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ABSTRACT 
Measuring user engagement is a challenge of visualization 
evaluation. User performance can be measured through 
metrics such as accuracy and task completion time, and user 
experience through more subjective measures for example 
through user feedback. The aim of this project was to 
develop a system of quantifying users’ engagement through 
experimental design.  
 
This project explores the question by introducing a novel 
experimental design. Participants were asked to complete an 
online survey, answering multiple-choice questions based on 
data visualizations; they received a financial reward for 
completion, with the amount determined by their success at 
the task. However, the design allowed the participant to 
complete the task without engaging with the visualizations 
at all, by introducing two alternative paths by which they 
could complete a question. The first path was an option to 
skip the question without losing their financial reward; the 
second showed the participants an answer to the question 
within the caption. The aim of the alternative paths was to 
see if and when participants used these, and how behaviour 
changed between different visualizations.  
 
Three studies with four experiments each were designed to 
test the alternative paths with different types of 

visualizations: plain visualizations, embellished 
visualizations and pie charts.  The first experiment included 
both alternative paths; in the second and third experiments 
only one alternative path; and the final baseline experiment 
had no alternative paths.  
 
The four between groups experiments measured the 
responses and reaction times of a total of 640 participants 
across the study. The results show that participants were 
significantly more likely to utilise an alternative path with a 
challenging visualization. However, whether the 
visualization was embellished had no impact on participants’ 
performance or use of alternative paths.  The results support 
previous findings of familiarity and difficulty of the 
visualization types used in the study. Finally, the results 
support the methodology for use in future work on 
evaluating visualizations. 
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1. INTRODUCTION 
The aim of a data visualization is to transform the 
data it represents into a visual form that allows 
people to make sense of the data, and perhaps to spot 
patterns or unusual occurrences, more quickly than 
they would from non-visualized data.  
 
In developed countries people are very likely to 
encounter data visualizations in their daily lives, 
whether it is in professional setting, online, or 
through an app – for example one that tracks the 
user’s calorie consumption and displays it on a bar 
graph. Some types or visualizations are familiar to 
us because we encounter them so often and know 
what to look for to make sense of the data and find 
answers. Others are less familiar or more complex, 
and therefore require the viewer to engage with the 
visualization for longer or at a deeper lever in order 
to make sense of it. How do we tell which one is 
better, or even how good a single visualization is? 
 
Evaluating data visualizations can be challenging. 
Two commonly used metrics are the objective 
performance measures of task completion time and 
accuracy, looking for statistical differences between 
visualizations; and subjective feedback from the 
users to measure user experience. What is currently 
challenging to measure is user engagement with a 
particular visualization, beyond measuring the time 
a user spent on a task.  
 
One way of evaluating users’ willingness or ability 
to engage with a visualization is to see if introducing 
an alternative solution to a task would result in users 
selecting to engage and interpret the visualization or 
take the offered alternative route to completion. For 
instance, what would happen if the user could find 
the answer to a question without looking at the 
visualization? For example, when a reader of a 
newspaper article can find the information both 
written in the article and within an accompanying 
visualization. 
 
This is the premise of a novel methodology by Dr 
Enrico Costanza and Tu Dinh Duong. The 
methodology builds on a dissertation project by Tu 
Dinh Duong [1], which evaluated the impact of text 
descriptions on participants’ engagement with data 
visualizations, and on unpublished work undertaken 
within the UCL Interaction Centre exploring 
methodologies for evaluating data visualizations.  
2. RELATED WORK 
2.1 Visualizing data and making sense of the 
visualizations  

2.1.1 Types of visualization  
Data can be visualized in myriad forms, depending 
on the purpose of the visualization, from illustrating 
newspaper articles to creating an opportunity to 
explore or analyse large amounts of data. A 

visualization is, at its core, a way of creating a visual 
representation of information or data that can 
support exploring and understanding the 
information and finding trends or patterns within it 
[2]. 
 
The way data is encoded and what encoding 
methods are used to display the data have an impact 
on how people understand it. Cleveland and 
McGill’s landmark study explored how human 
perception guides how we see and process 
visualizations. Their results explain the way in 
which our eyes and brains work to decode and 
perceive visualizations through series of perceptual 
tasks. These tasks are ordered (see Figure 1), and the 
higher in the order of tasks an element of a 
visualization is, the better it is perceived. At the top 
of the order are position and length of the element, 
whereas volume and shading of an element are at the 
bottom of the tasks, meaning these are elements last 
perceived by the viewer [3]. 
 

 
Figure 1. Elementary perceptual tasks as ordered by 

Cleveland and McGill in 1984. 
 
 
While we encounter types of data visualizations 
relatively often and in a variety of contexts, some 
visualization forms are more familiar to us than 
others. Even if a visualization is not been designed 
to support our perception, or includes elements that 
are challenging to perceive, encountering a 
visualization creates a learning effect. A user will 
learn how to interpret the visualization and its 
elements, becoming more adept at understanding 
what the visualization is trying to convey the more 
often they encounter a particular visualization. 
Some visualizations, such as bar graphs and pie 
charts, are more common whereas others, such as 
treemaps or parallel coordinates (Figure 2), can be 
novel even to experienced data analysts. [4], [5]  
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Figure 2: example of a treemap (left) and parallel 

coordinates chart 
 
Familiarity with a specific type of visualization does 
not automatically mean the visualization is effective 
or easy to decode. Pie charts are a common example 
of this. While pie charts are widely used and 
recognised, they rely on human perception of area 
and angle, which makes pie charts less effective at 
conveying information than equally common bar 
charts. Cleveland and McGill noted that “in only 3 
of 40 cases” pie charts were more accurate than bar 
charts. While acknowledging the usefulness of pie 
charts in displaying relative portions of a whole, 
Munzner (2015) calls pie charts problematic due to 
the same challenge of perceptual judgment caused 
by angles identified by Cleveland and McGill 
(1983). [2], [3] 
 
2.1.2 Embellished data visualizations  
 
Visualizations that use embellishments to illustrate 
the information with or without the usual encoding 
of visualizations are not as common but can improve 
users’ recollection of the displayed information 
(Bateman, 2010). Embellishments that relate to the 
information displayed can also improve user 
performance when interpreting the visualization and 
aid in understanding the concepts displayed in the 
visualization [6]. However, unlike with more 
standard visualizations with set guidelines, the level 
and type of embellishments varies. An embellished 
visualization can include any of a variety of 
encoding methods from replacing points with icons 
to more artistic illustrations to convey meaning of 
the topic of or the information within the 
visualization. Nigel Holmes is a well-known creator 
whose work in infographics showcases how 
embellishments can be used to convey meaning 
behind numbers. [7] 
 

 
Figure 3. Embellished visualization by Nigel Holmes 

[7] 
 
Isotype charts are one form of embellished 
visualizations. Isotype stands for International 
System of Typographic Picture Education) visual 
communication system, developed by Austrian Otto 
Neurath in the 1920s. They were used to visualize 
social and economic information using simple 
pictures to encode the data. The simplified and 
familiar pictures were aimed at the conveying 
information to the general public. Neurath believed 
these signs to be able to “provide a universal bridge 
between symbolic, generic language and direct, 
empirical experience.” [8], [9] Haroz et al. 
researched isotype style pictographs, showing 
similar results to research on other types of 
embellishments. When used to represent actual data, 
pictographs do not have a negative impact on the 
user, are engaging, and with more demanding data 
can help recollection of the information. [10] 
 

 
Figure 4. Isotype style visualization created by Nigel 
Holmes [7], depicting the number of open child care 

centers in New Orleans before and following 
hurricane Katrina. 

 
2.1.3 Measuring chart literacy and familiarity  
 
In a 2014 paper on assessing visualization literacy 

Boy et al. [11] define visualization literacy as: “the 
ability to confidently use a given data visualization to 
translate questions specified in the data domain into 
visual queries in the visual domain, as well as 
interpreting visual patterns in the visual domain as 
properties in the data domain.” [11] The literacy is 
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assessed through a test combining tasks and a variety 
of visualizations to measure the participant’s 
performance. The literacy is measured on a scale of 
ability scores which equate to a level of visualization 
literacy.  While the results of the test developed by 
Boy et al. is effective in measuring visual literacy it 
also requires knowledge and resources from the 
administrator of the test. This means the visual 
literacy test is not always a practical possibility. 

 
An alternative to a full-scale visual literacy test is 
checking participants’ familiarity with types of data 
visualizations. Chart familiarity was used for example 
by Pandey et al. [12] who measured used a Likert 
scale for participants to rate their familiarity with a 
type of visualization from 1 (not familiar) to 5 (very 
familiar). Measuring chart familiarity can be a less 
laborious way of including a level of participants’ 
previous knowledge as a factor when evaluating 
visualizations than assessing visualization literacy, in 
particular if the main focus of an evaluation is not 
literacy or similar topic. However, as a measure chart 
familiarity is subjective relies on the participants’ 
perception of their own familiarity and abilities. Chart 
familiarity has been used in crowdsourced 
experiments as it is relatively simple to include within 
a study design even when participants are remote. [13]  

 
Other measures that have been used to measure 
participants’ abilities with visualizations include 
spatial ability, personality [14] and visual ability [12], 
[13]. 
 
2.1.4 Novices and sense-making 
 
Understanding a data visualization for the first time 
can be challenging, in particular if the visualization in 
use is unfamiliar as discussed earlier, or the data is 
particularly complex. Lee et al. conducted a study on 
how people who encounter a type of data visualization 
for the first time make sense of the visualization, using 
very unfamiliar visualizations, such as parallel 
coordinates. [4] The resulting model, Novice’s 
information Visualization Sensemaking (NOVIS), 
describes the ways in which these novice users make 
sense of graphically visualised data through five 
processes. Through observing novice users, they 
identified five key sense-making processes, or 
activities, which are:  

 
1. Encountering visualization, which is the 

early activity of looking at the visualization 
as an image. 

2. Constructing a frame, during which the 
user engages with the data more deeply and 
attempts to organise the data within a 
frame. 

3. Exploring visualization, including 
finding facts and exploring the data 
through the visualization. 

4. Questioning the frame the user 
constructed earlier. Can also be verifying 
the frame. 

5. Floundering on visualization, which 
takes place if a user isn’t able to construct 
or verify a frame and is unsure what to do 
with the information or the visualization. 

 
These activities support novices when encountering 
unfamiliar visualizations. Using these activities 
depends on the type of visualization and the data 
being visualized. Some of the activities are also 
more in depth than others, an example used in the 
study was how few participants recounted 
encountering the visualization in detail. 
 
Finally, not all visualizations have been created to 
be truthful. A 2015 study by Pandev et al. analysed 
common techniques used to distort visualizations, 
including the data that is selected to be shown or 
encoding selection. Combined with the potential 
distortion in the visualization, unfamiliarity with the 
visualization type and other contextual factors such 
as where the visualization is published can create 
further challenges for engaging and understanding 
visualizations [12]. 
2.2. Evaluating data visualizations 
 
Evaluating data visualizations and validating the 
functionality of a visualization is a challenge due to 
the multiple factors involved in creating and 
viewing visualizations, and the number of possible 
metrics to use. [2] Data visualizations can be 
evaluated through multiple perspectives, including 
but not limited to seven scenarios looked at by Lam 
et al. (2012): evaluating visual data analysis and 
reasoning; user performance; user experience; 
environments and work practices; communication 
through visualization; visualization algorithms; and 
collaborative data analysis. [15] If focusing solely 
on user performance, a challenge can be the limited 
number of measurable metrics. Lam et al. note that 
most common user performance is measured 
through task completion time and accuracy, how 
accurately did the user complete a task. User 
experience is also commonly measured through 
subjective measures, such as user feedback. A 
challenge can be evaluating visualizations outside 
controlled environments, in particular for 
visualizations that users engage with in a less formal 
manner, as noted by Pousman et al. when discussing 
evaluation of casual information visualizations.  
[16] 
 
The above scenarios mostly focus on evaluating 
visualizations in the context of what the purpose or 
intended use of the visualization is and how the 
visualization achieves that purpose. Visualizations 
can be evaluated without the context by evaluating 
how the visualization has been constructed in order 
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to determine how effective the visualization is.  The 
visual encodings - the geometric elements that have 
been selected to create the visualization - are a key 
factor in determining how easy or complex the 
visualization is to read. The aforementioned studies 
by Cleveland and McGill established the order in 
which humans perceive elements of visualizations 
[3]. Where the data visualization places within the 
order of perceptual tasks indicates how easy the 
visualization will be to decode.  
 
In Visualization Analysis & Design Munzner refers 
to two principles that should be used when 
designing visualization and deciding which marks 
and channels, or visual markings, to use in a 
visualization: expressiveness and effectiveness. The 
former guides what is visualized - the dataset and 
nothing else; while the latter guides how that dataset 
is visualized - the most important data should have 
the most noticeable encoding.  Both principles can 
be measured through evaluating the visualization’s 
encodings. [2] 
 
Building from the Cleveland and McGill study, 
Heer and Bostock evaluated the same types of data 
visualizations as the original study together with 
new visualizations. The visualizations used in the 
study are the original visualizations grouped by 
positions (bar charts, stacked bar charts, clustered 
bar charts), and the new visualizations grouped by 
angles (pie chart), circular area (bubble chart) and 
rectangular area (aligned rectangles and treemaps). 
[17] In line with the original study Heer and Bostock 
found that participants were more accurate with bar 
charts, followed by stacked bar charts, pie charts, 
bubble charts, rectangular areas and finally 
treemaps. The results of the Heer and Bostock study 
indicate a hierarchy of difficulty in chart types, in 
line with Cleveland and McGill’s perceptual 
hierarchy.   
 

2.2.1 Crowdsourcing as research method  
 
Online crowdsourcing is an increasingly common 
method of recruiting participants for experiments. 
Amazon’s Mechanical Turk was the first 
crowdsourcing platform created in 2005 to 
distribute ‘microtasks’ among workers now called 
‘microworkers’. [18] These tasks are often quick 
and simple, for example annotating images of 
objects for training machine learning algorithms.  
Mechanical Turk and other platforms are a relatively 
cost-efficient and fast way of collecting large 
amounts of participants and data in comparison with 
more traditional experiments in labs [19]. However, 
the crowdsourcing platforms include some ethical 
considerations, mostly the pay received by 
microworkers on the platforms which is often less 

than national minimum wages and varies 
geographically. [18], [20]  
 
While running experiments using crowdsourcing 
platforms is not without problems, when Heer et al. 
conducted a replication study using crowdsourcing 
in place of participants in a laboratory setting they 
found no significant difference [17]. The study was 
conducted using Amazon’s Mechanical Turk, but 
the findings are not dependant on the platform used. 
As a research method crowdsourcing is increasingly 
common, but there are possible risks. These risks 
include the different forms of apparatus such as 
devices and browsers people may use; those who try 
to game the study for financial outcomes; or issues 
with attention [13], [21], [22]. 
 
