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Data is abundant

Image from https://unsplash.com/photos/white-printing-paper-with-numbers-Wpnogo2plFA
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the use of computer-supported, interactive

visual representations of data
to amplify cognition [Card et al., 1999]

Visualization

Image from https.//unsplash.com/photos/turned-on-flat-screen-monitor-dBlI_ My696Rk
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Transform data into visual representations

data visual form

raw data visual visual
data tables structures structures

data visual view
transformation mappings transformation

human interactions

f

Information visualization reference model [Chi, 1999]
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Visual mapping

mapping data values to graphical properties of graphical elements

visual variables marks

(® Points (™ Lines ® Areas

N R

0D 1D 2D
Marks [Munzer, 2015]

Visual variable examples
[Olaya, 2018]
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Jacques Bertin

(1918 - 2010)
a French cartographer and graphic designer

the first to systematically investigate the concept
of visual variables

Image from Wikipedia (https://fr.wikipedia.org/wiki/Jacques_Bertin_(cartographe))
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Initial list of visual variables by Bertin
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Initial list of visual variables
Image taken from [Olaya, 2018]

Bertin, 1967]

position

6 retinal variables
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Semiology of Graphics

guidance of the usage of visual variables
Sémiologie coLon

| graphique

Les diagrammes - Les réseaux - Les cartes

@ TEXTURE

VALUE
= = - e gamtact3s
Book: Semiology of Graphics St T

Retinal variables on point, line and area marks
[Bertin, 1967]

Image from https.//commons.wikimedia.org/wiki/File:Bertin_semiologie-graphique.png
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Visual variables

A foundational and influential framework for visualization research

More accurate Position Quantitative Ordinal Nominal
S POSItio) s — Position —————er= P 111011
Length Length « Density Cotor Hue
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Slope », &, % Color Hue Connection
;g]e ?pﬁ Area 3 % ) . Texture Containment
v - Volume < “" Connection Density |
Area Density £ ”“‘ ‘ Containment Color Saturation
. @ Color Saturation ”"’“ Length Shape
/ & 4 Angle Length
Volume
Slope Angle
= / Area ~ Slope
Color Density Volume -~ Area
Less accurate 5{*1:10?"“) © SEipeEQE?EE'EE?}E?EE}?QEZE Yolume

[Cleveland and McGill, 1984] [Mackinlay, 1986]

examples of subsequent research on visual variables
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't is crucial to identify and articulate .o oo’
the basic visual variables R
that can be manipulated ¢ ° °,
to encode data effectively.
repetitive encoding S RS S N B

. O

O “. “

0.‘0 .. O
initial list of visual variables [Bertin, 1967]

Image taken from [Olaya, 2018]
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pattern (or texture?)

typically features repetitive dots or lines

11
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, Networks, Maps, and W. C. Brinton, Graphic Methods for Presenting Facts
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Images from J. Bertin, Semiology of Graphics
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Broad application

enhance the accessibility of visualizations

Callery | Charticulator ANy 4023

Atrmospheric Pressure

£ 095474

Diagram of the Causes of Mortality in the Army in the East
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devices with limited color display capabilities readers with color deficiencies or visual impairments
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Research gap

popularity in history broad application

HORSE %
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ITALY
FRANCE
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lack of design guidelines and empirical research on
Now to better use patterns for data encodings
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Rich attributes
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How to aesthetically and effectively use patterns
for data visualization?

17
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How to aesthetically and effectively use patterns
for data visualization?

C ‘ a r|ﬂ Cat| O ﬂ Of te rm | ﬂ O ‘ Ogy Which term is more suitable for describing this visual variable: texture or pattern?

D es |gﬂ S pa ce O]C patte NS Which pattern attributes can we manipulate for encoding data?

SREER7Z

E m p| r| Ca ‘ Stu d |eS How can we compare the aesthetic pleasure of visual data representations?
S CAd ‘ - d eVve ‘ O p MmMe ﬂt How can we aesthetically and effectively use b/w patterns for categorical data visualization?
D | SCUSS | OnN Other contributions and future work

@ Conclusion Contributions of this thesis

18



Clarification of terminology

Which term is more suitable for describing this visual
variable: texture or pattern?



