the
values perceived by the model, but instead of plotting one on top of the other
(rightmost image in Fig. 5.5), we simply present a bar chart representing the dif-
ference between the original and restored data. Additionally, it is worth pointing
out that in this analysis we do not fully discretize the predicted values. Instead,
we round them to two decimals cases. Since we are showing the best estimations
and the error is so reduced, if we were to round the predicted values all to the
unit, we would consistently get an error of zero.

Getting back to the analysis, we can see that there are really no abrupt transitions
(compared to the top 5 worst performances) and that the difference between the
minimum and maximum values is relatively small too (9 to 36), which leads to a
better distribution of the values and, therefore, softer transitions, as opposed to
larger ones (4 to 39, for example). We can see the exact opposite by looking at
the examples from the top 5 worst performances, presented in Fig. 5.8, where the
individual errors are much larger.

57



Chapter 5

Original chart Chart from predicted values Difference
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Figure 5.8: Worst estimation for the bar chart. Comparison between the original
chart (first panel) and the one generated from the perceived values (second panel)
is done by presenting the difference between each original and perceived variable
(third panel).

Here we can see that the model really struggled with two sudden transitions,
leading to very large errors. Additionally, we can notice a substantial difference
between the values: two of them over 35 and two under 10, which corresponds
to a more unequal distribution, which contributes to the sudden transitions men-
tioned.

Looking at the best and worst examples for pie charts, we spot similar patterns,
visible in Fig. 5.9.
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Original chart Chart from predicted values Difference
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(a) Best estimations
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(b) Worst estimations

Figure 5.9: Best and worst estimations for pie charts. Comparison between the
original chart (first panel) and the one generated from the perceived values (sec-
ond panel) is done by presenting the difference between each original and per-
ceived variable (third panel).

Again, we can clearly see that the model performs well with more equally dis-
tributed values, as opposed to the largest differences, visible in the worst exam-
ple. In addition to that, we also noticed a pattern for a poor performance of two
small values in between two large ones (37, 8, 4, 34), for example.

Regarding line charts and line charts filled, we find similar patterns, visible in
Figs. 5.10 and 5.11.
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(a) Best estimations
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(b) Worst estimations

Figure 5.10: Best and worst estimations for line charts. Comparison between
the original chart (first panel) and the one generated from the perceived values
(second panel) is done by presenting the difference between each original and
perceived variable (third panel).
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Original chart Chart frem predicted values Difference
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(b) Worst estimations

Figure 5.11: Best and worst estimations for line charts filled. Comparison be-
tween the original chart (first panel) and the one generated from the perceived
values (second panel) is done by presenting the difference between each original
and perceived variable (third panel).
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Once again, it appears that the model deals better with a more equal distribu-
tion of values. However, it seems as though for line charts the model is better
at dealing with sudden changes, especially line charts filled, as is shown in the
example in sub-figure 5.11a, since there are other similar examples with good
performances. Perhaps it might be due to its main feature: a line connecting each
point with the adjacent ones, which can help dealing with those changes.

Finally, regarding area charts, our observations are very similar to the ones for
pie charts. Examples are shown in Fig. 5.12.

Original chart Chart from predicted values Difference
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Figure 5.12: Best and worst estimations for area charts. Comparison between
the original chart (first panel) and the one generated from the perceived values
(second panel) is done by presenting the difference between each original and
perceived variable (third panel).

One more time, the model struggles with relatively unequally distributed values,
namely in cases where there is a large difference between the smallest and largest
values. Also, it appears that, just like the case with pie charts, having two small
values between two large ones (33, 4, 7, 30 in sub-figure 5.12b, for example) also
presents itself as a challenge.

In general, we can conclude that visualizations with high contrast in the values
can be challenging to perform visual regression. Sudden changes in the values
might also provoke this, but it seems like line charts and filled line charts allow
the model to better deal with them. That is probably why they are the two best-
performing visualizations, too.
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Furthermore, we can also conclude that there is no general tendency for the
model to consistently overestimate or underestimate variables. In other words,
we could potentially observe that when having a noticeable prediction error the
tendency of the model would be to estimate values consistently lower, but that
was not the case.