3. RESEARCH QUESTIONS AND STUDY 
 
The research question of this project is focused on 
uncovering whether participants would utilise 
alternative paths (skip and caption) to complete a 
task when asked to engage with data visualizations, 
and if yes, if there is a difference in usage of the 
alternative paths based on familiarity with the 
visualization in question.  The hypotheses are based 
on the assumption that more unfamiliar 
visualizations are perceived to be more challenging, 
and therefore participants would be more likely to 
utilise an alternative path if one was available. One 
of the key sense-making activities introduced by Lee 
at al. is ‘Floundering on visualization’, which 
describes a scenario where the user is unsure of how 
to approach an unfamiliar visualization and can 
result in confusion or frustration. [4]  The 
expectation within this project is that this 
floundering results in users feeling adversity 
towards visualizations they perceive to be more 
challenging and therefore would try to complete the 
task without attempting to interpret the 
visualization.  
 
Hypotheses 
 
H1.  Participants are more likely to get the 
answer correctly from the visualization the more 
familiar the visualization is (i.e. bar chart). Based 
on the results of studies by Cleveland and McGill 
and Heer and Bostock [3], [17], the visualizations 
used in the Study 1 and Study 2 were ordered based 
on predicted participant performance from most 
familiar and least difficult to least familiar and most 
difficult (clustered bar chart, stacked bar chart, 
treemap). The small multiples pie charts were 
predicted to be in line with stacked bar chart and 
sunburst in line with treemap due to the challenge of 
accurately perceiving area. 
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H2. Participants are more likely to use an 
alternative path with more difficult 
visualizations (i.e. treemap). The hypothesis is 
based on two factors. First, the expectation was that 
with less familiar visualizations the participants 
would instinctively look for support in the 
description or would not want to engage with the 
visualization. Second, the tasks were timed which 
could create a sense of urgency leading to 
alternative paths.  
 
H3. Of the two alternative paths participants are 
more likely to use caption than skip. Participants 
were rewarded even if they skipped a question, and 
only penalised for incorrect answers. However, the 
reward for skipped tasks was smaller than the 
reward for correct answer, which could lead the 
participant to use the answer found within the 
caption for maximum potential reward.  
 
H4. Participants are more likely to engage and 
not use alternative paths with embellished 
visualizations. The embellished visualizations were 
created using familiar symbols for well-known food 
items. The visualizations were also colourful. These 
factors could make the visualizations more engaging 
and in turn the participants more confident at 
decoding the embellished visualizations than plain 
visualizations. 
 
 
H5. Embellished visualizations and pie charts 
will have similar results due to pie charts being 
closer to embellished than plain visualizations in 
nature. While pie charts rely on estimating angles 
and areas to distinguish differences and are therefore 
perceptually challenging, they are also linked to a 
real-world object. Pie charts are a metaphor for real 
pies, which could make them similar to embellished 
visualizations that use real world symbols to 
represent the data. 
 
3.2 Preparation 
 
In total three studies were conducted. Each study 
was composed of four experiments. As the 
experiments and the experimental design were 
identical between the studies the design described in 
this section applies to all three studies. The second 
and third studies were a replication of the first study 
design conducted using different stimuli. 
The participant and procedure details apply to all 
experiments; therefore, these are only included 
within the description for Experiment 1. 
 
  3.2.1 Experimental design 
The experimental design was a partial replication of 
design developed by Duong. [1] The design has 
been further developed by Dr Costanza and team at 

University College London Interaction Centre 
(UCLIC), although the methodology was not 
published at the time of writing.  
 
More specifically, this study replicated the format, 
procedure and plain visualizations used by Duong. 
Duong’s experimental design is based on a multiple-
choice question format, commonly used in empirical 
research on visualization and therefore fitting to the 
purposes of this study. The remaining visualizations 
and captions were created specifically for this study 
(see Materials). 
 
The experimental design to test the expectation that 
people have an adversity towards visualizations they 
perceive to be more challenging was built on a task 
setup where participant is presented with a question, 
a visualization, description of the visualization 
(caption) and multiple-choice answers, together 
with either both or one of two alternative paths. 
These alternative paths were introduced to create an 
environment where people would be able to 
complete the task without engaging with the 
visualization.  
 
In each experiment participants were financially 
rewarded for correct answers. Each incorrect answer 
deducted a set amount from the final payment. The 
first alternative path is an option to skip without 
losing all of the reward. The second alternative path 
is an answer to the question included within the 
caption accompanying the visualization, but the 
answer is different from the answer found within the 
visualization (ie. The data and the visualization 
shows that Belize imported the most bananas, but 
caption suggests that Switzerland imported the most 
bananas instead. If participant chooses to skip the 
question they do not need to engage with the 
visualization or caption at all to get a reward. 
Analysing the responses will tell which path the 
participants selected: try to answer based on the 
visualization or take one of the alternative paths.    
 
The entire study was split into three studies based on 
the type of visualization. Study 1 was conducted 
using plain visualizations, Study 2 using 
embellished visualizations and Study 3 using pie 
charts. Each study was made up of four experiments, 
distinguished by the alternative path available for 
participants in each experiment (see Table 1). 
Experiment 1 contained both alternative paths; 
Experiment 2 only the Skip alternative path; 
Experiment 3 only the Caption alternative path; and 
Experiment 4 neither alternative paths. Experiment 
4 therefore establishes the baseline with no 
alternative paths available.  
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Study Visualization Experiment Response 

options 

1 

Plain:  
clustered bar 
chart, stacked 
bar chart, 
treemap 

1 Caption-
skip 

2 Skip 
3 Caption 
4 Baseline 

2 

Embellished: 
clustered bar 
chart, stacked 
bar chart, 
treemap 

1 Caption-
skip 

2 Skip 
3 Caption 
4 Baseline 

3 

Pie:  
sunburst,  
sm. mult. pie 
chart 

1 Caption-
skip 

2 Skip 
3 Caption 
4 Baseline 

Table 1. Study and experiment conditions 
 
In each experiment all participants were asked to 
answer three questions (see Table 2). Each 
participant was asked the same questions regardless 
of the study, experiment or visualization they were 
assigned to.   
 

Q1. Which country imported the most berries? 
Q2. Which country imported the least grapes? 
Q3. Which country imported the second most 

citrus fruit? 
Table 2. Questions used for multiple-choice tasks 

3.2.2 Implementation 
 
The study interface was created using Gorilla, an 
online experiment hosting platform. The interface 
was designed to work with all types of visualizations 
and a multiple-choice question format.   
 
Prolific was selected for logistical and for pre-
screening options. As Amazon has a controversial 
record on treatment and payment of Amazon 
Mechanical Turk employees and contractors [18], 
[21], [23], therefore Prolific is also ethically 
preferable to some other crowdsourcing platforms 
as it does not allow publication of studies where the 
participant is paid less than the equivalent of 
£5.00/hour.  
 
These platforms are tools and neither Prolific nor 
Gorilla have any influence on the study, design, 
participants or results. 
 
Both Gorilla and Prolific were adjusted based on the 
experiment. For experiments 2 and 3 the alternative 
path that wasn’t included was removed from the 
study descriptions and the interface. 

                                                        
1 An additional 160 participants were recruited, but 
after Study 1 and Study 2 had been completed it was 
noticed that the treemap stimuli used in the studies 
had an error. Therefore, participants in the treemap 
condition were excluded from the data and another 

 

 
Figure 5. Example of a question page presented to the 
participant with a caption at the top, visualization in 

the middle, skip at the bottom left and multiple-
choice options on bottom right. 

 
3.3 Methods 
 
3.3.1 Participants 
A total of 640 participants were recruited for the 
three studies through the crowdsourcing platform 
Prolific. The participants were evenly distributed so 
that each stimulus (visualization) in each 
experiment had 20 participants. Studies 1 and 2 had 
120 participants each across three stimuli (20 x 3 
stimuli x 4 experiments) and Study 3 160 
participants across two stimuli (20 x 2 stimuli x 4 
experiments). In order to take part in the study the 
participants were required to have an acceptance 
rating of 95% on Prolific and have successfully 
completed three tasks through Prolific. The 
participants were native English speakers and 
residents in the United Kingdom or the United 
States of America to avoid creating obstacles based 
on language.[24] 1 
 
Participants were paid £1.00 for the 5-minute task 
and had an opportunity to earn additional £1.05 in 
bonus payment if they answered all three questions 
correctly. The minimum reimbursement of £1.00 for 
the experiment equals to £12.00/hour, which is 
above the national and London living wages.   
 
3.3.2 Design 
All three studies used a factorial design. Study 1 and 
Study 2 have a 3x4 factorial design where the 
between-subject condition was the type of data 
visualization: Clustered Bar Chart, Stacked Bar 
Chart and Treemap in Study 1 and Embellished 

160 participants were recruited to complete the first 
two studies with a corrected stimulus in order to 
replace the discarded participants. The final 160 
participants are included in the total of 640 
participants.   
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Clustered Bar Chart, Embellished Stacked Bar Chart 
and Embellished Treemap in Study 2 Study 3 used 
2x4 factorial design, where the between-subject 
condition was again the type of visualization: 
Sunburst and Small Multiples Pie Chart. 
Participants were randomly assigned to a between-
subjects condition, with an even distribution of 
participants between the visualizations. The within-
subject condition was the experiment type, based on 
the available alternative path. 
 
Data was collected on the main dependent variable, 
which is performance within each between-subject 
condition measured by the outcome and reaction 
time: 

• Correct 
• Incorrect 
• Timeout 
• Reaction time 
• Caption 
• Skip2 

 
Data was also collected on control variables: 

• Chart familiarity 
• Attention check 

 
3.3.3 Materials 
 
Visualizations 
For the study a total of eight data visualizations were 
created.  All visualizations were generated using 
existing data from the International Trade Centre of: 
edible fruit and nuts; peel of citrus fruit; and melons, 
imported by countries between the years of 2013-
2017. The visualizations used real data in order to 
ensure ecological validity and to avoid confusing 
participants who may have existing knowledge of 
fruit imports. The dataset was also large and 
contained multiple subsets. 
 
Studies 1 and 2 used three types of data 
visualizations, selected due to their level of 
familiarity. In their study on novices’ understanding 
of data visualizations Lee et al. confirmed that 
treemaps are often unfamiliar to novice users, 
whereas visualizations such as bar charts are more 
widely encountered and recognised. In order to 
compare types of bar charts the two studies used 
both clustered and stacked bar charts. [4] 
 
For Study 1 the visualizations were reused from the 
dissertation by Tu Dinh Duong [1] (see Figure 6). 

                                                        
2 In the experiments where caption, skip or both are 
present they are complementary to the main 
dependent variables.  

For consistency, data was organised by country first 
and then type of fruit, for each data visualization. 
The only modification made to the visualizations 
created by Duong concerned the stacked bar chart. 
In order to improve validity of the study the stacked 
bar chart was duplicated and the order of the fruit 
within the stacks changed so that the target group of 
each question (e.g. grapes) was always second from 
the top 

 

 

 
 

 
Figure 6. Stacked bar chart, clustered bar chart and 

treemap used in Study 1. 
 
For Study 2 the visualizations used in Study 1 were 
embellished by replacing the solid colour fill of each 
bar or area with isotype-style pictorial 
embellishments (see Figure 7). The icons used to 
represent each fruit or group of fruits were created 
based on icons used worldwide to improve 
recognition.   
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Figure 7. Stacked bar chart, clustered bar chart and 

treemap used in Study 2, and icons used to create 
embellished visualizations. 

 
 
For Study 3 the data was displayed in a sunburst and 
small multiples of a pie chart (See Figures 8 and 9). 
Both were created using Microsoft Excel. For 
internal validity the sunburst was edited to remove 
colour from the inner circle, as all other 
visualizations across the studies had plain black 
label for the country.  
 

 
Figure 8. Sunburst used in Study 3 

 

 
Figure 9. Small multiples pie charts used in Study 3. 

 
Captions 
 
Each visualization was accompanied by a caption 
describing the visualization.  For example, the 
caption accompanying both plain and embellished 
clustered bar chart was: “The display shows the 
amount of fruit imported by each country over a 
four-year period. Each bar represents a specific fruit 
or group of fruits. Each cluster of bars is one 
country.  The longer the bar the more of the specific 
fruit was imported by the country.”  
 
Experiments 1 and 3, with the alternative path 
‘caption present, included an example of applying 
the visualization to answer the question. For 
example, the caption for a stacked bar chart in study 
2, experiment 3 was: “The display shows the amount 
of fruit imported by each country over a four-year 
period. Each bar represents a specific fruit or group 
of fruits. Each cluster of bars is one country.  The 
longer the bar the more of the specific fruit was 
imported by the country. For example, the chart 
suggests that Cyprus imported the least grapes.”  
The answer found in the caption was always 
different to the answer displayed within the 
visualization. 
 
Chart familiarity questionnaire 
 
The questionnaire based on Pandey et al. [12] was 
created by Duong and replicated for this study. 
Participants were presented with six screens, each 
with a different type of visualization, and asked to 
rate their familiarity with the visualization on a scale 
of 1 to 5 where 1 is ‘Never seen this before’ and 5 is 
‘Seen this a lot’. The visualizations used in the 
questionnaire were bar chart, clustered bar chart, 
stacked bar chart, line graph, pie chart, sunburst and 
treemap. 
 
Study questionnaire 
 
The study questionnaire consisted of two questions 
and an open form field. The questions asked the 
participant whether or not they noticed any errors in 
the visualizations or the descriptions. An open form 
field asked participant if they had any comments 
about the study.  
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3.3.4 Procedure 
Only participants who met the pre-screening 
requirements (language, country of residency, 
approval rate and number of previous submissions) 
were able to see the study advertised on Prolific. 
Once participant decided to take part and provided 
consent on Prolific, they were redirected to the study 
hosted on Gorilla.   
 
On Gorilla participants were shown a welcome 
screen if they passed the technical requirement of 
minimum of 881px wide and 661px high viewport 
and accessing the study using the latest version of 
Chrome browser. If they did not, they were directed 
back to Prolific. 
Participants were then presented with the 
Information Sheet for Participants in Research 
Studies and an informed consent form. If the 
participant provided consent, they were directed to 
a tutorial.  
 
The tutorial was aimed at teaching the participant 
about the interface, including the layout, how to 
choose an answer, how to skip a question and how 
the study was timed. Once the tutorial was complete, 
they could begin the trial. The tutorial included 
seven or eight screens, depending on whether the 
condition had ‘Skip’ or not. The structure of the 
tutorial was designed to familiarise participants with 
the layout and details of the trial screen, and could 
be summarised:  
 

• Welcome, with compensation information 
• Task description 
• Content area 
• Question area 
• Skip area if applicable 
• Answer area 
• Timer 
• Confirm to begin trial 

 
Each trial consisted of three multiple choice 
questions, each with the same data visualization (see 
Table 2). The order of the questions was 
randomised. After the three trial questions the 
participant was presented with an attention check 
question. During the trial the participant would 

receive a notification if they switched windows 
during the trial. 
  