Why is the term texture not suitable?

texture emphasis more on surface characteristics
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Why is the term texture not suitable?

texture is a widely used concept in computer graphics, wnicn is
different from visual variables.
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The visual variable that we recommend to call as “pattern”

21



Texture Pattern

Surface and material characteristics Repetition and structure of elements
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Textures in (a) surface rendering, (b) volume rendering,
and (c) flow visualization
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3 interpretations of texture as a visual variable

Grain Spacing Pattern
Size+5pacing

TEXTURE

o7 \ N \‘ N\ / \ A "
.,,,.""’ :: ¢.~ :_: \\\\\\\\ \ ' Textu re '
K Q‘.p S ‘" : \0\\\ N C /‘ X 7 © -4 '
o8
§

\0\\\\\\\ — = = Texture

[Bertin, 1967] [Roth, 2017] [Zeng and Battle, 2023]
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3 interpretations of texture as a visual variable

This issue originates from the translation of Semiology of Graphics.

Jacques Bertin
Ve 1 ® @ ‘-
Sémiologie
' g'l‘aphiq'lle JACQUES BERTIN ..
!i Les diagrammes - Les réseaux - Les cartes
| Semiology >
of
Graphics "=
o 2
7)1;1[75
u
French version English version

24



Grain: The original term Bertin used

Grain in the

-rench version — Texture in the English version

At a given value, the TEXTURE is the number of sepa-
rable marks contained in a unitary area.

s Change both the size and spacing of

r 7
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. Eant while maintaining a given ratio of
L black to white
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Spacing. A misinterpretation in Bertin's book

*Bertin draws a rigorous distinction between texture (grain in French) and pattern
(texture in French):

2 )
SRR
O %
SO >
KIS
VKPR

A and B differ in their texture but there is no difference in pattern. The elementary

shapes are the same. The notion of pattern explains the difference between A and C.
The elementary shapes are different. A difference in “pattern” is essentially a differ-
ence in shape (translator’s note)

Translator’s note from the English version of Bertin's book
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3 interpretations of texture as a visual variable

Grain Spacing Pattern
Size+5pacing

TEXTURE

o7 \ N \‘ N\ / \ A "
.,,,.""’ :: ¢.~ :_: \\\\\\\\ \ ' Textu re '
K Q‘.p S ‘" : \0\\\ N C /‘ X 7 © -4 '
o8
§

\0\\\\\\\ — = = Texture

[Bertin, 1967] [Roth, 2017] [Zeng and Battle, 2023]
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What does texture mean in this context?

Quantitative Ordinal Nominal
Position Position Position
Length Density Color Hue
Angle Color Saturation /
Slope Color Hue ‘onnection
Area Texture / Containment
Volume onnection / Density
Density Containment Color Saturation
Color Saturation Length Shape
Color Hue Angle Length
Slope Angle
onnection Area Slope
Containment Volume Area
Shape Shape Volume

Effectiveness of Visual Channels [Mackinlay, 1986]

?
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|Issues with the term texture

» emphasis on surface characteristics
» different interpretations as a visual variable

N Q N
.‘:_-" \\\‘\ ‘\;\§\\\\\\\\\\\

..0 :.“: ‘\ \\\:\\\
-~ @ :-' \\§\\\\\\
2‘ ‘\\0\§\

N

(b)

Textures in (a) surface rendering, (b) volume rendering, and (c) flow visualization ' | @
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Design Space of Patterns

Which pattern attributes
can we manipulate for encoding data?



AALMMMITNM

Bertin used a lot of patterns,
but he did NOT systematically discuss this concept.

Bertin unconsciously generated patterns
while trying to address the inherent limitations
of line and area marks.
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AALMMMITNM

Inherent limitations of line and area marks

» Line marks cannot change in orientation
» Area marks cannot change in size, shape, or orientation

1

‘Y
!
0; !