It is also very important to remind the following: even though we showed exam-
ples of very poor predictions by the model, those are very rare exceptions. The
examples shown represent summed absolute errors of over 20, while as we pre-
sented in Table 5.4 we show that the average errors are nowhere close to that.
Regardless, it is important to analyze them so as to understand the weaknesses
of our models.

In fact, if we look into outliers from the errors obtained we can confirm this. In
Fig. 5.13 we show the histograms from the errors obtained for the best run of
each visualization type. This means that from the five runs we tested for each
visualization, we took the best from each one (the one with the least overall er-
ror) and plotted the absolute errors from each sample, both normalized and de-
normalized. Additionally, to show the presence of outliers, we also added a box
and whiskers plot associated with each histogram.

Linechart filled
Barchart XCEPTION Piechart XCEPTION Linechart XCEPTION XCEPTION Areachart XCEPTION

0.0 0.5 10 0.0 05 10 0.0 05 10 0.0 0.5 10 0.0 05 10
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(a) Normal error

Linechart filled
Barchart XCEPTION Piechart XCEPTION Linechart XCEPTION XCEPTION Areachart XCEPTION
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(b) Discrete error
Figure 5.13: Histograms of absolute error (normal and discrete) distributions
from the best run of each visualization type. For each histogram there is a cor-

responding box and whiskers plot showing the data distribution, including out-
liers.

As we can see, there are many outliers marked with a plus sign (+) for all chart
types. This goes to show that even though there are a few examples of poor
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results, they are not the norm. As a matter of fact, they are very far away from the
median (marked by the yellow line), showing these are exceptions to the norm.

Finally, after analyzing the performance of the model, we can also look into the
performance of the visualization types. Although the main goal of our analy-
sis is to assess the viability of our method and of our proposed ML models, we
should not forget that the whole point of even having this method is so that we
can draw conclusions regarding which visualization techniques allow for a bet-
ter perception of the represented values. With that being said, we should analyze
our obtained results in that sense.

Based on the MLAE values shown in Table 5.1 and on the histograms for the
errors shown in Fig. 5.2, we can easily compare the performances between the
different visualization types.

First and foremost, we confirmed the results obtained from Cleveland and McGill
[1984] and Haehn et al. [2018] proving the bar chart is a superior chart type than
the pie chart in regards to visual perception.

Then, we also confirmed that using the area as a visual element is a poor approach
following the same criterion. However, it was surprising to find that in spite
of that poor performance from the area charts, the results were still better than
the ones from the pie charts, placing the latter at the bottom of our ranking of
visualizations.

Lastly, the performance from the line chart and line chart filled was also some-
what surprising. Since the main element used (position) is the same as for the bar
chart, we were expecting similar results, which was not the case. Though there
was not a huge difference, it is still noticeable. It might not be the most useful
piece of information, however. Bar charts and line charts are suitable for different
types of data (categorical data and time series, respectively), so their comparison
should not happen often. Additionally, it seems as though the filling underneath
the line plot also helps the model to better extract the values represented, which
can be a useful detail when designing such a chart.

Throughout this section we conducted a deep analysis of the results obtained
from our experiments, showing the performance of the models trained for the
visual regression task, as well the performance of the different visualization tech-
niques. This was done with the main goal of determining the best model for our
method of evaluation. We conducted this exploration in many ways and many
levels of detail, from analyzing a single overall metric for each experiment, to
looking into the distribution of errors resulting from the predictions of the mod-
els, and even visualizing the best and worst individual predictions. This last
example was done in a way to understand the strengths and weaknesses of our
model. However, it is not enough. In order to fully grasp the capabilities of our
models, as well as their limitations, we had to conduct not only more experiments
but more varied ones. The results from those are presented and analyzed in the
following section.
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5.3 Variations

Now that we have established the XCEPTION CNN trained from scratch as the
most suitable model for the task of extracting the values represented in a data
chart through the use of a set of simple experiments, we intend to test it further.
The base experiments previously mentioned, despite testing different visualiza-
tion techniques, are still only comprised of simple examples: charts representing
tive variables, drawn in black lines over a white background. As we described
in full detail in section 4.4, we tested different variations in the proposed visual-
izations in order to determine the full capabilities and limitations of our model.
Throughout this section we present the results from these experiments, analyzing
them during the process. Just like the base experiments, every test was conducted
five times to take into account the random factor, with a dataset size of 100.000,
and the main metric MLAE.