Following completion of the trial, participants were 
directed to complete a questionnaire regarding their 
familiarity with data visualization and another 
questionnaire on the experiment itself before 
redirection to Prolific.   
 
The structure of the procedure as experienced by the 
participants could be summarised as: 
 

• Welcome 
• Study information sheet 
• Informed consent 
• Tutorial  
• Trial 

§ Question 1 
§ Question 2 
§ Question 3 
§ Attention check  

• Visualization Familiarity 
Questionnaire 

• Study Questionnaire 
4. RESULTS 
 
The results are reported by each independent 
variable and then discussed by the hypothesis.  The 
first section discusses the results of Studies 1 and 2, 
where embellishment is included as an independent 
variable. Results of Study 3 with sunburst and small 
multiples pie chart are reported separately. When 
results are reported for caption and skip responses 
these analyses only include data from the 
experiments where that answer option was present 
(i.e. Exp1 and Exp2 for skip, Exp1 and Exp3 for 
caption).  
 
To note, in results, the stimuli are referred to by 
acronyms as indicated below: 
 

Treemap TM 
Stacked bar chart SBC 
Clustered bar chart CBC 
Sunburst SB 
Small multiples pie chart MPC 
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Means by dependant variables 
 
Main level  

Correct Incorrect Timeout Skip Caption Reaction Time 

CBC 0.683 0.210 0.016 0.056 0.129 15250 

MPC 0.531 0.195 0.069 0.144 0.260 18508 

SB 0.340 0.228 0.083 0.339 0.219 21872 

SBC 0.517 0.261 0.038 0.165 0.194 16949 

TM 0.321 0.265 0.091 0.295 0.354 20395 

Emb. 0.463 0.302 0.059 0.119 0.231 18033 

Plain 0.553 0.302 0.054 0.222 0.222 17004 

Exp1 0.424 0.141 0.054 0.193 0.188 18623 

Exp2 0.485 0.239 0.045 0.197 NaN 18572 

Exp3 0.577 0.352 0.071 NaN NaN 17751 

Exp4 0.462 0.207 0.059 NaN 0.272 18201 

Berries 0.624 0.115 0.054 0.193 0.207 17251 

Citrus 0.232 0.425 0.057 0.237 0.288 20285 

Grapes 0.604 0.164 0.058 0.155 0.194 17386 

Table 3. Means of each response type and reaction time by visualization, embellishment, experiment and question 
 
 
Level 2  

Correct Incorrect Timeout Skip Caption Reaction time 

CBC Plain 0.754 0.107 0.024 0.079 0.154 15573 

CBC Emb. 0.609 0.317 0.008 0.033 0.103 14916 

SBC Plain 0.598 0.184 0.013 0.256 0.150 15865 

SBC Emb. 0.436 0.338 0.064 0.079 0.239 18033 

TM Plain 0.295 0.278 0.076 0.342 0.368 19651 

TM Emb. 0.346 0.252 0.106 0.250 0.341 21112 

MPC  0.531 0.195 0.069 0.144 0.260 18508 

SB 0.340 0.228 0.083 0.339 0.219 21872 

Table 4. Means by response type, visualization and embellishment 
 

Visualization Experiment Correct Incorrect Timeout Skip Caption Reaction time 

CBC 

1 0.625 0.133 0.008 0.075 0.158 17382 
2 0.705 0.248 0.008 0.039 NaN 16204 
3 0.722 0.254 0.024 NaN NaN 12732 
4 0.675 0.200 0.025 NaN 0.100 14738 

SBC 

1 0.472 0.130 0.049 0.195 0.154 16816 
2 0.575 0.267 0.025 0.133 NaN 16324 
3 0.523 0.432 0.045 NaN NaN 15800 
4 0.500 0.228 0.035 NaN 0.237 18868 

TM 

1 0.283 0.175 0.092 0.208 0.242 20419 
2 0.239 0.308 0.068 0.385 NaN 19478 
3 0.463 0.415 0.122 NaN NaN 21438 
4 0.293 0.163 0.081 NaN 0.463 20201 

MPC 
1 0.417 0.050 0.083 0.233 0.217 18889 
2 0.600 0.200 0.067 0.100 NaN 17825 
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3 0.600 0.350 0.050 NaN NaN 19509 
4 0.444 0.175 0.079 NaN 0.302 18492 

SB 

1 0.217 0.200 0.050 0.350 0.183 20953 
2 0.303 0.182 0.061 0.333 NaN 22804 
3 0.579 0.281 0.140 NaN NaN 22836 
4 0.315 0.315 0.111 NaN 0.259 19597 

Table 5. Means by response type, visualization and experiment (1-4) 
 

Visualization Question Correct Incorrect Timeout Skip Caption Reaction time 

CBC 

Berries 0.830 0.097 0.006 0.060 0.075 13892 

Citrus 0.358 0.485 0.012 0.072 0.225 17398 

Grapes 0.861 0.048 0.030 0.036 0.088 14461 

SBC 

Berries 0.788 0.045 0.026 0.086 0.190 15734 

Citrus 0.154 0.462 0.071 0.346 0.266 21364 

Grapes 0.609 0.276 0.019 0.062 0.127 13749 

TM 

Berries 0.422 0.236 0.087 0.241 0.272 19061 

Citrus 0.155 0.354 0.081 0.418 0.407 21155 

Grapes 0.385 0.205 0.106 0.228 0.383 20969 

MPC 

Berries 0.663 0.020 0.099 0.167 0.293 19380 

Citrus 0.228 0.495 0.040 0.183 0.220 18985 

Grapes 0.703 0.069 0.069 0.083 0.268 17158 

SB 

Berries 0.317 0.158 0.079 0.469 0.289 20068 

Citrus 0.277 0.317 0.089 0.141 0.289 23252 

Grapes 0.426 0.208 0.079 0.406 0.079 22296 

Table 6 Means by response type, visualization and question
  

Embellishment Experiment Correct Incorrect Timeout Skip Caption Reaction time 

Plain 

1 0.441 0.124 0.034 0.209 0.192 17375 

2 0.530 0.219 0.016 0.235 NaN 16538 

3 0.678 0.267 0.056 NaN NaN 16440 

4 0.563 0.142 0.044 NaN 0.251 17667 

Embellished 

1 0.478 0.167 0.065 0.113 0.177 18975 

2 0.497 0.328 0.049 0.126 NaN 18042 

3 0.467 0.461 0.072 NaN NaN 16865 

4 0.408 0.253 0.052 NaN 0.287 18226 

Pie 

1 0.317 0.125 0.067 0.292 0.200 19921 

2 0.444 0.190 0.063 0.222 NaN 20433 

3 0.590 0.316 0.094 NaN NaN 21130 

4 0.385 0.239 0.094 NaN 0.282 19002 

Table 7. Means by response type, embellishment and experiment (1-4).
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Embellishment Question Correct Incorrect Timeout Skip Caption Reaction time 

Plain 

Berries 0.672 0.133 0.033 0.183 0.142 16194 

Citrus 0.324 0.328 0.029 0.350 0.292 18410 

Grapes 0.664 0.104 0.050 0.133 0.233 16408 

Embellished 

Berries 0.689 0.120 0.046 0.073 0.217 16236 

Citrus 0.124 0.539 0.079 0.203 0.308 21463 

Grapes 0.577 0.245 0.054 0.081 0.167 16401 

Pie 

Berries 0.490 0.089 0.089 0.323 0.291 19724 

Citrus 0.252 0.406 0.064 0.161 0.253 21118 

Grapes 0.564 0.139 0.074 0.250 0.177 19727 

Table 8. Means by response type, embellishment and question. 
  

Question Condition Correct Incorrect Timeout Skip Caption Reaction time 

Berries 

1 0.534 0.081 0.068 0.174 0.143 17167 

2 0.573 0.117 0.058 NaN 0.233 18386 

3 0.805 0.157 0.038 NaN NaN 16093 

4 0.601 0.108 0.051 0.241 NaN 17023 

Citrus 

1 0.236 0.230 0.043 0.230 0.261 20184 

2 0.204 0.461 0.039 NaN 0.218 20578 

3 0.270 0.648 0.082 NaN NaN 20467 

4 0.228 0.354 0.070 0.348 NaN 19825 

Grapes 

1 0.503 0.112 0.050 0.161 0.174 18520 

2 0.680 0.141 0.039 NaN 0.141 16751 

3 0.654 0.252 0.094 NaN NaN 16692 

4 0.557 0.158 0.057 0.228 NaN 17756 

Table 9. Means by response type, question and experiment.
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Studies 1 and 2 
Correct 

 
 

Post hoc test - Correct 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

Vis1  Vis2  meandiff   lower    upper   reject 

 CBC     SBC    -0.1657 -0.2503 -0.0811  True  

 CBC      TM   -0.3619 -0.4458 -0.278 True  

 SBC      TM   -0.1962 -0.2813 -0.1111 True  

 Table 10. Four-way ANOVA and Tukey post hoc test results 
for correct 

A four-way ANOVA revealed a significant effect of 
visualization, embellishment, condition and question on the 
proportion of correct answers, as well as a 1st order 
interaction effect across all pairs of factors. A Tukey post 
hoc test was conducted to identify the visualizations between 
which the null hypothesis can be rejected. The detailed 
analysis results are reported in Table 10.  
 
Further post hoc test was conducted to identify the 
interaction effect between visualization type and 
embellishment, as well as embellishment and experiment. 
For details see Table 11.  
 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 
group1 group2 meandiff lower upper reject 
Plain 
CBC 

Emb.CBC -0.1449 -0.2665 -0.0233 True 

Plain 
CBC 

Plain SBC -0.1557 -0.2784 -0.0329 True 

Plain 
CBC 

Emb. 
SBC 

-0.3181 -0.4408 -0.1953 True 

Plain 
CBC 

Plain TM -0.4586 -0.581 -0.3363 True 

Plain 
CBC 

Emb. TM -0.4084 -0.5296 -0.2872 True 

Emb. 
CBC 

Plain SBC -0.0108 -0.1346 0.1131 False 

Emb. 
CBC 

Emb. 
SBC 

-0.1732 -0.297 -0.0493 True 

Emb. 
CBC 

Plain TM -0.3137 -0.4371 -0.1903 True 

Emb. 
CBC 

Emb. TM -0.2635 -0.3858 -0.1412 True 

Plain SBC Emb. 
SBC 

-0.1624 -0.2874 -0.0374 True 

Plain SBC Plain TM -0.3029 -0.4275 -0.1783 True 
Plain SBC Emb. TM -0.2528 -0.3762 -0.1293 True 
Emb. SBC Plain TM -0.1405 -0.2652 -0.0159 True 
Emb. SBC Emb. TM -0.0904 -0.2138 0.0331 False 
Plain TM Emb. TM 0.0502 -0.0729 0.1732 False 

 
Multiple Comparison of Means - Tukey HSD,FWER=0.05 
group1 group2 meandiff lower upper reject 
Plain, 
Exp1 

Plain, 
Exp2 

0.0894 -0.0691 0.2478 False 

Plain, 
Exp1 

Plain, 
Exp3 

0.2371 0.078 0.3962 True 

Plain, 
Exp1 

Plain, 
Exp4 

0.1222 -0.0363 0.2806 False 

Plain, 
Exp1 

Emb, 
Exp1 

0.0378 -0.12 0.1956 False 

Plain, 
Exp1 

Emb, 
Exp2 

0.0566 -0.1019 0.215 False 

Plain, 
Exp1 

Emb, 
Exp3 

0.026 -0.1331 0.1851 False 

Plain, 
Exp1 

Emb, 
Exp4 

-0.0326 -0.1931 0.1278 False 

Plain, 
Exp2 

Plain, 
Exp3 

0.1477 -0.01 0.3055 False 

Plain, 
Exp2 

Plain, 
Exp4 

0.0328 -0.1243 0.1899 False 

Plain, 
Exp2 

Emb, 
Exp1 

-0.0516 -0.208 0.1049 False 

Plain, 
Exp2 

Emb, 
Exp2 

-0.0328 -0.1899 0.1243 False 

Plain, 
Exp2 

Emb, 
Exp3 

-0.0634 -0.2212 0.0944 False 

Plain, 
Exp2 

Emb, 
Exp4 

-0.122 -0.2811 0.0371 False 

Plain, 
Exp3 

Plain, 
Exp4 

-0.1149 -0.2727 0.0428 False 

Plain, 
Exp3 

Emb, 
Exp1 

-0.1993 -0.3564 -0.0421 True 

Plain, 
Exp3 

Emb, 
Exp2 

-0.1805 -0.3383 -0.0227 True 

Plain, 
Exp3 

Emb, 
Exp3 

-0.2111 -0.3695 -0.0527 True 

Plain, 
Exp3 

Emb, 
Exp4 

-0.2697 -0.4295 -0.11 True 

Plain, 
Exp4 

Emb, 
Exp1 

-0.0843 -0.2408 0.0721 False 

Plain, 
Exp4 

Emb, 
Exp2 

-0.0656 -0.2227 0.0915 False 

Plain, 
Exp4 

Emb, 
Exp3 

-0.0962 -0.2539 0.0616 False 

Plain, 
Exp4 

Emb, 
Exp4 

-0.1548 -0.3139 0.0043 False 

Emb, 
Exp1 

Emb, 
Exp2 

0.0188 -0.1377 0.1753 False 

Emb, 
Exp1 

Emb, 
Exp3 

-0.0118 -0.169 0.1453 False 

Emb, 
Exp1 

Emb, 
Exp4 

-0.0704 -0.229 0.0881 False 

Emb, 
Exp2 

Emb, 
Exp3 

-0.0306 -0.1884 0.1272 False 

Emb, 
Exp2 

Emb, 
Exp4 

-0.0892 -0.2484 0.0699 False 

Emb, 
Exp3 

Emb, 
Exp4 

-0.0586 -0.2184 0.1012 False 

Table 11. Post hoc test on proportion of correct answers by 
plain and embellished visualizations. 
 

