City Research Online
City St George’s, University of London

ST GEORGE'S

UNIVERSITY OF LONDON

Citation: Sathiyanarayanan, M. & Mulling, T. (2015). Wellformedness Properties
in Euler Diagrams: An Eye Tracking Study for Visualisation Evaluation. Paper
presented at the XIV Brazilian Symposiuym on Human Factors in Computing
Systems, 03 - 06 November 2015, Salvador, Brazil.

This is the accepted version of the paper.

This version of the publication may differ from the final published version. To cite
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/23306/

Copyright and Reuse: Copyright and Moral Rights remain with the author(s) and/or
copyright holders. Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge, unless otherwise
indicated, provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is not changed
in any way. For full details of reuse please refer to City Research Online policy.

City Research Online: http://openaccess.city.ac.uk/ publications@citystgeorges.ac.uk



https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/

Wellformedness Properties in Euler Diagrams: An Eye
Tracking Study for Visualisation Evaluation

Mithileysh Sathiyanarayanan
University of Brighton
United Kingdom
M.Sathiyanarayanan@brighton.ac.uk

ABSTRACT

In the field of information visualisation, Euleradjrams are
an important tool used in various application areash as
engineering, medicine and social analysis. To #ffely
use Euler diagrams, some of the wellformednessepties
needs to be avoided, as they are considered taeadser
comprehension. From the previous empirical studvess,
know some properties are swappable but there islewar
justification which property would be the best &euln this
paper, we considered two main wellformedness ptigser
(duplicated curve labels and disconnected zonededb
which among the two affect user comprehension thetm

based on the task performance (accuracy and re&sponé’

time), preference and eye movements of the usevslvé
participants performed three different types oksasvith
nine diagrams of each property (so, in total eighte
diagrams) and the results showed that duplicataglecu
labels property slows down and trigger extra eye
movements, causing delays for the tasks. Thougte tise
no significant difference in the accuracy but theights

obtained from the response time, preference and ey

movements will be useful for software developerstioa
optimal way to visualise Euler diagrams in real Mor
application areas.
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INTRODUCTION
Euler diagrams are also called as set-based diagam
curve-based diagrams or region-based diagrams vdrieh
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widely used in many application areas because they
represent set intersections, set disjointness aatl s
containments. This allows users to understand whets

the item belong to, and which does not. From ttezdture,

an Euler diagram is defined to be a collection aifeled
curves that are closed. A segment connected irpldoee
that has a curve boundary is called as minimalbregnd a

set of minimal regions is called a zone.

Flower and Howse [5] defined the notion
wellformedness  properties that relate to relatigrs
between curves and regions in the diagram. The six
roperties were defined based on the drawing mettivat
produced bad layouts. In order to produce aestibtic
pleasing diagrams, Rodgers et al. [7] conducted an
empirical study considering all the six wellformeds
properties and these properties have been provedfeot
the understanding of a diagram. The propertie’s are
1. Non-simple curves: a self intersecting curveuthde
avoided.

. Duplicated curve labels: curves having samel Isibeuld

e avoided.
3. Concurrency between curves: curves running asamge
borders should be avoided.
4. N-point between curves: curves crossing at aesaont
to be avoided.
5. Brushing point between curves: curves touchiaghe
other should be avoided.
6. Edges disconnecting zones: each zone should be a
minimal region.

of

After the properties were defined, empirical stadieere
conducted. We have contradicting results from the
empirical studies conducted by Rodgers et al. [Fish et

al. [4]. Riche and Dwyer [6].

1. An empirical study conducted by Rodgers et @l. [
reveals two phase results. An initial study reveale
concurrency and disconnected zones have high signif
effect compared to brushing points, n-points, niompte

! More detailed explanation with examples are givefb],
[8], [9] and [10].



curves and duplicated curve labels, whereas thenslk
study found duplicated curve labels have signifieffect.

2. An empirical study conducted by Fish et [4] did not
consider theduplicated curve labels property and the st
revealed concurrency, disconnected zones ane-simple
curves have less significant effect compared tcshing
points and n-points.

3. An empirical study conducted by Riche and Dv [6]
revealed disconnected zones and concurrency afernad
by the users.

These contradicting results have not considereticjants
eye movements. So, our main interest lies in comg:
only duplicatedcurve labels and disconnected zones u
eye tracking approach as shown in Fi¢ 1. In the left-
handdiagram, curve label C is duplicated but the cuase
circular in shape whereas in the rigtatac diagram, curve
label C is not duplicated but therga shape is ellipse and
disconnects the region AB. So, we have a strongvatain

for discovering which among the two properties cffigser
understanding the most. The research questionptyer
attempts to address is ~Which wellformedness pties

(disconnected zones and duplicated curve labdisjtaisel
comprehension the most?". The main aim of theysto
this paper is to use eye tracking to test the tffetthe twc
wellformedness properties based on eye movemesgk
performance and preference.