Rotation

The first proposed variation was related to rotation. More specifically, a 90° ro-
tation clockwise. This is an important variation since not all charts follow the
left-to-right display that we use for most of our visualizations. For example, bar
charts with horizontal bars are common. So we should test this variation in order
to understand whether or not the model deals well with different layouts. As we
mentioned before, we did not run this experiment for pie charts as it does not
provoke any meaningful difference in its layout, due to its nature. The results for
the remaining visualizations are presented in Table 5.5.
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Table 5.5: Comparison of results for normal and rotated charts. Values expressed
in MLAE with standard deviation, as well as the difference between the results

for each chart type.

Chart Normal Rotated | Difference
Type

1

% 1.29+0.11 | 1.20 £ 0.14 0.09

]

1

<( 1.09 +0.05 | 1.19 + 0.08 -0.10

[ 1.06 +£0.09 | 1.03 +0.11 0.03

1.72 £ 0.07 | 1.79 £ 0.06 -0.07

As we can see the rotation had barely any impact in the results. Besides being
very small differences, in two of the visualizations, the error was even actually
less than that of the normal, non-rotated charts. Therefore, we conclude that
rotation, or rather, orientation, has no impact when it comes to the performance
of the model. This is not surprising since to the CNN the task difficulty is exactly
the same. The only difference is that instead of reading the chart from left to
right, it does so from top to bottom. But since they are trained for that purpose in
exactly the same way, the overall performance is essentially the same. However,
it is important to point out that the variation has no impact if the model was
trained under that variation. If we were to feed a 90° rotated chart to a model
trained only with non-rotated charts, its performance would obviously be very
poor.

Number of variables

Moving on to the next variation, we decided to test the performance of the mod-
els in regards to the number of variables represented in the charts. As we men-
tioned before, this change in the number of variables also required a change in
some parameters in the code used to generate the datasets, namely the maximum
value, minimal difference and total sum of the values. The explanation of these
parameters is provided in section 4.5.

We start by presenting the results from the experiments with 3 variables repre-
sented in each chart in Table 5.6. For this number, we adjusted the maximum
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value possible to 60, from 39. This was needed because having a total sum of 100
with that limit, there would be a relatively small number of possible combina-
tions, leading not only to unrealistic training, but also to an unfair comparison
against models trained with far more diverse datasets and even, while less rele-
vant, much larger duration to generate the charts (since the values are randomly
generated, a longer time would be needed to find the possible combinations).

Table 5.6: Comparison of results from experiments with charts representing 5
and 3 variables. Values expressed in MLAE with standard deviation, as well as
the difference between the results for each chart type.

Chart 5 variables | 3 variables | Difference
Type
1.29 +0.11 | 1.91 £ 0.11 -0.62
sl
@ 212+0.05 | 248 +0.11 -0.36
/\ 1.09 £ 0.05 | 1.96 +0.17 -0.87
1.06 £ 0.09 | 1.54 +0.12 -0.48
D . 1.72 £0.07 | 2.46 +0.15 -0.74

In order to analyze these results, we decided it would be best to compare them
with the ones from the experiments with 5 variables, therefore using those as
baseline results. As we can see, there is a decrease in performance. Although
noticeable, we do not consider these to be terrible results but rather a loss in
precision. This decrease is surprisingly large for line charts, especially since the
same was not observed from its own variant, the line chart filled. We would
expect that the results would maybe improve due to the fact that the model has
fewer values to regress, but it was not the case. On the one hand, we could argue
that this could be a consequence of also having fewer variables to compare in the
chart, making it harder to precise the correct proportions. But according to this
theory, more variables should account for more precision, which we find highly
unlikely.