Four-way ANOVA | Correct 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(embellishment 
):C(condition) 

94.313 59.000 9.381 <0.001 

C(vis) 
:C(embellishment) 

50.036 30.000 9.788 <0.001 

Four-way ANOVA | Proportion of Correct Answers  
 sum_sq df F PR(>F) 

C(vis) 6.491 4.000 8.997 <0.001 

C(embellishment) 0.036 2.000 0.101 <0.001 

C(condition) 5.917 3.000 10.933 <0.001 

C(Question) 66.538 2.000 184.431 <0.001 
C(vis) 
:C(embellishment) 

19.372 8.000 13.424 <0.001 
C(vis) 
:C(condition) 

4.772 12.000 2.205 <0.001 
C(vis) 
:C(Question) 

12.441 8.000 8.621 <0.001 
C(Question) 
:C(embellishment) 

5.932 4.000 8.221 <0.001 
C(Question) 
:C(condition) 

5.060 6.000 4.675 <0.001 
C(embellishment) 
:C(condition) 

4.699 6.000 4.342 <0.001 

Residual 362.218 2008.000 NaN NaN 
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:C(Question) 
C(vis) 
:C(condition) 
:C(Question) 

13.808 30.000 2.701 <0.001 

Residual 336.356 1974.000 NaN NaN 

 
Group 1 Group 2 meandiff lower upper reject 
CBC Plain Exp1 TM Plain 

Exp1 
-0.4035 -0.7187 -0.0883 True 

CBC Plain Exp1 TM Plain 
Exp2 

-0.4833 -0.7944 -0.1722 True 
CBC Plain Exp1 TM Plain 

Exp4 
-0.4167 -0.7278 -0.1056 True 

CBC Plain Exp2 SBC Plain 
Exp1 

-0.3894 -0.6933 -0.0854 True 
CBC Plain Exp2 TM Plain 

Exp1 
-0.5096 -0.8177 -0.2015 True 

CBC Plain Exp2 TM Plain 
Exp2 

-0.5894 -0.8933 -0.2854 True 
CBC Plain Exp2 TM Plain 

Exp4 
-0.5227 -0.8267 -0.2188 True 

CBC Plain Exp3 TM Plain 
Exp1 

-0.5781 -0.8896 -0.2666 True 
CBC Plain Exp3 TM Plain 

Exp2 
-0.6579 -0.9653 -0.3506 True 

CBC Plain Exp3 TM Plain 
Exp3 

-0.3579 -0.6653 -0.0506 True 
CBC Plain Exp3 TM Plain 

Exp4 
-0.5913 -0.8986 -0.2839 True 

CBC Plain Exp4 SBC Plain 
Exp1 

-0.3468 -0.6542 -0.0395 True 
CBC Plain Exp4 TM Plain 

Exp1 
-0.467 -0.7785 -0.1555 True 

CBC Plain Exp4 TM Plain 
Exp2 

-0.5468 -0.8542 -0.2395 True 
CBC Plain Exp4 TM Plain 

Exp4 
-0.4802 -0.7875 -0.1728 True 

SBC Plain Exp2 TM Plain 
Exp1 

-0.3509 -0.6701 -0.0317 True 
SBC Plain Exp2 TM Plain 

Exp2 
-0.4307 -0.7459 -0.1155 True 

SBC Plain Exp2 TM Plain 
Exp4 

-0.364 -0.6792 -0.0489 True 
SBC Plain Exp3 TM Plain 

Exp1 
-0.4386 -0.7578 -0.1194 True 

SBC Plain Exp3 TM Plain 
Exp2 

-0.5184 -0.8336 -0.2033 True 
SBC Plain Exp3 TM Plain 

Exp4 
-0.4518 -0.7669 -0.1366 True 

SBC Plain Exp4 TM Plain 
Exp1 

-0.4368 -0.752 -0.1217 True 
SBC Plain Exp4 TM Plain 

Exp2 
-0.5167 -0.8278 -0.2056 True 

SBC Plain Exp4 TM Plain 
Exp4 

-0.45 -0.7611 -0.1389 True 

 
Group 1 Group 2 meandiff lower upper reject 
CBC Emb Exp2 SBC 

Emb 
Exp4 

-0.3571 -
0.6731 

-
0.0411 

True 

CBC Emb Exp2 TM Emb 
Exp1 

-0.3333 -
0.6369 

-
0.0297 

True 

CBC Emb Exp2 TM Emb 
Exp2 

-0.3367 -
0.6482 

-
0.0252 

True 

CBC Emb Exp3 SBC 
Emb 
Exp4 

-0.3254 -
0.6414 

-
0.0094 

True 

CBC Emb Exp4 SBC 
Emb 
Exp4 

-0.3363 -
0.6598 

-
0.0127 

True 

CBC Emb Exp4 TM Emb 
Exp1 

-0.3124 -
0.6239 

-0.001 True 

 
Group 1 Group 2 meandiff lower upper reject 
CBC Plain Exp1 TM Emb 

Exp1 
-0.3651 -

0.6725 
-

0.0577 
True 

CBC Plain Exp2 TM Emb 
Exp2 

-0.4745 -
0.7826 

-
0.1664 

True 

CBC Plain Exp3 TM Emb 
Exp3 

-0.3968 -
0.7004 

-
0.0932 

True 

CBC Plain Exp4 SBC 
Emb 
Exp4 

-0.4524 -
0.7684 

-
0.1364 

True 

CBC Plain Exp4 TM Emb 
Exp4 

-0.3968 -
0.7004 

-
0.0932 

True 

CBC Emb Exp1 TM Plain 
Exp1 

-0.3202 -
0.6353 

-0.005 True 

CBC Emb Exp2 TM Plain 
Exp2 

-0.4516 -0.759 -
0.1442 

True 

CBC Emb Exp4 TM Plain 
Exp4 

-0.364 -
0.6792 

-
0.0489 

True 

SBC Plain Exp4 TM Emb 
Exp4 

-0.3667 -0.674 -
0.0593 

True 

SBC Plain Exp4 TM Emb 
Exp4 

-0.3667 -0.674 -
0.0593 

True 

Table 12. Interaction effect of all conditions on proportion of 
correct answers, and post hoc results divided by plain-plain, 
embellished-embellished and mixed pairs.  
 
A 2nd order four-way ANOVA revealed a significant 
interaction effect of visualization, embellishment and 
condition on correct answers. A Tukey post hoc test was 
conducted to identify the variables between which null 
hypothesis can be rejected. The detailed analysis results are 
reported in Table 12. 
 
Incorrect 
 

Four-way ANOVA | Proportion of Incorrect responses   
sum_sq df F PR(>F) 

C(vis) 2.29E-01 4     0.406 <0.001 
C(embellishment) 3.89E+00 2 13.788 <0.001 
C(condition) 1.14E+01 3 26.868 <0.001 
C(Question) 3.80E+01 2 134.863 <0.001 
C(vis) 
:C(embellishment) 

1.04E+01 8 9.236 <0.001 

C(vis):C(condition) 4.13E+00 12 2.440 <0.001 
C(vis):C(Question) 1.24E+01 8 10.984 <0.001 
C(Question) 
:C(embellishment) 

4.73E+00 4 8.391 <0.001 

C(Question) 
:C(condition) 

6.16E+00 6 7.283 <0.001 

C(embellishment) 
:C(condition) 

1.71E+00 6 2.019 <0.001 

Residual 2.83E+02 2008 NaN NaN 

 
Post hoc test - Incorrect 
Multiple Comparison of Means - Tukey HSD,FWER=0.05 
Visualization
1  

Visualization
2  

meandif
f  

 
lowe
r   

 
uppe
r  

 
rejec
t 

 CBC     SBC    0.051 -
0.02
4 

0.12
5 

False  

 CBC      TM   0.055 -
0.01
9 

0.12
9 

False  

 SBC      TM   0.004 -
0.07
1 

0.07
9 

False  

Table 13. Four-way ANOVA and Tukey post hoc test results 
for incorrect 

 
 A four-way ANOVA revealed a significant effect of 
visualization, embellishment, condition and question on the 
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proportion of incorrect answers, as well as a 1st order 
interaction effect across all 4 pairs of factors. A Tukey post 
hoc test was conducted to identify the visualizations between 
which the null hypothesis can be rejected. The detailed 
analysis results are reported in Table 13. 
 
Further post hoc test was conducted to identify the 
interaction effect between plain and embellished 
visualization types. For details see Table 14.  
 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

group1 group2 meandiff lower upper reject 

Plain 
CBC 

Emb.CBC -0.1449 -
0.2665 

-
0.0233 

True 

Plain 
CBC 

Plain SBC -0.1557 -
0.2784 

-
0.0329 

True 

Plain 
CBC 

Emb. 
SBC 

-0.3181 -
0.4408 

-
0.1953 

True 

Plain 
CBC 

Plain TM -0.4586 -0.581 -
0.3363 

True 

Plain 
CBC 

Emb. TM -0.4084 -
0.5296 

-
0.2872 

True 

Emb. 
CBC 

Plain SBC -0.0108 -
0.1346 

0.1131 False 

Emb. 
CBC 

Emb. 
SBC 

-0.1732 -0.297 -
0.0493 

True 

Emb. 
CBC 

Plain TM -0.3137 -
0.4371 

-
0.1903 

True 

Emb. 
CBC 

Emb. TM -0.2635 -
0.3858 

-
0.1412 

True 

Plain 
SBC 

Emb. 
SBC 

-0.1624 -
0.2874 

-
0.0374 

True 

Plain 
SBC 

Plain TM -0.3029 -
0.4275 

-
0.1783 

True 

Plain 
SBC 

Emb. TM -0.2528 -
0.3762 

-
0.1293 

True 

Emb. SBC Plain TM -0.1405 -
0.2652 

-
0.0159 

True 

Emb. SBC Emb. TM -0.0904 -
0.2138 

0.0331 False 

Plain TM Emb. TM 0.0502 -
0.0729 

0.1732 False 

 
Multiple Comparison of Means - Tukey HSD,FWER=0.05 
group1 group2 meandiff lower upper reject 
Plain, 
Exp1 

Plain, 
Exp2 0.0943 -0.0396 0.2282 False 

Plain, 
Exp1 

Plain, 
Exp3 0.1424 0.0079 0.2768 True 

Plain, 
Exp1 

Plain, 
Exp4 0.0178 -0.1161 0.1517 False 

Plain, 
Exp1 

Emb, 
Exp1 0.0424 -0.091 0.1757 False 

Plain, 
Exp1 

Emb, 
Exp2 0.2036 0.0697 0.3375 True 

Plain, 
Exp1 

Emb, 
Exp3 0.3368 0.2024 0.4713 True 

Plain, 
Exp1 

Emb, 
Exp4 0.1286 -0.007 0.2642 False 

Plain, 
Exp2 

Plain, 
Exp3 0.0481 -0.0852 0.1814 False 

Plain, 
Exp2 

Plain, 
Exp4 -0.0765 -0.2093 0.0563 False 

Plain, 
Exp2 

Emb, 
Exp1 -0.0519 -0.1842 0.0803 False 

Plain, 
Exp2 

Emb, 
Exp2 0.1093 -0.0235 0.2421 False 

Plain, 
Exp2 

Emb, 
Exp3 0.2425 0.1092 0.3759 True 

Plain, 
Exp2 

Emb, 
Exp4 0.0343 -0.1002 0.1688 False 

Plain, 
Exp3 

Plain, 
Exp4 -0.1246 -0.2579 0.0087 False 

Plain, 
Exp3 

Emb, 
Exp1 -0.1 -0.2328 0.0328 False 

Plain, 
Exp3 

Emb, 
Exp2 0.0612 -0.0721 0.1945 False 

Plain, 
Exp3 

Emb, 
Exp3 0.1944 0.0606 0.3283 True 

Plain, 
Exp3 

Emb, 
Exp4 -0.0138 -0.1488 0.1212 False 

Plain, 
Exp4 

Emb, 
Exp1 0.0246 -0.1077 0.1568 False 

Plain, 
Exp4 

Emb, 
Exp2 0.1858 0.053 0.3186 True 

Plain, 
Exp4 

Emb, 
Exp3 0.319 0.1857 0.4524 True 

Plain, 
Exp4 

Emb, 
Exp4 0.1108 -0.0237 0.2453 False 

Emb, 
Exp1 

Emb, 
Exp2 0.1612 0.029 0.2934 True 

Emb, 
Exp1 

Emb, 
Exp3 0.2944 0.1616 0.4272 True 

Emb, 
Exp1 

Emb, 
Exp4 0.0862 -0.0478 0.2202 False 

Emb, 
Exp2 

Emb, 
Exp3 0.1332 -0.0001 0.2666 False 

Emb, 
Exp2 

Emb, 
Exp4 -0.075 -0.2095 0.0595 False 

Emb, 
Exp3 

Emb, 
Exp4 -0.2082 -0.3433 -0.0732 True 

 
Table 14. Post hoc test on proportion of incorrect answers by 

plain and embellished visualizations. 
 
A 2nd order four-way ANOVA revealed a significant 
interaction effect across all three combinations of factors on 
incorrect answers. A Tukey post hoc test was conducted to 
identify the variables between which null hypothesis can be 
rejected. The detailed analysis results are reported in Table 
15. 

Four-way ANOVA | Incorrect 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(embellishment) 
:C(condition) 

22.141 59.000 2.825 <0.001 

C(vis) 
:C(embellishment) 
:C(Question) 

35.475 30.000 8.903 <0.001 

C(vis) 
:C(condition) 
:C(Question) 

14.919 30.000 3.744 <0.001 

Residual 262.200 1974.000 NaN NaN 
GROUP 1 GROUP 

2  
meandiff lower upper reject 

CBC Plain Exp1 TM Plain 
Exp2 

0.3 0.0248 0.5752 True 
CBC Plain Exp1 TM Plain 

Exp3 
0.3833 0.1081 0.6586 True 

CBC Plain Exp3 SBC Emb 
Exp3 

0.4841 0.2046 0.7637 True 
CBC Plain Exp3 TM Plain 

Exp3 
0.2897 0.0178 0.5616 True 

CBC Plain Exp3 TM Emb 
Exp3 

0.2857 0.0171 0.5543 True 
CBC Plain Exp4 TM Plain 

Exp3 
0.3214 0.0495 0.5934 True 

CBC Emb Exp1 SBC Emb 
Exp3 

0.3778 0.095 0.6605 True 
CBC Emb Exp3 SBC Emb 

Exp1 
-0.2857 -

0.5543 
-

0.0171 
True 

CBC Emb Exp4 SBC Emb 
Exp3 

0.2953 0.0091 0.5816 True 
SBC Plain Exp3 SBC Emb 

Exp3 
0.348 0.0617 0.6342 True 
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SBC Emb Exp1 SBC 
Emb 
Exp2 

0.2698 0.0012 0.5384 True 

SBC Emb Exp1 SBC 
Emb 
Exp3 

0.5159 0.2363 0.7954 True 

SBC Emb Exp3 SBC 
Emb 
Exp4 

-0.2963 -
0.5864 

-
0.0062 

True 

SBC Emb Exp3 TM Emb 
Exp1 

-0.4365 -
0.7161 

-
0.1569 

True 

SBC Emb Exp3 TM Emb 
Exp2 

-0.3304 -
0.6167 

-
0.0441 

True 

SBC Emb Exp3 TM Emb 
Exp4 

-0.4683 -
0.7478 

-
0.1887 

True 

TM Emb Exp3 TM Emb 
Exp4 

-0.2698 -
0.5384 

-
0.0012 

True 

Table 15. Four-way ANOVA on all conditions 
  

Timeout 
 

Four-way ANOVA | Proportion of Timeouts   
sum_sq df F PR(>F) 

C(vis) 0.937 4.000 4.462 0.001 
C(embellishment) 0.001 2.000 0.010 0.990 
C(condition) 0.259 3.000 1.642 0.178 
C(Question) 0.007 2.000 0.065 0.937 
C(vis) 
:C(embellishment) 

1.305 8.000 3.108 0.015 

C(vis):C(condition) 0.381 12.000 0.604 0.840 
C(vis):C(Question) 0.458 8.000 1.091 0.366 
C(Question) 
:C(embellishment) 

0.201 4.000 0.958 0.430 

C(Question) 
:C(condition) 

0.390 6.000 1.238 0.284 

C(embellishment) 
:C(condition) 

0.055 6.000 0.173 0.984 

Residual 105.433 2008.000 NaN NaN 
 

Post hoc test - Timeout 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 
Visualization
1 

Visualization
2 

meandif
f 

lowe
r 

uppe
r reject 

CBC SBC 0.022 
-
0.01
8 

0.06
3 True 

CBC TM 0.075 0.03
5 

0.11
5 False 

SBC TM 0.053 0.01
2 

0.09
3 True 

Table 16. Four-way ANOVA and Tukey post hoc test results 
for timeout. 