FAIR DOMINANT FAIR SLIGHTLY FAIR AND DARK DARK SLIGHMTLY
DOMINANT DOMINANT

* HAIR COLOR
[Bertin, 1967]

we cannot rotate a region without breaking

ts geographical meaning
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AALMMMITNM

Bertin applied

all 6 retinal
variables to point,
line and area marks

retinal variables

Point marks Line marks Area marks

SHAPE

ORIENTATION

COLOR

TEXTURE

VALUE

:'.. : .

S'ZE ' ézs::r .:.l. (11l
e Aa. o P2.is ®occeses-ses
- ¥ st HEELI
o s B8k nsianacen
oo see8ssii.. Tiiiiiiii

[Bertin, 1967]
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AALMMMITNM

Bertin's inconsistent approaches

Take the visual variable size for example

Apply visual variables on marks directly

Add one additional marks

Add repetitive additional marks

35
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AALMMMITNM

Pattern: Not only repetitive shape variation
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AALMMMITNM

From a single mark to a composite mark,
what new potentials patterns offer
for our use in encoding data?
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AALMMMITNM

Pattern

A pattern is composed of graphical primitives which can also serve as marks

—— - - - ———— - - —

I
._-- .....
|
|
|
|
|
._-. .................

A single mark A pattern



AALMMMITNM

A single mark Pattern (a group of marks)

Position Spatial relationships

Appearance Appearance relationships

Appearance of individual primitives



AALMMMITNM

Pattern configuration

8asic structure for arranging primitives

» A lattice structure

» Lattice points:

Predefined positions for primitives

Lattice point
........ / P

41



AALMMMITNM

Pattern configuration

The number of lattice dimensions influences the parameters required
to define the lattice.

1D lattice

2D lattice



AALMMMITNM

Pattern configuration

4 most common configuration of patterns

® w
IS
(b) c) * ,

43



MMM
Spatial relationship variables

Define a lattice with lattice parameters

» Lattice unit cell: The smallest unit of a lattice
» The entire lattice can be generated by the repetitive tiling of the
unit cells

| / Itayti_ce unit cell



AALMMMITNM

Spatial relationship variables

r T
' ' | | ‘ ‘ ’
| [ | " ’ ’ ‘
] ] | / ’ ‘
! ' ! ’ ¢ ¢
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' ' | ‘ ’ ’
| [ | 4 / ¢
1 1 1 ’ ’ ¢ ’
' ' 1 ’ ’ ’ ‘
' ' ] ¢ ’ ’ ‘
' ' | ’ ’ ’ ’
' ' ' .l ¢ ’ s
1 1 | ‘ ’ ’
| ' | ] ’ ’
' 1 1 ’ ’ '
' ' ' ’ ¢ ’
| | . - - .
' ' | ’ ¢ ‘
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@: included angle of the unit cell

a and b: spacing between primitives

®: orientation of the unit cell

R positional regularity

________
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AALMMMITNM

Appearance relationship variables

» Common patterns: Internal consistent
» Composite nature of pattern: Internal variation

1 1 1 | |
1 1 1 | |
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AALMMMITNM

Number of primitive groups
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Ratio between each group
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Distribution style of different primitives

» How we place each group of primitives within the pattern
» Different from spatial arrangement
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Appearance relationship variables

» Number of primitive groups
» Ratio between each group
» Distribution style of different primitives




AALMMMITNM

Patterns with internal variation

—xample of using appearance relationship variables
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Patterns with internal variation

—xample of using appearance relationship variables

Subyrban fopwiaiim
L Prineipatly Naiives
Jriah and Grrovana

(N
'
\,
Swbsrbiagw Pepulation,
rpally ivetives Tresh snd Gormans

" -, ———
2

; MAP No.2.
' 5 Key and Diagram - ' = : OF

L Showin he Provo on of ench Natro ity : »
" ! / A In :I‘w'u!v;t:l.;'u;lf:;t‘;:).n 'l‘)) ‘thr ("rn::n :fullﬂ:)?'. “Xy, C ITY Of NEW YORK