The next results presented are the ones obtained from the experiments with charts
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containing 7 variables, shown in Table 5.7. For this experiment, we made the
following adjustments in regard to the charts’ generation: the total sum of values
increased to 150 from 100 and the minimum difference decreased to 2 from 3.
Since now there are more variables to be represented, we need a larger sum and
more flexibility in which values can be used in order to generate the appropriate
datasets.

Table 5.7: Comparison of results from experiments with charts representing 5
and 7 variables. Values expressed in MLAE with standard deviation, as well as
the difference between the results for each chart type.

Chart

5 variables | 7 variables | Difference
Type

129 £0.11 | 1.63 £ 0.07 -0.34

HHHHHHH

% 212 +£0.05 | 3.58 +0.05 -1.46

1.09+0.05 | 1.71 £ 0.11 -0.62

N

1.06 +0.09 | 1.57 +0.09 -0.51

hama

1.72 +0.07 | 2.27 +0.47 -0.55

In general, these results are close to the ones obtained from 3 variables. In some
cases (bar, line and area chart) the decrease in performance is actually smaller,
although not by a wide margin. However, there was a very large and unexpected
difference noticed for pie charts. A possible reason for this poor result may be
related to having less “space” for each variable to be represented: regardless of
the number of variables to show, the pie chart will only have a 360° amplitude to
represent them. Having more values leads to less amplitude for each one, which
causes them to look more similar than they would if there were fewer, therefore
leading to a tougher regression for the model.

The final results presented for this variation correspond to the experiments using
charts with 10 variables represented. In this case we made the following ad-
justments to the data generation process: a total sum of 200, as opposed to the
original 100 and a minimum difference of only 2, compared two the initial one of
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3. Just like the case of 7 variables, these changes were done in order to allow for

more possible combinations of values to be generated. The results are presented
in Table 5.8.

Table 5.8: Comparison of results from experiments with charts representing 5 and
10 variables. Values expressed in MLAE with standard deviation, as well as the
difference between the results for each chart type.

Chart 5 variables | 10 variables | Difference
Type
1.29+0.11 | 2.15+0.16 -0.86
HHHHHHHHHH
% 212 +0.05 | 4.35+0.02 -2.23
1.09 +0.05 | 2.13 +0.06 -1.04
1.06 +0.09 | 2.02+0.17 -0.96
”Hﬂﬂﬂﬂm 1.72 +0.07 | 4.33 +0.03 -2.61

Aswe can see, the decrease in performance is greater than previously seen, namely
when comparing these experiments with the ones with 3 and 7 variables. Regard-
ing bar and line charts with and without filling, this decrease simply reflects a loss
in precision, whereas for pie and area charts it is much different. It is clear that the
decrease is much larger, and the obtained MLAE is well over 4. We checked the
metrics obtained from the validation set in order to assess whether or not it was
a problem of over-fitting, but it was not. We tested the performance of a random
model and obtained an MLAE value of 5.18, meaning that our results represent a
performance only slightly better than that. We suspect this means these models
did not actually properly learn the task. While the model for bar and line charts
learned how to perform the regression but can only do so with limited precision,
the models for pie and area charts are not even able to do that. The reason why
they might perform better than a random model is that they simply learn to es-
timate the largest value as 1, therefore reducing the error. That task is relatively
easy to learn since the model simply needs to output the value 1 in the first po-
sition, as it was explained in section 4.1. In order to verify this theory, we took a
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look at a few specific examples. But while in the previous section, we analyzed
the top 5 best and worst cases, here we must look at the ones in the middle, so as
to analyze the average performance of the model. Fig. 5.14 shows representative
examples of such cases, both for pie charts and area charts.
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(b) Area chart

Figure 5.14: Examples of average predictions from models trained for pie and
area charts with 10 variables. Comparison between the original chart (first panel)
and the one generated from the perceived values (second panel) is done by pre-
senting the difference between each original and perceived variable (third panel).