 
 A four-way ANOVA revealed a significant effect of 
visualization on the proportion of timeouts, as well as a 1st 
order interaction effect of visualization and embellishment 
on timeout. A Tukey post hoc test was conducted to identify 
the visualizations between which the null hypothesis can be 
rejected. The detailed analysis results are reported in Table 
16. 
 
Further post hoc test was conducted to identify the 
interaction effect between plain and embellished 
visualization types. For details see Table 17.  

 
Multiple Comparison of Means - Tukey HSD,FWER=0.05 

group1 group2 meandiff lower upper reject 

Plain 
CBC Emb.CBC -0.1449 -

0.2665 
-
0.0233 True 

Plain 
CBC Plain SBC -0.1557 -

0.2784 
-
0.0329 True 

Plain 
CBC 

Emb. 
SBC -0.3181 -

0.4408 
-
0.1953 True 

Plain 
CBC Plain TM -0.4586 -0.581 -

0.3363 True 

Plain 
CBC Emb. TM -0.4084 -

0.5296 
-
0.2872 True 

Emb. 
CBC Plain SBC -0.0108 -

0.1346 0.1131 False 

Emb. 
CBC 

Emb. 
SBC -0.1732 -0.297 -

0.0493 True 

Emb. 
CBC Plain TM -0.3137 -

0.4371 
-
0.1903 True 

Emb. 
CBC Emb. TM -0.2635 -

0.3858 
-
0.1412 True 

Plain 
SBC 

Emb. 
SBC -0.1624 -

0.2874 
-
0.0374 True 

Plain 
SBC Plain TM -0.3029 -

0.4275 
-
0.1783 True 

Plain 
SBC Emb. TM -0.2528 -

0.3762 
-
0.1293 True 

Emb. 
SBC Plain TM -0.1405 -

0.2652 
-
0.0159 True 

Emb. 
SBC Emb. TM -0.0904 -

0.2138 0.0331 False 

Plain TM Emb. TM 0.0502 -
0.0729 0.1732 False 

 
Table 17. Post hoc test on proportion of timeout by plain and 

embellished visualizations. 
  

Four-way ANOVA | Timeout 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(embellishment) 
:C(condition) 

22.141 59.000 2.825 <0.001 

C(vis) 
:C(embellishment) 
:C(Question) 

35.475 30.000 8.903 <0.001 

C(vis) 
:C(condition) 
:C(Question) 

14.919 30.000 3.744 <0.001 

Residual 262.200 1974.000 NaN NaN 

 
Group1 Group2 meandiff lower upper reject 

CBC Emb 
Exp2 

TM 
Emb 
Exp3 

0.1429 0.0049 0.2808 True 

CBC Emb 
Exp4 

TM 
Emb 
Exp3 

0.1429 0.0013 0.2844 True 

Table 18. Four-way ANOVA on all conditions 
 
A 2nd order four-way ANOVA found no significant 
interaction effect across three combinations of factors on 
timeouts. A Tukey post hoc test was conducted to identify 
the variables between which null hypothesis can be rejected. 
The detailed analysis results are reported in Table 18. 
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Proportion of Caption Answers 
 

Four-way ANOVA | Proportion of Caption Answers  
 sum_sq df F PR(>F) 
C(vis) 4.6617 4.0000 7.0628 <0.001 
C(embellishment) 0.1779 2.0000 0.5392 0.5834 
C(condition) 1.6269 1.0000 9.8594 0.0017 
C(Question) 1.6635 2.0000 5.0408 0.0066 
C(vis) 
:C(embellishment) 2.9560 8.0000 2.2393 0.0630 

C(vis) 
:C(condition) 2.3796 4.0000 3.6053 0.0063 

C(vis) 
:C(Question) 2.6996 8.0000 2.0450 0.0387 

C(Question) 
:C(embellishment) 1.3643 4.0000 2.0670 0.0832 

C(Question) 
:C(condition) 0.1552 2.0000 0.4703 0.6249 

C(embellishment) 
:C(condition) 0.6731 2.0000 2.0395 0.1307 

Residual 153.2926 929.0000 NaN NaN 

Table 19. Four-way ANOVA results for caption response 
Post hoc test - Caption 
Multiple Comparison of Means - Tukey HSD,FWER=0.05 
Visualization
1 

Visualization
2 

meandif
f 

lowe
r 

uppe
r 

rejec
t 

CBC SBC 0.065 
-
0.03
9 

0.16
8 False 

CBC TM 0.225 0.12
2 

0.32
8 True 

SBC TM 0.160 0.05
7 

0.26
3 True 

Table 20. Tukey post hoc test results for caption response 
 
A four-way ANOVA revealed a significant effect of 
visualization, condition and question on the proportion of 
caption responses, as well as a 1st order interaction effect 
across visualization and condition and visualization and 
question. A Tukey post hoc test was conducted to identify 
the visualizations between which the null hypothesis can be 
rejected.  The detailed analysis results are reported in Table 
19-20. 
 

Four-way ANOVA | Caption 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(embellishment) 
:C(condition) 

22.028 59.000 2.258 0.004 

C(vis) 
:C(embellishment) 
:C(Question) 

6.653 30.000 1.341 0.165 

C(vis) 
:C(condition) 
:C(Question) 

2.939 30.000 0.592 0.821 

Residual 151.315 915.000 NaN NaN 

Table 21. Four-way ANOVA and Tukey post hoc test on all 
conditions 
 
A 2nd order four-way ANOVA revealed a significant 
interaction effect of visualization, embellishment and 
question on caption responses. The detailed analysis results 
are reported in Table 21. 

 
Proportion of Skip Answers 
 

Four-way ANOVA | Proportion of Skips   
sum_sq df F PR(>F) 

C(vis) 3.286 4.000 6.085 <0.001 
C(emb.) 3.678 2.000 13.623 <0.001 
C(condition) 0.011 1.000 0.080 <0.001 
C(Question) 1.228 2.000 4.548 <0.001 
C(vis):C( emb ) 5.808 8.000 5.378 <0.001 
C(vis):C(condition) 2.700 4.000 5.000 <0.001 
C(vis):C(Question) 8.229 8.000 7.620 <0.001 
C(Question):C( emb ) 0.959 4.000 1.776 <0.001 
C(Question):C(cond.) 0.638 2.000 2.362 <0.001 
C( emb ):C(condition) 0.056 2.000 0.209 <0.001 
Residual 144.843 1073.000 NaN NaN 

 
Post hoc test - Skip 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

Visualization
1 

Visualization
2 

meandif
f 

lowe
r 

uppe
r reject 

 CBC     SBC    0.108 0.014 0.20
3 

True  

 CBC      TM   0.239 0.144 0.33
4 

True  

 SBC      TM   0.131 0.035 0.22
6 

True  

 
Table 22. Four-way ANOVA and Tukey post hoc test results 

for skip response 
 
A four-way ANOVA revealed a significant effect of 
visualization, embellishment, condition and question on the 
proportion of skip responses, as well as a 1st order interaction 
effect across all 4 pairs of factors. A Tukey post hoc test was 
conducted to identify the pairs between which the null 
hypothesis can be rejected. The detailed analysis results are 
reported in Table 22. 
 
Further post hoc test was conducted to identify the 
interaction effect between plain and embellished 
visualization types. For details see Table 23.  
 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

group1 group2 meandiff lower upper reject 

Plain CBC Emb.CBC -0.1449 -0.2665 -0.0233 True 

Plain CBC Plain SBC -0.1557 -0.2784 -0.0329 True 

Plain CBC Emb. SBC -0.3181 -0.4408 -0.1953 True 

Plain CBC Plain TM -0.4586 -0.581 -0.3363 True 

Plain CBC Emb. TM -0.4084 -0.5296 -0.2872 True 

Emb. CBC Plain SBC -0.0108 -0.1346 0.1131 False 

Emb. CBC Emb. SBC -0.1732 -0.297 -0.0493 True 

Emb. CBC Plain TM -0.3137 -0.4371 -0.1903 True 

Emb. CBC Emb. TM -0.2635 -0.3858 -0.1412 True 

Plain SBC Emb. SBC -0.1624 -0.2874 -0.0374 True 

Plain SBC Plain TM -0.3029 -0.4275 -0.1783 True 
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Plain SBC Emb. TM -0.2528 -0.3762 -0.1293 True 

Emb. SBC Plain TM -0.1405 -0.2652 -0.0159 True 

Emb. SBC Emb. TM -0.0904 -0.2138 0.0331 False 

Plain TM Emb. TM 0.0502 -0.0729 0.1732 False 

Table 23. Post hoc test on proportion of skip responses by 
plain and embellished visualizations. 

 
A 2nd order four-way ANOVA revealed a significant 
interaction effect of visualization, embellishment and 
condition on skip responses. The detailed analysis results are 
reported in Table 24. 
 

Four-way ANOVA | Skip 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(embellishment) 
:C(condition) 

22.028 59.000 2.258 0.004 

C(vis) 
:C(embellishment) 
:C(Question) 

6.653 30.000 1.341 0.165 

C(vis) 
:C(condition) 
:C(Question) 

2.939 30.000 0.592 0.821 

Residual 151.315 915.000 NaN NaN 

Table 24. Four-way ANOVA on all conditions 
 
 
Reaction time  
 

Four-way ANOVA | Reaction Time   
sum_sq df F PR(>F) 

C(vis) 2.42E+09 4 8.632 <0.001 
C(embellishment) 2.09E+08 2 1.490 <0.001 
C(condition) 1.70E+08 3 0.810 <0.001 
C(Question) 4.02E+09 2 28.667 <0.001 
C(vis) 
:C(embellishment) 

1.97E+09 8 3.519 <0.001 

C(vis) 
:C(condition) 

2.70E+09 12 3.211 <0.001 

C(vis) 
:C(Question) 

2.88E+09 8 5.138 <0.001 

C(Question) 
:C(embellishment) 

9.64E+08 4 3.436 <0.001 

C(Question) 
:C(condition) 

7.36E+08 6 1.749 <0.001 

C(embellishment) 
:C(condition) 

1.28E+09 6 3.049 <0.001 

Residual 1.41E+11 2008 NaN NaN 

 
Post hoc test – Reaction Time 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

Visn1 Vis2 meandiff lower upper reject 

CBC SBC 1698.41 173.83 3222.98 True 

CBC TM 5144.69 3632.3
3 

6657.05 True 

SBC TM 3446.28 1912.5
3 

4980.04 True 

Table 25 Four-way ANOVA and Tukey post hoc test results 
for reaction time 

 
A four-way ANOVA revealed a significant effect of 
visualization, embellishment, condition and question on the 
reaction time, as well as a 1st order interaction effect across 
all 4 pairs of factors. A Tukey post hoc test was conducted 
to identify the pairs between which the null hypothesis can 
be rejected. The detailed analysis results are reported in 
Table 25. 
 
Further post hoc test was conducted to identify the 
interaction effect between plain and embellished 
visualization types. For details see Table 26.  
 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

group1 group2 meandiff lower upper reject 

Plain 
CBC 

Emb.CBC -0.1449 -
0.2665 

-
0.0233 

True 

Plain 
CBC 

Plain SBC -0.1557 -
0.2784 

-
0.0329 

True 

Plain 
CBC 

Emb. 
SBC 

-0.3181 -
0.4408 

-
0.1953 

True 

Plain 
CBC 

Plain TM -0.4586 -0.581 -
0.3363 

True 

Plain 
CBC 

Emb. TM -0.4084 -
0.5296 

-
0.2872 

True 

Emb. 
CBC 

Plain SBC -0.0108 -
0.1346 

0.1131 False 

Emb. 
CBC 

Emb. 
SBC 

-0.1732 -0.297 -
0.0493 

True 

Emb. 
CBC 

Plain TM -0.3137 -
0.4371 

-
0.1903 

True 

Emb. 
CBC 

Emb. TM -0.2635 -
0.3858 

-
0.1412 

True 

Plain 
SBC 

Emb. 
SBC 

-0.1624 -
0.2874 

-
0.0374 

True 

Plain 
SBC 

Plain TM -0.3029 -
0.4275 

-
0.1783 

True 

Plain 
SBC 

Emb. TM -0.2528 -
0.3762 

-
0.1293 

True 

Emb. SBC Plain TM -0.1405 -
0.2652 

-
0.0159 

True 

Emb. SBC Emb. TM -0.0904 -
0.2138 

0.0331 False 

Plain TM Emb. TM 0.0502 -
0.0729 

0.1732 False 

 
Multiple Comparison of Means - Tukey HSD,FWER=0.05 
group1 group2 meandiff lower upper reject 
Plain, 
Exp1 

Plain, 
Exp2 -836.4935 

-
3711.4829 2038.4959 False 

Plain, 
Exp1 

Plain, 
Exp3 -934.8373 

-
3821.5821 1951.9075 False 

Plain, 
Exp1 

Plain, 
Exp4 292.1609 

-
2582.8285 3167.1502 False 

Plain, 
Exp1 

Emb, 
Exp1 1600.0441 

-
1263.5231 4463.6113 False 

Plain, 
Exp1 

Emb, 
Exp2 667.6177 

-
2207.3717 3542.6071 False 

Plain, 
Exp1 

Emb, 
Exp3 -509.4316 

-
3396.1764 2377.3132 False 

Plain, 
Exp1 

Emb, 
Exp4 851.0155 

-
2060.3013 3762.3324 False 

Plain, 
Exp2 

Plain, 
Exp3 -98.3438 

-
2961.1285 2764.4409 False 



 
 