Showing the Distribution of the Principal

y R = N ! w A
. o N v -
.
e -}. L)
5 5
.~ - L '
1 : - . .3 g » B z "
1 . i 2ol _ B L T3 1
| Mebtosa LTS & Q 3
’ fatiana  _ _ oile Nationalities by ! anitary Disteicts
el gow W T P :
: 0'-.-0'-'1:-.- — ._-,,; Jrf . Mode condsr the tissatlowal The Teneme it Hawrs Cammitics ol N
\ Negivosa NS rs v Ty Fhe Nadine ilive hotoss woe fhew ona.'vu..’ wp lne thireds
: . Pratets _ _i83)e i Pohe doded Bapirdilinm of asny Wisdaind By tho Puwsws off 4355
! Podns et s SR8y 7L bo roluddve Rovusitive of 1o Nonsls evnvanmiionaliy wpnswnies
Lhaloveitud " 3
‘ el

s 7N im amy Diarvietd abevi the povgponriion @f Toe Notiowaditve s i
3 . )
33 fesivwrorded w l.n_I N Pive Peorwdiivads dm thad IXisdwjet
. . BN

Number of primitive groups: nationality groups
Ratio between groups: ratios between nationality groups
Recursive usage of patterns



Patterns with internal variation

—xample of using appearance relationship variables
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Retinal visual variables on each primitives

» same in primitive relationsnips
» different in rental variables
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Retinal visual variables on each primitives

» Not new variables introduced by pattern
» Ccan use all retinal variables that can be applied to single marks on
pattern
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Regularity of retinal variables

a secondary visual variable characteristic
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Emergent phenomenon
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Design space of pattern

» Spatial relationships

@: the shape of the unit cell (included angle)

a & b: the size of the unit cell (primitive spacing)
®: orientation of the lattice

»  R:positional regularity

» Appearance relationsnips

»  Number of primitive groups
» Ratio between each group
»  Distribution style of ditfferent primitives

» Individual appearance characteristics of primitives
» Regularity of retinal variables

v v v
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Design space of pattern

» Spatial relationships
@: the shape of the unit cell (included angle)

a and b: the size of the unit cell (spacing between primitives)
®: orientation of the lattice

»  R:positional regularity.

» Appearance relationsnips . | |
. Number of primitive groups  DIF€Ctly encode geographical location

> Ratio between each group into the position of primitives?

»  Distribution style of ditfferent primitives

» Individual appearance characteristics of primitives
» Regularity of retinal variables
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Conclusion

» Elucidated the underlying thoughts in Bertin's works and
inconsistencies of Bertin's methods

» Systematically summarize pattern variations

» Connect the concept of pattern to map reading process
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Toward an Understanding of
‘Pattern’ as a Visual Variable

Tingying He ', Jason Dykes ', Petra Isenberg ', Tobias Isenberg

Abstract—We draw upon broad and contrasting considerations
of pattern as a visual variable to develop consolidated theory for
explaining, exploring, and using patterns in visualization. We
clarify ambiguities around the use of ‘“pattern” and “texture” and
show how seeing patterns as composites of sub-marks opens a
wide design space. When we conceptualize patterns as rules that
control the spatial relationship of sub-marks we can describe how
the sub-marks’ appearances can differ from one another and
systematically describe the composition and potential variation
of the patterns based on a regular arrangement. We show how
our conceptualization relates to existing visualization theory and
highlight opportunities for visualization design. We also discuss
the arrangement of patterns driven by geographical information
within this conceptualization, further connecting patterns to the
broader literature on maps.

Index Terms—Pattern, visual variables, visualization theory,
textures.

I. INTRODUCTION

ISUALIZATION design at its very core relies on the map-

ping of data values to visual variables. Visual variables,
also referred to as visual channels, are attributes of graphical
elements—referred to as “marks”— whose appearance can be
manipulated to encode data [41]. We have quite a few visual
variables at our disposal such as position, hue, or size and their
effectiveness ranking has been the subject of much research and
discussion in our field [20], [35], [38]. Among the available
visual variables is one that researchers have called pattern
[33], typically featuring repetitive dots or lines . Visualization
designers often use patterns when color is either limited or
already encodes other data dimensions (e. g., [3], [4], [8], [9],
[17], [45], [51], [55D).