These examples show that one of our suppositions was correct but the other was
not. The model in fact learns how to perform the regression, although with very
low precision, leading to the large errors visible in the the right panel in each of
the sub-figures. On the other hand, we were right about the second hypothesis.
As we can see, the error associated with the largest variable is very reduced, es-
pecially compared to all the others. But while this reduces the error, it does not
actually consist of a useful contribution to the model’s performance because it
simply corresponds to producing an output of 1 for the first value.

In summary, despite being able to perform the regression task, the models do so
with so little precision that they can be mistaken for random predictions. This
loss of precision is most likely due to the reason explained in the previous anal-
ysis (charts with 7 variables): for both pie charts and area charts the values have
different representations according to the number of variables to be shown. For
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example, for bar charts, a value of 20 will always correspond to a bar of the same
height, regardless of the total number of variables. On the other hand, a value of
20 for a pie chart will correspond to a different amplitude of an angle according
to the number of variables, since it shows the values in a relative way, as parts
of a whole. The same logic is applied for area charts, but instead of using the
amplitude of angles, it uses the width of the drawn rectangles The total width of
all the rectangles is fixed, as are the 360° degrees for the pie charts.

Therefore, we can consider this a limitation of our model. With 10 variables, a
comparison between visualizations might be unfair since the model might not be
capable to properly analyze the chart in order to assess it for visual perception.
However, one could also argue that the fact that the model is not capable of learn-
ing to read such charts shows that they present a poor visualization approach.
In order to settle this argument, we would have to conduct similar experiments
with humans to conclude if it is a matter of bad performance from the visualiza-
tion technique or in fact a limitation of the ML model from being overwhelmed
by too many variables.

Color

Regarding the third and final variation explored, we present the results compar-
ing the performance from our base experiments against similar ones but with
diverse datasets in terms of color variations. These are shown in Table 5.9. Since
the number of variables in the charts for this experiment is always 5, there were
no changes needed in terms of data generation parameters. The only difference
is that during the dataset generation we alternate between each color variation,
so as to achieve a perfectly balanced set of examples.
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Table 5.9: Comparison of results from experiments for charts with and without
color variations. Values expressed in MLAE with standard deviation, as well as
the difference between the results for each chart type.

Chart Normal With variations | Difference
Type
1.29 + 0.11 1.55 + 0.08 -0.26
sl
@ 212+005| 2.81+0.15 -0.69
1.09 + 0.05 1.24 + 0.09 -0.15
1.06 + 0.09 1.28 + 0.06 -0.22
DHD 1.72 + 0.07 2.13 + 0.09 -0.41

As we can see, there is a slight decrease in performance from the models trained
with more diverse datasets. However, this might not necessarily reflect a loss in
the performance of the model overall. As we mentioned, the way we chose to
test this variation was to run the same experiments but with a dataset of different
color settings. By doing so, the model has to adapt to those changes in addition
to learning the regression process, having an increase in the error. Additionally,
as the dataset is diverse in terms of color settings, this means that it has a smaller
number of samples of each type of chart, which can also affect the training. By
looking at the results for line charts and line charts filled, we are able to tell a small
difference that can potentially support this claim. Those two examples only have
two variations, while the remaining ones have four. Nevertheless, this issue could
possibly be overcome by training the models with a larger dataset. In general,
there was only a very slight loss in performance. The reason for this is that the
model can easily overcome the color changes by simply focusing on the contrast
of the lines rather than on the actual colors.

In order to visualize the impact and difference in performance from the varia-
tions analyzed throughout this section, we present the following plots in Fig.
5.15. Here we graphically present the MLAE results for each experiment: the
number of variables variation is represented through the blue line plot, where
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we can see the difference in the error as the number of variables increases, while
the color and rotation variations are represented by the orange and green dots,
respectively. The missing green dot in the pie chart sub-plot is due to the fact that
we did not conduct that experience as it would be pointless.