21 

Plain, 
Exp2 

Plain, 
Exp4 1128.6543 

-
1722.2761 3979.5848 False 

Plain, 
Exp2 

Emb, 
Exp1 2436.5376 -402.8739 5275.9491 False 

Plain, 
Exp2 

Emb, 
Exp2 1504.1112 

-
1346.8193 4355.0416 False 

Plain, 
Exp2 

Emb, 
Exp3 327.0619 

-
2535.7227 3189.8466 False 

Plain, 
Exp2 

Emb, 
Exp4 1687.509 

-
1200.0516 4575.0696 False 

Plain, 
Exp3 

Plain, 
Exp4 1226.9982 

-
1635.7865 4089.7828 False 

Plain, 
Exp3 

Emb, 
Exp1 2534.8814 -316.4322 5386.195 False 

Plain, 
Exp3 

Emb, 
Exp2 1602.455 

-
1260.3297 4465.2397 False 

Plain, 
Exp3 

Emb, 
Exp3 425.4057 

-
2449.1843 3299.9958 False 

Plain, 
Exp3 

Emb, 
Exp4 1785.8528 

-
1113.4122 4685.1179 False 

Plain, 
Exp4 

Emb, 
Exp1 1307.8832 

-
1531.5282 4147.2947 False 

Plain, 
Exp4 

Emb, 
Exp2 375.4568 

-
2475.4736 3226.3873 False 

Plain, 
Exp4 

Emb, 
Exp3 -801.5924 

-
3664.3771 2061.1923 False 

Plain, 
Exp4 

Emb, 
Exp4 558.8547 

-
2328.7059 3446.4153 False 

Emb, 
Exp1 

Emb, 
Exp2 -932.4264 

-
3771.8379 1906.9851 False 

Emb, 
Exp1 

Emb, 
Exp3 

-
2109.4757 

-
4960.7893 741.838 False 

Emb, 
Exp1 

Emb, 
Exp4 -749.0285 

-
3625.2169 2127.1598 False 

Emb, 
Exp2 

Emb, 
Exp3 

-
1177.0493 

-
4039.8339 1685.7354 False 

Emb, 
Exp2 

Emb, 
Exp4 183.3978 

-
2704.1628 3070.9585 False 

Emb, 
Exp3 

Emb, 
Exp4 1360.4471 -1538.818 4259.7122 False 

 
Table 26. Post hoc test on reaction time by plain and 

embellished visualizations. 
 
A 2nd order four-way ANOVA revealed a significant 
interaction effect across all three combinations of factors on 
reaction time. The detailed analysis results are reported in 
Table 27. 
 

Four-way ANOVA | Reaction Time 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(embellishment) 
:C(condition) 

1.19E+10 59 2.933977 <0.001 

C(vis) 
:C(embellishment) 
:C(Question) 

5.16E+09 30 2.491477 <0.001 

C(vis) 
:C(condition) 
:C(Question) 

3.89E+09 30 1.879871 <0.001 

Residual 1.36E+11 1974 NaN NaN 

 
group1 group2 meandiff lower upper reject 

CBC Plain 
Exp3 

TM Plain 
Exp1 6190.193 422.513 11957.873 True 

CBC Plain 
Exp3 

TM Plain 
Exp3 6921.912 1230.436 12613.387 True 

CBC Plain 
Exp3 

TM Plain 
Exp4 6418.260 726.785 12109.736 True 

CBC Plain 
Exp3 

TM Emb 
Exp3 8135.659 2514.020 13757.298 True 

CBC Plain 
Exp4 

TM Plain 
Exp3 5753.339 61.864 11444.815 True 

CBC Emb 
Exp1 

CBC Emb 
Exp3 -6604.391 

-
12295.867 -912.916 True 

CBC Emb 
Exp2 

TM Emb 
Exp2 6007.789 240.110 11775.469 True 

CBC Emb 
Exp2 

TM Emb 
Exp3 6383.244 761.606 12004.883 True 

CBC Emb 
Exp3 

SBC Emb 
Exp1 6420.871 799.232 12042.509 True 

CBC Emb 
Exp3 

SBC Emb 
Exp4 8536.426 2685.239 14387.613 True 

CBC Emb 
Exp3 

TM Plain 
Exp3 9247.124 3555.648 14938.599 True 

CBC Emb 
Exp3 

TM Emb 
Exp1 9152.879 3531.240 14774.518 True 

CBC Emb 
Exp3 

TM Emb 
Exp2 10085.416 4317.737 15853.096 True 

CBC Emb 
Exp3 

TM Emb 
Exp3 10460.871 4839.232 16082.510 True 

CBC Emb 
Exp3 

TM Emb 
Exp4 8525.301 2903.662 14146.940 True 

CBC Emb 
Exp4 

TM Plain 
Exp4 5933.777 98.008 11769.546 True 

CBC Emb 
Exp4 

TM Emb 
Exp1 6343.183 575.504 12110.863 True 

CBC Emb 
Exp4 

TM Emb 
Exp2 7275.721 1365.608 13185.834 True 

CBC Emb 
Exp4 

TM Emb 
Exp3 7651.176 1883.496 13418.855 True 

SBC Plain 
Exp2 

TM Emb 
Exp2 6265.084 354.971 12175.197 True 

SBC Plain 
Exp3 

TM Plain 
Exp3 6170.234 334.465 12006.003 True 

SBC Plain 
Exp3 

TM Emb 
Exp3 7383.982 1616.302 13151.661 True 

 
Table 27. Four-way ANOVA and Tukey post hoc tes on all 
conditions 
 
Study 3 
 
The results for Study 3 are reported by dependant variable. 
Embellishment is not considered in the analysis of Study 3 
as both visualizations were plain.  
Correct 
 

Three-way ANOVA | Study 3 | Proportion of Correct Answers   
sum_sq df F PR(>F) 

C(vis) 5.583 1 27.906 <0.001 
C(condition) 4.833 3 8.053 <0.001 
C(Question) 10.723 2 26.797 <0.001 
C(vis) 
:C(condition) 

1.662 3 2.769 <0.001 

C(vis) 
:C(Question) 

4.587 2 11.463 <0.001 

C(Question) 
:C(condition) 

4.061 6 3.383 <0.001 

Residual 117.642 588 NaN NaN 
 

Three-way ANOVA | Study 3 | Correct 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(condition) 5.583 1 27.906 <0.001 

C(vis) 
:C(Question) 4.833 3 8.053 <0.001 

C(vis) 
:C(condition) 
:C(Question) 

10.723 2 26.797 
<0.001 

Residual 1.662 3 2.769 NaN 

 
Multiple Comparison of Means - Tukey HSD,FWER=0.05 
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group1 group2 meandiff lower upper reject 

MPC Exp1 MPC 
Exp2 0.1833 -

0.0409 0.4076 False 

MPC Exp1 MPC 
Exp3 0.1037 -

0.1197 0.327 False 

MPC Exp1 SB 
Exp2 -0.1136 -

0.3345 0.1072 False 

MPC Exp1 SB 
Exp3 0.1623 -

0.1001 0.4246 False 

MPC Exp1 SB 
Exp1 -0.2 -0.459 0.059 False 

MPC Exp1 SB 
Exp4 -0.1019 -

0.3679 0.1642 False 

MPC Exp2 MPC 
Exp3 -0.0797 -

0.2617 0.1023 False 

MPC 
Exp2 

SB 
Exp2 -0.297 -

0.4759 
-

0.1181 True 

MPC Exp2 SB 
Exp3 -0.0211 -

0.2492 0.2071 False 

MPC 
Exp2 

SB 
Exp1 -0.3833 -

0.6076 
-

0.1591 True 

MPC 
Exp2 

SB 
Exp4 -0.2852 -

0.5176 
-

0.0528 True 

MPC 
Exp3 

SB 
Exp2 -0.2173 -0.395 -

0.0395 True 

MPC Exp3 SB 
Exp3 0.0586 -

0.1686 0.2859 False 

MPC 
Exp3 

SB 
Exp1 -0.3037 -0.527 -

0.0803 True 

MPC Exp3 SB 
Exp4 -0.2055 -0.437 0.026 False 

SB Exp2 SB 
Exp3 0.2759 0.0511 0.5007 True 

SB Exp2 SB 
Exp1 -0.0864 -

0.3072 0.1345 False 

SB Exp2 SB 
Exp4 0.0118 -

0.2173 0.2409 False 

SB Exp3 SB 
Exp1 -0.3623 -

0.6246 
-

0.0999 True 

SB Exp3 SB 
Exp4 -0.2641 -

0.5335 0.0052 False 

SB Exp1 SB 
Exp4 0.0981 -

0.1679 0.3642 False 

Table 28. Analysis of correct response by main and interaction 
effects, and post hoc result on visualization:condition. 

 
A three-way ANOVA revealed a significant main effect of 
visualization, condition and question on the proportion of 
correct responses in Study 3, as well as a 1st order interaction 
effect across visualization and condition and visualization 
and question. The detailed analysis results are reported in 
Table 28. 
 
Incorrect 
 

Three-way ANOVA | Study 3 | Proportion of Incorrect Answers   
sum_sq df F PR(>F) 

C(vis) 0.194 1 1.418 <0.001 
C(condition) 2.412 3 5.890 <0.001 
C(Question) 11.736 2 42.990 <0.001 
C(vis) 
:C(condition) 

1.214 3 2.965 <0.001 

C(vis) 
:C(Question) 

3.514 2 12.873 <0.001 

C(Question) 
:C(condition) 

1.798 6 2.195 <0.001 

Residual 80.259 588 NaN NaN 
 

Three-way ANOVA | Study 3 | Incorrect 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(condition) 

4.596 7 5.105 <0.001 

C(vis) 
:C(Question) 

15.116 4 29.382 <0.001 

C(vis) 
:C(condition) 
:C(Question) 

7.205 12 4.668 <0.001 

Residual 74.852 582 NaN NaN 

 
group1 group2 meandiff  lower  upper  reject 

MPCExp1 MPCExp2 0.15 -0.0393 0.3393 False 

MPCExp1 MPCExp3 0.2102 0.0216 0.3987 True 

MPCExp1 SBExp2 0.1318 -0.0546 0.3182 False 

MPCExp1 SBExp3 0.2307 0.0092 0.4522 True 

MPCExp1 SBExp1 0.15 -0.0686 0.3686 False 

MPCExp1 SBExp4 0.2648 0.0402 0.4894 True 

MPCExp2 MPCExp3 0.0602 -0.0935 0.2138 False 

MPCExp2 SBExp2 -0.0182 -0.1692 0.1328 False 

MPCExp2 SBExp3 0.0807 -0.1119 0.2733 False 

MPCExp2 SBExp1 0 -0.1893 0.1893 False 

MPCExp2 SBExp4 0.1148 -0.0814 0.311 False 

MPCExp3 SBExp2 -0.0783 -0.2284 0.0717 False 

MPCExp3 SBExp3 0.0205 -0.1713 0.2124 False 

MPCExp3 SBExp1 -0.0602 -0.2487 0.1284 False 

MPCExp3 SBExp4 0.0547 -0.1408 0.2501 False 

SBExp2 SBExp3 0.0989 -0.0909 0.2886 False 

SBExp2 SBExp1 0.0182 -0.1682 0.2046 False 

SBExp2 SBExp4 0.133 -0.0604 0.3264 False 

SBExp3 SBExp1 -0.0807 -0.3022 0.1408 False 

SBExp3 SBExp4 0.0341 -0.1933 0.2615 False 

SBExp1 SBExp4 0.1148 -0.1098 0.3394 False 

 
Table 29. Analysis of incorrect response by main and 

interaction effects, and post hoc result on 
visualization:condition. 

 
A three-way ANOVA revealed a significant main effect of 
visualization, condition and question on the proportion of 
incorrect responses in Study 3, as well as a 1st order 
interaction effect across visualization and condition and 
visualization and question. The detailed analysis results are 
reported in Table 29. 
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Timeout 
 

Three-way ANOVA | Study 3 | Proportion of Timeout results   
sum_sq df F PR(>F) 

C(vis) 0.032 1 0.445 0.505 
C(condition) 0.131 3 0.617 0.604 
C(Question) 0.063 2 0.443 0.642 
C(vis) 
:C(condition) 

0.272 3 1.281 0.280 

C(vis) 
:C(Question) 

0.125 2 0.885 0.413 

C(Question) 
:C(condition) 

0.272 6 0.641 0.698 

Residual 41.622 588 NaN NaN 

 
Three-way ANOVA | Study 3 | Timeout 3rd level interaction  

sum_sq df F PR(>F) 
C(vis) 
:C(condition) 

0.423 7 0.856 0.541 

C(vis) 
:C(Question) 

0.185 4 0.655 0.624 

C(vis) 
:C(condition) 
:C(Question) 

0.830 12 0.981 0.466 

Residual 41.064 582 NaN NaN 

Table 30. Analysis of timeouts by main and interaction effects. 
 
A three-way ANOVA revealed no significant main or 
interaction effect of visualization, condition and question on 
the proportion of timeouts in Study 3. The detailed analysis 
results are reported in Table 30. 
 
Caption 
 

Three-way ANOVA | Study 3 | Proportion of Caption answers   
sum_sq df F PR(>F) 

C(vis) 0.084 1 0.463 0.497 
C(condition) 1.153 3 2.114 0.147 
C(Question) 0.307 2 0.844 0.431 
C(vis) 
:C(condition) 

0.004 3 0.007 0.935 

C(vis) 
:C(Question) 

0.688 2 1.893 0.153 

C(Question) 
:C(condition) 

0.909 6 0.833 0.436 

Residual 41.267 227 NaN NaN 
 

Three-way ANOVA | Study 3 | Caption 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(condition) 

0.002 7 0.002 0.967 

C(vis) 
:C(Question) 

0.468 4 0.638 0.425 

C(vis) 
:C(condition) 
:C(Question) 

0.963 12 0.438 0.781 

Residual 41.249 225 NaN NaN 

Table 31. Analysis of proportion of caption responses by main and 
interaction effects 

A three-way ANOVA revealed no significant main or 
interaction effect of visualization, condition and question on 

the proportion of caption responses in Study 3. The detailed 
analysis results are reported in Table 31. 
 