A A B

B

Figure 1. (a) Curve label C is duplicated but the curves are
circular in shape and no disconnection (b) Curve label C isnot
duplicated but the curveisellipsein shape and disconnecting.

Twelve participants answered a series of eightesstepns
where each property was asked nine times. Pantits|
ability was determined by the number of answersg
correct and how well they observe and concentrat¢he
targeted areas in the diagmno get the right answers.
this study, we considered a withgneup approach t
compare two wellformedness properties and whichrey
the two affect users' comprehension the most. We@anma
non-invasive eyeracker (Tobii Xi-60) to record
participans' eye movements during each diagram sol
task. The data collected included: participantgatfon
time, fixation counts, and scan paths of the @itareas o
each diagram.

The results showed that duplicated curve labelpety
slows down and tgger extra eye movements, caus
delays for the tasks. The insights obtained areugied ir
order to consider which property can be relaxedlen
generating the diagrams.

EXPERIMENTAL DESIGN

The experiment is a controlled study conducted iwith
group to test the effects of the two wellformedn
properties (disconnected zones and duplicated dabeds)
based on eye moventsnand task performance. Twe
participants from the University of Brighton, LU
volunteered to take part in the study who had kedgt
about computers and had no vision de®. Few
participants were familiar with Euler diagrams avidnn
diagrams. An initial training of the diagra with questions
were provided so that the participants get familéh the
diagrams, questions and the complete study pr¢
Usability Room

The usability room had a good ventilation and aickdd
computer with an eye tracking system. Participamése
provided with comfortable chairs and were advisetl to
touch the monitor or the eye tracking system (&dety)
Eye-Tracking System

The eye tracking system used in the experiment Wedsi
eye tracking device, where the hardware used wdsi
X2-60 Eye Tracker and the software used was Tobii St
3.3.

Stimuli

This pairwise group had eighteen diagrams in tdfalch
property had nine diagrams and the other one wdrawa
keeping the same information but changing only
targeted curve. Each diagnehad 6 crves which had 24-30
data items, as shown in Figurt

Layout Guidelines

We considered ten guidelines laid out by Blakele [2],
[3] for drawing Euler diagrams. They are as foll®

Guide 1: Draw wellmatched Euler diagrar

Guide 2: Draw wefbrmed Euler diagram:

Guide 3: Draw smooth curved Euler diagra

Guide 4: Draw zone area equality Euler diagre

Guide 5: Draw diverging lines Euler diagrar

Guide 6:Draw Euler diagrams without regard to orientat
Guide 7: Draw circle shaped Euler diagra

Guide 8: Draw highly symmetrical curves Euler dags.
Guide 9: Draw shape discriminated Euler diagre

Guide 10: Draw Euler diagrams with curves that haw
fill and different colours for each curv

Layout Characteristics

To minimise unwanted variations between diagrame
adhere to the drawing conventions and principleged
below, also considered by Blake e [2], [3].

1.All diagrams were drawn using 3 types of curve i
small, medium and large.

2.Diagrams were drawn with circle

3.Diagrams were drawn with smooth curves and consit
zone area equality.

4.Curve colours were picked from the colour paletteven
in [3] To help ensure the colours in the palette v

2 Confirmed by Ishihara test and a Snellen ¢

% A detaled explanation can be found in [2] and



uniformly distinct from each other, we adopted the around 12 minutes where accuracy, time and eye

approach of Blake et al. [3]. movements were recorded. All the questions werecsgd
5.Curves were positioned such that the set pragselike to be answered by the participants.
containment, disjointness and intersection weresiciemed. Third session - participants gave feedback about the

6.Curve labels were written using upper case kettar  questionnaire and the diagrams shown in the A4 mpape
Times New Roman, 12 point size, font in bold asvghin (preference of diagrams).

Figure 2.

7.Each curve label was positioned closest to it
corresponding curve either on top or bottom ortraglgned
as shown in Figure 2.

8.Data items were written using Times New Roman, 12
point size (started with capital letter).

9.Data items were evenly distributed within the eom
some cases, data items were placed close to theescur

SEXPERIMENTAL RESULTS

In this study, the main interest is on eye moves@ftthe
participants. Given the small number of particigastd the
limited variety of the stimuli, we consider accuaand
response time as an additional evidence in supgfoetye
movement findings.

Accuracy

while testing the properties. _ N From the task performance analysis (chi-squard, tisre
10.Curves were arranged adhering to the layouteioies s o significant differencep#0.05) in accuracy between
considered at_)ove. . . ) disconnected zones and duplicated curve labelspudh
Further drawing conventions considered in the staty  the nymber of errors committed by participantsracee in
consistent with other research contributions [2], [3], [4]. the latter.