Barchart Fiechart

41 41 Wariations
Colar
2 \_\.____,_f”" 21 @ FRotation

3 5 7 10 3 5 7 10

Linechart Linechart Filled Areachart
4 1 4 44
27 W 21 \_r// 27
3 5 7 0 3 5 7 0 3 5 7 10

Mumber of variables

Figure 5.15: Comparison between the performance of the different variations, for
each chart type. Blue line plot shows the effect of the number of variables along
the horizontal axis, while green and orange dots represent the experiments with
rotation and color variations, respectively. Values expressed in MLAE.

Regarding the color and rotation variations, we can see that they had little im-
pact on the performance of the model in general. For pie charts and area charts,
it appears that the color variation affected more its performance, presenting a no-
ticeable decrease. This difference might simply be related to those visualization
techniques already being weaker ones, and the variation accentuating their flaws
since the increased diversity of the dataset can lead to a loss in performance, as
we previously explained. More tests would be needed to confirm this, though.
However, in general, we can accept that the model has the capability of dealing
well with rotated figures and with different color settings (not the same as differ-
ent colors, as we still only tested black and white charts).

As far as the number of variables represented goes, we can see that no other op-
tion was able to outperform the experiments with five values per chart. We do
not really have an explanation for this other than the possibility that this number
can simply be the “sweet spot” for the model in order to learn the visual regres-
sion task: enough variables to allow for a proper comparison, but not too many
as to overwhelm the model with such a complex task, leading to a loss of preci-
sion. If we were to run these experiments with the remaining number of variables
in between the ones tested (4, 6, 8 and 9), we could draw a more complete line
showing the performance and confirming these assumptions. Additionally, by
defining a threshold for a maximum MLAE allowed, we can more precisely de-
fine the limitation for the number of variables the model can handle - as of this
moment we can only exclude 10 variables for pie charts and area charts, and pos-
sibly 7 variables for pie charts as well, as valid capabilities for the model.
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54 Summary

Throughout this chapter we analyzed and discussed the results obtained from
our experiments. These ranged from base tests, used to compare the perfor-
mance of different CNN architectures to attempting to discover the limits in per-
formance of the model established as the most suitable. For the base experiments,
we went beyond simply comparing the average MLAE values obtained from each
experiment. We looked into the distribution of individual, absolute errors associ-
ated with each predicted sample, to get a better view of the performance of each
model. We analyzed this error both in its raw, normalized form, but also in its
more readable, non-normalized version as well. This de-normalization process
also allowed us to visualize the impact of the estimation error obtained, by com-
paring the original charts with the ones generated from the perceived values. In
order to attempt to understand the strengths and weaknesses of our models, we
took a look into the best and worst estimations performed by them, allowing for
a few simple, yet useful conclusions on that topic. We ended up choosing the
XCEPTION trained from scratch as the most suitable model for this task and also
compared the performance of different visualization techniques based on the re-
sults obtained from that CNN.

After that, we put this chosen model to the test even further, attempting to find
its limits in terms of performance, and when we did not find any, we were able
to assert another capability to the list. We conducted new experiments in order
to test how well the model could adapt to three different types of variations in
the charts: orientation, which the model was able to easily deal with, number of
variables, which presented itself as a challenge, especially associated with some
of the visualization techniques, and color, which even though it also presented
itself as a slight challenge, we believe we can easily overcome it.

Now that we analyzed all these results, we believe to have the necessary infor-
mation to draw some overall conclusions regarding not only our chosen model
but also the evaluation method used. This reflection is done in the next chapter.
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Conclusion

This chapter concludes this dissertation, summarizing our steps taken from the
beginning up to this point and presenting our final remarks regarding what was
achieved. We started by presenting an overview of the problem and the motiva-
tion behind the research, proposing a method for evaluating data visualizations
through graphical perception, the ability to decode the information represented
in a chart. We then conducted a thorough literature review in order to understand
the basics of data visualization, its evaluation and existing approaches applying
Machine Learning (ML) techniques for the purpose of assessing the quality of
data charts. From that, we were able to conclude that many studies have tested
different strategies to perform this evaluation, but very few according to the cri-
teria we intend to follow, hence leaving a large gap for us to fill with our own
tests and conclusions while having a starting basis for us to stand on.