Skip 
 

Three-way ANOVA | Study 3 | Proportion of Skip answers   
sum_sq df F PR(>F) 

C(vis) 3.554 1 22.264 <0.001 

C(condition) 0.446 1 2.795 0.095 

C(Question) 1.618 2 5.069 0.007 

C(vis) 
:C(condition) 

0.276 1 1.732 0.189 

C(vis) 
:C(Question) 

2.557 2 8.009 <0.001 

C(Question) 
:C(condition) 

2.499 2 7.828 <0.001 

Residual 57.787 362 NaN NaN 

 
Three-way ANOVA | Study 3 | Skip 3rd level interaction  

sum_sq df F PR(>F) 
C(vis) 
:C(condition) 

3.549 3 7.370 <0.001 

C(vis) 
:C(Question) 

4.230 4 6.589 <0.001 

C(vis) 
:C(condition) 
:C(Question) 

2.510 4 3.909 <0.001 

Residual 57.777 360 NaN NaN 

Table 32. Analysis of proportion of skip responses by main 
and interaction effects 

 
A three-way ANOVA revealed a significant main effect of 
visualization on the proportion of skip responses in Study 3, 
as well as a 1st order interaction effect across visualization 
and question and question and condition. The detailed 
analysis results are reported in Table 32. 
 
 
Reaction time 
 

Three-way ANOVA | Study 3 | Reaction time   
sum_sq df F PR(>F) 

C(vis) 1.68E+09 1 24.267 <0.001 
C(condition) 2.60E+08 3 1.249 0.291 
C(Question) 2.61E+08 2 1.883 0.153 
C(vis) 
:C(condition) 

3.63E+08 3 1.745 0.157 

C(vis) 
:C(Question) 

5.89E+08 2 4.251 0.015 

C(Question) 
:C(condition) 

9.61E+08 6 2.310 0.033 

Residual 4.08E+10 588 NaN NaN 
 

Three-way ANOVA | Study 3 | Reaction Time 3rd level interaction  
sum_sq df F PR(>F) 

C(vis) 
:C(condition) 

6.46E+08 7 1.361 0.219 

C(vis) 
:C(Question) 

8.23E+08 4 3.031 0.017 

C(vis) 2.22E+09 12 2.726 0.001 
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:C(condition) 
:C(Question) 
Residual 3.95E+10 582 NaN NaN 

Table 33. Analysis of reaction time 
 
A three-way ANOVA revealed a significant main effect of 
visualization on the reaction time in Study 3, as well as a 1st 
order interaction effect across visualization and question and 
question and condition. The detailed analysis results are 
reported in Table 33. 
 
Hypotheses 
 
 H1.  Participants are more likely to get the answer 
correct with easier visualizations (i.e. bar chart). 
 
When analysing the results, a significant main effect was 
found between the type of visualization on the proportion of 
correct responses based on. A Tukey post hoc test revealed 
that the null hypothesis can be rejected between most 
visualizations (see Table 3). The null hypothesis cannot be 
rejected for MPC – SBC and SB-TM.  
 
The results confirm that of all five types of (including pie 
charts) used throughout the four experiments, with clustered 
bar chart (CBC) participants had the most correct answers 
and shortest reaction time. CBC participants also used skip 
least often.  
 
The pairs where null hypothesis cannot be rejected indicate 
that these visualizations may be close to each other in terms 
of how challenging participants may perceive them. 
However, this cannot be confirmed as it is only possible to 
confirm that there is no significant difference between the 
visualizations, but we do not know the reason why there is 
no difference or why the difference is not significant.  
 
Based on the results, it can be concluded that the type of data 
visualization has a significant impact on the proportion of 
correct responses. The type of visualization that received the 
highest proportion of correct answers was clustered bar 
chart, which is a more familiar visualization [17]. Therefore, 
H1 is supported by the data.  
 
H2. Participants are more likely to use an alternative 
path with more difficult visualizations (i.e. treemap). 
 
Overall results show a significant main effect of 
visualization type on the proportion of skip responses (Table 
20), and a significant main effect of embellishment on the 
proportion of caption response (Table 22). Moreover, 
analysing the results of a Tukey post hoc test shows that the 
null hypothesis can be rejected between multiple 
visualization pairs. These results indicate that the type of 
visualization has an impact on participants selecting skip or 
caption responses in all conditions where the option is 

present. For both alternative paths the null hypothesis can be 
rejected between the more difficult and easier visualizations. 
Therefore, H2 is supported by the data.  
 
 

 Skip Caption 
CBC 14 31 
MPC 26 32 
SB 65 27 
SBC 40 46 
TM 70 86 
Total 215 222 

Table 34 Number of caption and skip responses by 
visualization 

 
 
H3. Of the two alternative paths participants are more 
likely to use caption than skip. 
 
Across all visualizations within Experiment 1, where both 
skip and caption were present, the proportion of skip 
responses compared to caption responses was larger in three 
out of five visualizations. 
 

 
Figure 10 Caption and Skip responses in Experiment 1 

 
However, when comparing the number of skip and caption 
responses across all experiments where either was present, 
all but one visualization has a larger proportion of caption 
responses.  
 

 
Figure 11 Caption and skip responses across all experiments 
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Finally, no significant main effect was found between 
caption and skip (Table 20 and 22). H3 is rejected.  
 
Table 35 Paired samples t-test for skip and caption responses 

 
H4. Participants are more likely to engage and not use 
alternative paths with embellished visualizations. 
 
In order to answer H4 the results of correct responses were 
compared between plain and embellished visualizations. 
Further, results of correct and skip-caption responses were 
compared between embellished visualizations.  
 
Looking at the four-way ANOVA results specifically for 
embellishment (Table 3), there was a significant main effect 
of embellishment on correct response and a significant 
interaction effect between visualizations and embellishment 
and question and embellishment. A pot hoc test shows that 
the null hypothesis can be rejected between all but MPC-
SBC and SB-TM. 
 

 
 

Figure 12 Answer type by visualization and embellishment 
 
Further analysis of graphed results show that participants 
tend to answer correctly more often with plain visualizations 
than with embellished visualizations, with the exception of 
participants who were presented with treemaps. Most 
importantly, participants used the alternative paths of skip 
and caption more with the challenging visualizations as seen 
in Figure 11 and 12, but there is no significant change 
between plain and embellished visualizations. For example, 
with treemaps participants used correct text and skip more 
with it was plain rather than embellished. The results indicate 
that H4 is rejected.  
 
H5. Embellished visualizations and pie charts will have 
similar results due to pie charts being closer to 
embellished than plain visualizations in nature. 
 
As the main analysis was split between Studies 1 & 2 and 
Study 3, further ANOVAs were conducted to compare the 
three types of visualizations: plain, or no embellishment (1), 
embellished (2) and pie chart (3). The results indicate that 

participants’ performance is similar with embellished 
visualizations and pie charts. The results show significant 
main effect of embellishment on correct, incorrect, and skip 
responses. There is no significant effect on caption.  
 
Further, a Tukey post hoc test revealed that the null 
hypothesis can be rejected for plain and embellished and 
plain and pie charts on correct response, between plain and 
embellished, and embellished and pie charts on incorrect 
response and skip response. For details see Table 36 and 37 
below.    
 

One-way ANOVA | Correct & embellishment   

 sum_sq df F PR(>F) 

C(embellishment) 5.176 2 10.45 <0.001 

Residual 507.469 2049 NaN NaN 

 
Post hoc test - Correct & embellishment type 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

group1 group2 meandiff lower upper reject 

Plain Embellished -0.0899 -0.1513 -0.0285 True 

Plain Pie -0.1176 -0.1819 -0.0533 True 

Embellished Pie -0.0277 -0.092 0.0366 False 

Table 36. One-way ANOVA and Tukey post hoc test results 
for correct answer by embellishment 

 
One-way ANOVA | Incorrect & embellishment   

 sum_sq df F PR(>F) 

C(embellishment) 5.132 2.000 14.458 <0.001 

Residual 363.650 2049.000 NaN    NaN    

 
Post hoc test - Incorrect & embellishment type 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

group1 group2 meandiff lower upper reject 

Plain Embellished 0.113 0.061 0.165 True  
Plain Pie 0.023 -0.031 0.078 False  
Embellished Pie -0.090 -0.145 -0.036 True  

Table 37. One-way ANOVA and Tukey post hoc test results 
for incorrect answer by embellishment 

 
One-way ANOVA | Skip & embellishment   

 sum_sq df F PR(>F) 

C(embellishment) 3.301 2.000 10.677 3.301 
Residual 169.715 1098.000 NaN 169.715 

 
Post hoc test – Skip & embellishment type 

Multiple Comparison of Means - Tukey HSD,FWER=0.05 

group1 group2 meandiff lower upper reject 

Plain Embellished 0.1134 0.0614 0.1654 True  
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Plain Pie 0.0231 -0.0313 0.0775 False  
Embellished Pie -0.0903 -0.1447 -0.0359 True  

Table 38. One-way ANOVA and Tukey post hoc test results 
for skip response by embellishment 

 
While the proportion of correct answers is similar between 
embellished visualizations and pie charts, this is no longer 
the case for the proportion of incorrect, caption and skip 
responses, as well as timeout and reaction time. As only one 
dependant variable shows similar results, the results are 
inconclusive for H5. 
 
Reaction time 
 
Beyond the hypotheses, the results showed that every 
independent variable had a significant main effect on 
reaction time, as well as an interaction effect across all 4 
pairs of factors. The post hoc test results show that across all 
factors (visualization, condition, embellishment and 
question) the only pairs where null hypothesis cannot be 
rejected are MPC-SBC and SB-TM (Table 25). 
Plotting the results on a graph confirms that sunburst had the 
longest reaction time, whereas clustered bar chart was 
significantly faster than all other visualization types.  
 

 
Figure 13. Mean reaction time by visualization 

 
Chart familiarity 
 
The participants were divided into two chart familiarity 
groups based on their responses to the questionnaire, using 
the same method as Pandey et al. [12], where participants 
with mean score of 3 or less were placed in low familiarity 
and participants with mean score of 4 or more in high 
familiarity group. 
 
Conducting a one-way ANOVA for chart familiarity showed 
a significant main effect of chart familiarity on correct and 
incorrect responses. There was also a significant interaction 
effect of chart type and chart familiarity on correct response. 
Comparison of means by chart familiarity shows that the 
participants in high familiarity had more correct and also 
more incorrect answers. For details see Table 39 and 40.  

 
Figure 14. Responses grouped by chart familiarity group (high 

or low) 
 

One-way ANOVA | Correct - chart familiarity 
 sum_sq df F PR(>F) 

C(cf_group) 1.182 1.000 4.738 0.030 

Residual 511.463 2050.000 NaN NaN 

     

One-way ANOVA | Incorrect - chart familiarity 
 sum_sq df F PR(>F) 

C(cf_group) 0.825 1 4.597 <0.001 
Residual 0.825 1 4.597 <0.001 
Table 39. One-way ANOVAs for correct and incorrect responses by 

chart familiarity. 
Two-way ANOVA | Correct - chart familiarity 
 sum_sq df F PR(>F) 

C(visualization) 32.142 4.000 35.439 <0.001 

C(cf_group) 0.059 1.000 0.259 <0.001 

C(visualization):C(cf_group) 1.796 4.000 1.980 <0.001 

Residual 309.270 1364.000 NaN NaN 

Table 40. Two-way ANOVA with visualization type and chart 
familiarity. 

 

Study questionnaire 
 
Number of participants who noticed any error with the 
visualisations by visualization: 
  

% of yes % of no 
CBC 7.4 92.6 
SBC 9.0 91.0 
TM 2.1 97.9 
SB 25.0 75.0 
MPC 6.7 93.3 
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Number of participants who noticed any error with the 
description/caption text by visualization: 
 
  

% of yes % of no 
CBC 6.3 93.8 
SBC 12.8 87.2 
TM 6.3 93.7 
SB 7.1 92.9 
MPC 3.3 96.7 

 
A total of 156 comments were left by the participants in the 
comment field at the end of the study questionnaire. Of these 
46 mentioned that either text, visualization or a part of a 
visualization were small. 12 participants commented on the 
mismatch between description and visualization. 10 
participants felt they did not have enough time to complete 
the tasks and five thought that a part of the experiment was 
in another language due to the Latin filler text used in the 
tutorial screens.  
 
5. DISCUSSION 
The overall objective of the study was to explore how 
participants engage with visualizations and whether 
participants use the alternative paths skip and caption when 
they are made available. Based on earlier work measuring 
performance accuracy of participants with different types of 
data visualizations [3], [17], the expectation was that 
participants would use alternative paths to complete the task 
rather than engage with the visualization when the task 
included a difficult visualization. The difficulty of the 
visualizations was assessed based on findings of previous 
research.  
 
To summarise the main findings:  

• Participants used alternative paths more when faced 
with more challenging visualizations; 

• Both alternative paths were used evenly throughout 
the visualizations; 

• Embellishment had a significant effect on user 
performance; 

• Pie chart results are inconclusive; 
• Chart familiarity has a limited impact on 

performance; 
• Most participants did not notice the alternative 

answer within the description. 
 
Expanding on the existing knowledge of user performance 
with visualizations, this novel methodology using alternative 
paths of caption and skip allows visualizations to be 
evaluated and compared through a new measurement.  
 

Novel methodology 
 
The methodology of combining alternative paths with a 
classic performance task [15] is novel. Creating such a study 
design and including a deception of participants carries the 
risk of the deception being noticed and interfering with the 
results. Including an alternative correct response within the 
description of a visualization carries a risk of participant 
confusion. However, only 12 of the 640 participants 
commented on noticing the mismatch between the answer in 
the description and the answer within the visualization. One 
participant commented that: “The first time, I just trusted the 
description. From the second time on, I noticed that it did not 
match the chart and I went with the chart data.” Overall, the 
results achieved through the experiments using this novel 
methodology were in line with previous research, which 
supports the findings and the validity of the method in 
evaluating visualizations.  
 
 
Challenging visualizations 
 
The results support previous findings regarding difficulty of 
visualizations. Participants performed better with 
visualizations where encoding was based on position of 
length of marks (clustered bar chart), compared to 
visualizations where the data was represented with area as 
well as position and length (stacked bar chart) and 
visualizations with data-only encoded through area 
(treemap). The results also support findings by Grammer et 
al. who noted  some visualizations such as treemaps are not 
only perceptually challenging but also less familiar to 
novices. [2], [3], [17]  
 
While pie charts’ challenges have been widely noted, and 
supported by research, the results indicate that when 
presented in small multiples, pie charts are not as challenging 
as expected. In terms of results, participants’ performance 
was similar with small multiples pie charts and stacked bar 
charts. Perhaps the grouped presentation of small multiples 
supported participants in comparing datasets, which in turn 
supported completing the task.  
 