Study Tasks Response Time

We considered the set-theoretic concepts like sefryom the task performance analysis (ANOVA testrehis
intersection, set inclusion and set disjointnesse Tasks 4 significant difference p>0.05) in response times

used in the study were based on students takingle®en  penyeen disconnected zones and duplicated cunadslab

a University degree course. The examples are shown 5ihqugh average time taken by the participantsidse in
Figure 1. This concept is very familiar to all peigants the latter.

who took part in this study. Eye Movements

+ How many students have taken SCIENCE but notSo, from the task performance analysis for accummy

TOURISM? response times, it is clear that there is no sigpuit

*  Which module is being taken by 6 students? difference between the properties. For this reasmome

*  Who is taking both SCIENCE and TOURISM? movements of participants are important for thdyais
Software From the video analysis, the pair-wise diagram
We used the software called as the 'research ehicl (disconnected zones versus duplicated curve lalveds)
developed by Andrew Blake at the University of Btign, ~ analysed. Participants' overall eye movements slexe (to

United Kingdom [1-3]. This software can display the some extent) for diagrams with duplicated curveelab
diagrams along with questions and options to theThere were quite a lot of back-and-forth eye mowvetsie
participants and records the time taken to answer t around the duplicated curves. This indicates that t
questions and the errors committed by the partitjpaThe  participants were uncertain about counting the remdf

Tobii eye tracking software records the full sessid the ~ data items. Also, participants claimed that theyrewe

research vehicle for each participant. affected by the duplicated curves.

Independent Variables Preference

The three main independent variables used in trdysire  Eight out of twelve participants preferred discorted
diagrams, tasks and participants. zones over duplicated curve labels and the reason i
Dependent Variables because of the continuity of the curve (single eur&ince

The three main dependent variables used in theystiuel  the curve is coloured, participants feel it is etsyollow
accuracy of answers, time taken to answer eachtiqnes the curve path rather scanning the full diagranfirtd the

and eye movements. data items. Whereas, in duplicated curve labeHicgzants
Procedure feel they spend more time in scanning the full diag to
The experiment had three sessions: find the duplicated curves and their data items.

First session - during this session, consents were taken

from the participants and the purpose of the expent was  piscussion

explained in detail. Participants were trained vditierent In this controlled study experiment, parametershsas
diagrams and task questions manually and using thgarticipants, diagrams and tasks can be a threatuto
software. Only after the participant was comforéalalith  resylts validity but based on our empirical evidetirough
the questions and diagrams, he or she could takieeupext  eye tracking, we established one of the principte f

session. o _ o presenting an Euler diagram effectively in real ldor
Second session - in this session, participants were told t0 scenarios.

take up the study using the software; approximdteting



Teraa

Rroad - .
om ) Mit Tavid
Gall Scot
i Tod Sara Olaf Levy
John
Eden Phil| Den
Milke Tones
Edna

Mica

Teraa

David
“ohn L'od Sara Olaf Tevy
Eden Phil| Don
Wike Jonss
Edna

Mica

Figure 2. Diagramswith (a) duplicated curve labels (SCIENCE) (b) non-duplicated curve label

Many diagrams cannot be drawn without breaking on
more wellformedness property and from Rodgers. [7]
we know there are different choices between theegt@es
while generating Euler diagramend from the studwe
conclude saying, duplicated curves should be aw
where possible because the eye tracking has reh
duplicated curve labels can be arbarto understanding
The alternative is to use an irregular curve thay mr may
not disconnect a zone but there is continuity i@ thirve
rather duplicationThe results are summarised bel

1. From the accuracy results, though there is goifstart
difference  between duplicated cu labels and
disconnected zones.

2. From the response time results, thereagain no
significant difference between the two prope.

3. From the eye tracking results, most of the piants
took more time for the uplicated curves. Participan
overall eye moveents were slowfor diagrams with
duplicated curve labels. There were quite a Idtasfl-and-
forth eye movements around the duplicated curvdss
indicates that the participants were uncertain aibountng
the number of data items. Also, participants claintleat
they were affected by the duplicated cun

4. From the preferential results, 70% of the pgoticts
preferred disconnected zones over duplicated claivels
and the reason is because of dwntinuity of the curwve
(single curve).

From gestalt principles on similarity, similar casswith
shape, colour and label should be grouped togeitre
improving human understanding. If the duplicatedves
are extreme far apart, there is a tendenchuman missing
out on one of the duplicated curve. Whereas, inctee o
irregular non-duplicated curve labelgainbased on gestalt
principles on closure:simple closed curves irroves
human understanding.réim the Gestalt psychcgy on
understanding diagrams, 'mind understands exterr
stimuli as a complete object rather than the suntheir

parts".So, we conclude saying, avoiding duplicated cu
will improve human understandit
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