For this, we developed a software-based environment to conduct experiments
regarding our proposed method, in order to test its viability, with various op-
tions for visualization techniques. We started by testing and analyzing the per-
formance of different models, before going into a set of experiments designed to
determine the capabilities of our proposed model for the challenge, presented in
the previous chapter. Based on our obtained results, we are able to draw a set of
conclusions, presented in the following sections. We start by presenting the key
points to be taken from our work, followed by the limitations found throughout
the analysis, which also include non-confirmed hypothesis, and finally by sug-
gesting possible steps to take in the future to continue building on top of our
developed work.

6.1 Key takeaways

In order to discuss the key takeaways from our work, it is important to under-
stand our intention regarding what we have accomplished. We do not see the
proposed model and its results as a perfect answer to our problem. Instead, we
look at them as building blocks for a project with a larger scope than this disser-
tation. Just as we have built our work from previously presented research on this
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topic, we hope that others will do the same with ours. In that sense, we believe
we succeeded with what we have done. We were able to expand on the little re-
lated work found, by testing more models and more chart types, as well as more
experiments and much deeper analysis. This way, we have successfully made a
contribution to the field of ML for Visualization (ML4VIS), which is also a success
criterion for our work.

The first takeaway from our research is that our method works. The task of re-
trieving the values encoded in a chart produces different performance results ac-
cording to the visualization technique used to represent them, providing a single
absolute metric that allows their comparison. However, this fact, by itself, can be
useless if the results do not follow those from human performance. How good
would be an evaluation method that classifies something as good when in reality
it is not? Our model could potentially indicate that a certain visualization was
the best but then for the end user, a human, would be terrible. Fortunately, it
does not seem to have gone that way. As we mentioned in chapter 5, the results
obtained mostly follow the theoretical foundation stipulated and tested by Cleve-
land and McGill [1984] regarding graphical perception. By ordering the different
visualization types according to the corresponding obtained Mean Logarithmic
Absolute Error (MLAE) from the experiments, we can obtain a ranking by plac-
ing the line chart at the top, followed by the bar chart and then the area and pie
chart, in this order. The fact that the area chart performed better than the pie
chart was the only exception found, but still far behind the others, which is the
expected ranking.

One could argue that this comparison of different visualization types can be un-
fair due to the characteristics of the chosen ML model, in this case, the XCEPTION
Convolutional Neural Network (CNN). However, just as the characteristics and
capabilities of the network are the same regardless of which visualization tech-
nique it was trained on, the same principle applies to the human eyes and brain.
The way we perceive and process the visual elements of visualization leads to
some chart types being more suitable than others. This means that as long as
our chosen model follows the same performing patterns as that of humans, the
comparison between different visualization techniques is fair and valid.

In addition to our visualization ranking, we can also conclude a few other aspects.
We have concluded that orientation has no influence on the performance of the
model and that the color setting has little or no influence as well. However, we
are aware that in order to declare it to be invariant to these aspects, we would
need to train it and test it with a properly varied dataset that includes samples
representing these variations. If the model’s performance does not change, we
can consider it invariant. Moreover, despite having a difference in the resulting
error, we can also conclude the model can adapt to different numbers of variables
represented in the charts, within certain boundaries. Finally, it also seems that
for line charts the filling of the area underneath the plot helps to better perceive
the represented values. We can only conclude this for line charts since we did not
specifically test this hypothesis for the remaining visualization techniques.

Despite these conclusions taken from our results, there are some issues identified
and other uncertain ones that should also be discussed in order to better reflect
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on the work developed, which are presented in the following section.