However, sunburst was - perhaps surprisingly - challenging, 
with participants’ results in line with the results of treemaps 
as well as the highest reaction time of all visualization types. 
This could be attributed to the increasing visual complexity 
of sunburst charts: data is visualized on two levels through 
two circles, and common design of sunbursts include labels 
inside the data areas, which in turn leads to labels being at an 
angle and therefore more challenging to read. The area for 
each datapoint can also become increasingly small the 
further from the centre they are. [25]  
 
The reaction time further supports the existing understanding 
of difficulty and differences between visualizations. The 



 
 

28 

only pairs with no significant difference in reaction time 
were treemap and sunburst, and stacked bar chart and small 
multiples pie charts, in line with participants’ performance 
with these visualizations. This link suggests that treemaps 
and sunbursts, and stacked bar charts and small multiples are 
similar in terms of user performance. This further suggests 
that reaction time can be used together with responses to 
evaluate both performance and, ultimately, visualizations: 
so, the higher level difficulty of a visualization results in 
increased reaction time and use of alternative paths.  
 

 Treemap Sunburst 

Stacked bar chart Small multiples pie 

Clustered bar chart 

Table 41. order of difficulty of visualization types from most 
to least difficult based on the performance of participants 

 
Embellishment  
 
The study used visualizations embellished in isotype style, 
using icons to represent real products. Previous research on 
embellished visualizations has shown that embellishment 
does not necessarily hinder users’ performance with the 
visualizations and can improve recollection of the visualized 
information. The expectation was that the combination of 
recognisable icons and potentially improved recollection, 
would improve participants’ performance with unfamiliar 
visualizations when that visualization was embellished, as 
the data represented would be more approachable with icons. 
However, while embellishment did have a significant effect 
on participant performance, when comparing post hoc 
results by type of visualization there was no difference 
between plain and embellished treemaps on any dependant 
variable regardless of the experiment. This would suggest 
that, even though embellishment makes a difference, the 
improvement is limited with more challenging 
visualizations.  
 
The proportion of incorrect responses did increase with 
embellished visualizations.  This could indicate that the 
embellishment can make the visualization more 
approachable. Perhaps embellishment has an impact on the 
decision to attempt to interpret the visualization in the first 
place. If that were the case, people might be more confident 
to “take a chance” at answering with an embellishment 
visualization rather than choosing an alternative path.   
 
Investigating the results of the 2nd order post hoc tests on all 
independent variables showed that, for the interaction effect 
of visualization, embellishment and condition, the null 
hypothesis could not be rejected for any plain and 
embellished condition where visualization and experiment 
are the same. This could indicate that the sample size per 

visualization was too small to identify differences at this 
level.  
 
While previous research has shown benefits from 
embellishments, the results here indicate that embellishment 
may have an impact, even if not a statistically significant 
one. For example, embellished clustered bar chart reduced 
the number of correct answers compared to plain clustered 
bar chart (Figure 12). The implementation of any 
embellishment needs to be carefully considered and made 
very clear, especially with more unusual visualization types. 
In this study, some participants interpreted the partial fruit 
icons within the embellished treemap, which were meant to 
represent parts of a whole, as errors in implementation. For 
example, one participant noted that “Some of the icons of 
fruit were not full and were cut off.” and another one: “The 
images of the produce went over the edges of the boxes and 
were obscured.” 
 
Alternative paths  
 
Overall, participants used the alternative paths regardless of 
the type of visualization or embellishment. While the 
expectation was for participants to prefer caption over skip, 
due to the decreased reward or pride of attempting to 
complete the task, there was no significant difference 
between the two.  The reasons for this can only be 
speculated. It is possible that not all participants noticed the 
answer in the description, as it was within the last sentence 
of the description and therefore required attention to detail, 
particularly as the first phrases of the description stayed the 
same for all three questions. If a participant felt confident at 
interpreting the visualization, or were dismayed by the 
challenge from the beginning, they may have ignored or 
skimmed the descriptions. It is also possible that participants 
noticed the answer within the description but were able to 
tell that it could not be the correct answer based on the 
visualization, even if the real correct answer was not obvious 
from the visualization.  
 
Some differences between the alternative paths were present 
when comparing experiments. In Experiment 1 where both 
caption and skip were available, caption was used more than 
skip. When looking at overall results as well as results from 
Experiments 1 and 2 where either only skip or only caption 
was available, participants always answered correctly more 
often than they used the available alternative path. The post 
hoc tests on caption (Table 20) show that the only 
visualization where the proportion of caption responses was 
significantly higher was treemap  
 
Additionally, embellishment had no significant main effect 
on the proportion of caption responses whereas all 
independent variables had a significant main effect on the 
proportion of skip responses. This could suggest a certain 
preference towards skip as an alternative path, or perhaps 
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that skip was more visible and therefore an ‘easier’ path to 
use compared to caption.  
 
Despite the use of alternative paths across experiments, the 
baseline established through Experiment 4 shows that none 
of the visualization or questions were impossible to make 
sense of without the alternative paths.  The participants were 
able to interpret the visualizations correctly regardless of the 
familiarity of the visualization, and the proportion of correct 
answers was higher than in experiments with an alternative 
path in place.  
 
This shows that most participants were able to make sense 
of the visualizations and no alternative path, regardless of 
reward, visualization difficulty, or other factor, created a 
situation where participants would prefer to not engage with 
the visualization. Perhaps this method could help researchers 
in the field of visualization build context around the level of 
difficulty of visualizations.  
 
Timeout 
 
While not the focus of the main analysis, the results 
concerning the proportion of timeout outcomes show that 
timeout was not common and independent variables rarely 
had a significant effect on it. This is positive as it suggests 
that few tasks were challenging to the point that participants 
did not have time to use any path to completion.  
 
Visualization was the only main effect on timeout and post 
hoc test showed that the difference was between CBC and 
SBC. Embellishment had no impact on the proportion of 
timeout (Table 16). Further post hoc test on impact of 
visualization, embellishment and experiment on timeout 
identifies that the null hypothesis can be rejected in between 
embellished treemap in Exp3 and embellished clustered bar 
chart in Exp2 and Exp4. This shows that the while the 
difference cannot be narrowed down to a single experiment, 
it is nonetheless interesting to note that the difference was 
between the easiest and most difficult visualization and with 
the experiment with caption response only.  
 
Chart familiarity  
 
As with other studies where chart familiarity has been used 
as a metric  [12], the chart familiarity was measured through 
a Likert scale questionnaire and therefore based on 
participants’ perception of their own familiarity with the 
visualization types.  While the results show a significant 
main effect of chart familiarity group (high or low) on the 
proportion of correct and incorrect answers, the results do 
not fully match the expectation that participants with higher 
chart familiarity would perform better overall. Participants 
with high chart familiarity were more likely to get the answer 
right, but they were also more likely to skip or get the answer 
wrong than participants with low familiarity. Participants 

with low chart familiarity were more likely to use caption 
path than participants with high familiarity.  
 
The results suggest two things. First, there may be a 
mismatch between participants’ own evaluation of their 
familiarity and their performance, in line with the 
overconfidence effect biasing judgement of our own 
abilities[26]. Second, participants with lower chart 
familiarity may read the description more carefully while 
constructing the frame of the sense-making process, an 
activity  described by Lee et al. as engaging with the data 
more deeply in order to organise the data. [4] Finally, it can 
be challenging to base any hypothesis on chart familiarity 
due to the subjectivity of the measure.  
 
Limitations 
 
Although the results of the study are in line with, and 
support, existing results, the study and method do have 
limitations to be considered for future work.  
 
The study builds on previous work within the UCL 
Interaction Centre and the method has been tested at a small 
scale. However, this study is the first at this scale to use the 
method of alternative paths, and consequently requires 
further review and study to support the findings.  
 
As the study was conducted through an online 
crowdsourcing platform, the participants were not monitored 
by the researcher. Although crowdsourcing has been shown 
to be a successful method of recruiting participants [13], 
[17], [22]  there is limited control over the technical details 
such as device type or resolution.  
 
As participants were not monitored while they completed the 
experiments and were only asked about any errors they may 
have noticed at the end, the results do not include any data 
on how participants navigated the alternative paths. A future 
study could be conducted to understand the sense-making 
process of participants when presented with multiple paths 
to complete a task.  
 
The participants were not asked for subjective feedback 
about individual visualizations, so all the results are based on 
the objective metrics used in the study. While this was the 
purpose of the study, it needs to be noted that this method 
would not be suitable for evaluating user experience with 
visualizations.  
 
Embellished data visualizations are often studied through 
task performance as well as through information retention. 
Due to the scope and timeframe of the study, information 
retention was not considered, and there may be a future 
opportunity for studying the impact of the alternative paths 
on longer term recollection.  
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In the analysis the results and data are treated as non-
factorial. However, as the question was a between-groups 
variable the data could be also treated and analysed as 
factorial.  
 
Finally, as discussed previously, chart familiarity is a 
subjective measure which may not provide the most accurate 
results when assessing possible interaction effect of 
familiarity and performance. A more accurate analysis could 
be done by considering participants’ visualization literacy 
and this is a possible avenue for future work.  
 
Implications 
 
The implications of this study are twofold: implications for 
design of data visualizations and implications for 
visualization research.  
 
Although well-established through previous research, this 
study further confirmed existing understanding of which 
types of visualizations are more challenging for user 
performance. Unfamiliar visualizations and visualizations 
relying on perception of area or angle, in this study in 
particular treemap and sunburst, are more difficult for 
participants. Those such as clustered bar chart, where data 
encoding relies on position and length are easier to interpret.  
 
Although pie charts rely on area and angle and therefore have 
fundamental challenges, the study showed no significant 
difference in user performance between small multiples pie 
chart and stacked bar chart. This could imply that in certain 
circumstances pie charts can support user performance when 
displayed in a group for comparison. 
 
Finally, the results show that the methodology of alternative 
paths used in this study produces similar performance results 
to established methods of evaluating user performance. As 
this methodology introduces a level of evaluating user 
engagement through comparing whether users use the 
visualization or an alternative path to complete a task, this 
could be used in future by other visualization researchers. 
The most effective use of the methodology would be to 
evaluate user engagement with specific visualizations by 
comparing two or more visualizations.  
 
 
6. CONCLUSION 
The four experiments conducted during this study contribute 
to the evaluation of data visualizations through a novel 
multiple-choice question interface and methodology by 
introducing alternative paths to complete a given task to 
participants. The results feed into existing research on 
evaluating and selecting visualizations through 
understanding of user engagement with less common types 
of data visualizations.  
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APPENDICES 
 
Appendix 1: Participant Information Sheet 
 
Information Sheet for Participants in Research Studies 

Title of Project: Data visualizations with patterns  
Understanding of data: online study. 

This study has been approved by the UCL Interaction Centre (UCLIC) Research Department’s Ethics 
Chair, Rachel Benedyk [Project ID No]: UCLIC/1617/016/Staff Costanza/Nowacka/Yang 

Name, Address and Contact Details of Investigators: 

Principal investigator: Dr. Enrico Costanza  UCL Gower Street  London WC1E 6BT  United Kingdom 
+44 (0)20 7679 718 email: e.costanza@ucl.ac.uk 

Co-investigators: Tiia Meuronen UCL Gower Street  London WC1E 6BT  United Kingdom  email: 
tiia.meuronen.18@ucl.ac.uk 

We would like to invite you to participate in this research project directed by researchers at UCL. You 
should only participate if you want to; choosing not to take part will not disadvantage you in any way. 
Before you decide whether you want to take part, it is important for you to read the following information 
carefully and discuss it with others if you wish. Ask us if there is anything that is not clear or if you would 
like more information. 

Study Details & Compensation.  
The purpose of this study is to inform the design of future interactive systems. 

If you agree to participate, you will conduct the study on your computer. Your general demographic 
information will be collected from Prolific, such as age, gender, education level and specific learning 
difficulties. 

The study consists of the following: you will go through a tutorial to learn about the interface which you 
will use, then you will use a multiple choice question and answer platform. When you finish with the 
multiple choice questions, you will then be asked to rank different charts in terms of your familiarly. 

The study will last for approximately 5 minutes. You will be compensated £1 as a minimum for your time 
(equivalent to approximately £12 per hour), furthermore, you can earn an extra £1.05 via bonuses during 
the multiple choice question and answer stage of the study. Therefore the total potential earning in this 
study is £2.05. 

There are no particular risks associated with your participation other than those associated with the use of 
standard computer equipment. 
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Data and Information.  
All data will be handled according to the Data Protection Act 1998 and will be kept anonymous. Only 
UCL researchers working with Dr. Enrico Costanza will analyze these data. 

Any information that is obtained in connection with this study and that can be identified with you will 
remain confidential and will be disclosed only with your permission or as required by law. The 
information collected during the experiment will be kept separately from your personal identity. The 
information will be collected and stored on a password-protected computer. 

Withdrawing from the study.  
If you decide you do not want the data to be recorded, or if you decide at a later date that you do not want 
these recordings to be kept in the form specified above, you may request that we delete the data from our 
dataset by contacting the principal investigator (e-mail e.costanza@ucl.ac.uk), within the next 20 days. 
After the next 20 days, any data will be fully anonymised (i.e. anything that may identify the data as yours 
will be removed) and may be made available to other researchers – as this can be helpful for other 
researchers working on similar topics. 

You may withdraw at any time and for any reason during the study. You may access or withdraw your 
data at any time and for any reason within the next 20 days after the study ends when all the data is being 
anonymised or securely destroyed. 

Concerns or complaints.  
Should you have any concern or complaint, you can ask in person the investigator conducting the study, 
or contact at any point the principal investigator (e-mail e.costanza@ucl.ac.uk). 

It is up to you to decide whether or not to take part. If you decide to take part you will be given this 
information sheet to keep and be asked to sign a consent form. If you decide to take part you are still free 
to withdraw at any time and without giving a reason. 
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Appendix 2: Participant Consent Form 
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Appendix 3: Study questionnaire 
 
 
Appendix 4: Study debrief 
 

 
 
Appendix 5: Materials 
 
5.1 Chart descriptions  
 

• Study 1 and 2 
o Stacked bar chart 

The display shows the amount of fruit imported by each country over a four year period. Each bar represents a country and 
each colour reflects a specific fruit or group of fruits. The larger section of the bar the more of the specific fruit was imported 
by the country.  
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o Clustered bar chart 

The display shows the amount of fruit imported by each country over a four year period. Each bar represents a country 
and each colour reflects a specific fruit or group of fruits. The larger section of the bar the more of the specific fruit 
was imported by the country. 
 

o Treemap 
The display shows the amount of fruit imported by each country over a four year period. Each colour reflects a specific fruit. 
The larger the area shown the more of the specific fruit was imported by the country. 
 

• Study 3 
o Sunburst 

The display shows the amount of fruit imported by each country over a four year period. The inner circle shows the 
names of the countries, which are reflected by the colours. The outer circle reflects specific fruits or groups of fruits. 
The larger the area shown the more of the specific fruit was imported by the country. 
 

o Small multiples pie chart 
The display shows the amount of fruit imported by each country over a four year period. Each pie chart reflects a 
country and each colour reflects specific fruit or group of fruits. The larger the area shown the more of the specific 
fruit was imported by the country. 

 
 
5.2. Chart familiarity images  
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