6.2 Limitations

Even though our method works, we do not claim our proposed model to be per-
fect, or even the best possible option. There are aspects in which the model ap-
pears to have some limitations, besides others that were not even tested.

First of all, the biggest uncertainty is that despite the obtained results following
some known patterns of human performance, there is no fully proven correlation
between these two. For that, we would need to conduct experiments with human
users in order to produce comparative metrics. For example, by analyzing the
worst estimations from the model, we concluded that it generally struggles with
sudden transitions and highly unequally distributed values, which can simply
not be that much of a struggle for a person.

Additionally, we established that there is an upper limit on the number of vari-
ables that our model is capable of properly process in order to perceive its rep-
resented values (through regressing their proportions). We have shown that for
area and pie charts the performance strongly declines with 10 variables, losing
most of the precision, compared to the baseline of 5. While the same cannot be
said for the remaining visualization types, their comparison might no longer be
fair, defining this as a limitation of our model.

Furthermore, we must also note other aspects not tested, which could possibly
result in other limitations. All the charts used for training and testing the model
throughout the work are images with 100 by 100 dimensions. There are certainly
upper and lower limits as to what the model can handle, but we were unable to
establish them in this dissertation. However, that limitation can possibly be over-
come by resizing the images containing charts to dimensions where the model
performs well.

Finally, we have also previously mentioned the lack of tests regarding the differ-
ent colors used. We have experimented with black and white (gray tones) images.
While this may present itself as a limitation, we believe that as long as there is
enough contrast between the drawn chart and the background, color should not
be an issue for the model.

In conclusion, we have established certain limitations and other possible ones
regarding our model. Due to the length of our work and the resources available,
we believe to have achieved what was within our reach. Nevertheless, we present
in the next section what we would suggest as the next steps for this topic.

6.3 Future Work

Since we do not have all the answers or solutions to our problems, we propose
in this section the following steps to take in the future in a way to carry on the

77



Chapter 6

research on the topic of ML for evaluation of visualization models.

Firstly, the most important next step would be to conduct similar experiments as
the ones described with human users, as it was mentioned many times already.
This is the only way to assess the correlation between a proposed ML model and
the standard of human performance, very important to understand the viability
of our method for a real world scenario.

Another obvious suggestion is to test other ML models, namely other CNN.
Other architectures such as CORNet [Kubilius et al., 2018], for example, or Incep-
tionV3 [Szegedy et al., 2015] are definitely worth testing. Other more advanced
models, such as YOLOR [Wang et al., 2021] might also be appropriate but as
they are more complex, they might be harder to setup for our task. Different ap-
proaches, such as Autoencoders (AE) are also worth testing: by calculating the
error associated with the reconstruction of a chart, one can measure how well the
model perceives the represented values, therefore assessing the corresponding
visualization technique in regards to graphical perception.

A very useful feature for a system employing our trained models would be a
classifier capable of identifying the chart type shown in an image. That way, the
system could automatically choose the appropriate model to assess that visual-
ization, instead of having to manually specify which technique is used. The same
logic could be used for other aspects, such as orientation or color setting, in order
to automatically apply the correct models to their evaluation.

One thing to notice about the visualization models tested in this dissertation is
that they all convey variables with only 2 dimensions. In other words, in each
chart we represent variables A, B, C, D and E, for example, and a single respective
value for each one. Many visualizations, more advanced, can represent more than
one value for each variable simultaneously. Such visualization techniques are
also worth experimenting with in order to better test the proposed ML models.

Finally, while not directly related to the task of evaluating visualization models,
we also propose some improvements regarding the Application Programming
Interface (API) for integration: an endpoint to start the training for a new model
and upgrading the evaluation endpoint mentioned in section 4.5 for multiple im-
ages simultaneously. Regarding the latter, we also suggest the possible option of
loading all the available/stored models as the API starts instead of loading them
at run-time as they are needed, since this step might take a few seconds, causing
a relatively large response time for the evaluation endpoint.

Following these steps, one can build upon what we have achieved and presented
throughout this dissertation, improving our contribution towards a promising
path.
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