When patterns £/l are described as visual variables,
researchers have also referred to them as texture. This inter-
changeability of the terms pattern and texture may arise from
the blended use of these two terms in everyday language and
the inclusion of texture in Bertin’s initial list of visual variables
[3], [4]. However, to add to the confusion, the term texture,
has a diverse set of meanings in the visualization research that
goes beyond an understanding of texture as pattern FZZHE
. Researchers working on 3D representations, for example,
often use texture to mean surface or volume characteristics of
3D objects, represented as realistic images &4 [28], [32].
These textures typically have different visual characteristics

Tingying He ({ii7i%), Petra Isenberg, and Tobias Isenberg are with Université
Paris-Saclay, CNRS, Inria, LISN, France. E-mail: tingying.he@outlook.com,
{petra.isenberg | tobias.isenberg } @inria.fr. Jason Dykes is with City, University
of London, UK. E-mail: j.dykes@city.ac.uk.

Manuscript received September 5, 2024,

and encoding goals from the patterns that are used as a visual
variable in abstract data representation. Even in the specific
context of discussing the visual variables used for abstract
data representations, researchers may interpret the term texture
as a variation of a specific dimension of a pattern, such as
“granularity” (Bertin called it “grain” in French) EZEdee), the
spacing between the repeated elements 4], or the shape
of these elements $33ki3ki5. We argue that this melange of
terminology hinders the research community in investigating
pattern as a visual variable or using this encoding effectively
because research on patterns and the practice of using them
are difficult to compare and situate in the absence of consistent
terminology.

Inspired by the literature [15], [33], [41], [56], we therefore
suggest to use the term pattern to describe a composite visual
variable E/Zlf that consists of graphical primitives which can
also serve as marks for data encoding. Our first contribution
is an in-depth discussion and clarification of the terms texture
and pattern in light of existing interpretations around both
terms. As our second contribution, we further provide a
conceptualization of pattern along with its potential variations
which we can use for data encoding. We identify three sets
of attributes of pattern: spatial relationships of primitives, ap-
pearance relationships of primitives, and individual appearance
characteristics of primitives. Furthermore, we discuss directly
encoding geographical information into the sub-marks and link
the concept of pattern to the map reading process.

II. TEXTURE AND PATTERN

Researchers often use the terms pattern (e. g., [30], [33], [52])
or texture (e.g., [25], [55], [58]) to describe a visual variable
characterized by repeated elements . While both terms can
make sense and are understandable, Carpendale [15], in her
discussion of visual variables, suggest to use the term texture for
“apparent surface quality of the material like wood or marble”
and to use pattern for “repetitive use of shape variations.” We
consider Carpendale’s recommendation reasonable and useful'
due to two main issues associated with the term texture: (1)
compared to pattern, the term ftexture has a broader meaning
in visualization and related fields and often refers to different
concepts (as we show in Fig. 1 and Fig. 2), making it less
precise; and (2), even when texture specifically refers to a
visual variable, it is subject to different interpretations [3], [4],
[22], [29], [30], [48], [52]. In this section, we discuss the first

'We agree that the term texture is best used in this sense but propose in
Sect. I1I-C that pattern has broader possibilities beyond repetitive use of shape

0000-0000/00$00.00a@u028. IEEE
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Empirical studies

How can we aesthetically and effectively
use black-and-white patterns
for categorical data visualization?
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This visualization is appealing.
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This visualization is likable.
This visualization is nice.
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Experiment 1

Collect good pattern designs for visualizations from experts

Experiment 2

Rate the collected designs based on visual appearance

Experiment 3:

Assess the top-rated designs regarding effectiveness and aesthetics
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Our pattern design interface

Experiment 1
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Experiment design

4

4

4

4

4

4

Mixed design

Between-subjects variable: chart type
Within-subject variable: pattern type

Participants: 30 experts

12 female, 18 male
Ages: mean =40.1,5D =144

Prior experience in visualization design: mean = 13.4 years, SD = 11.0 years
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esigns from 30 experts - 30 pie charts
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Design strate

» Readability
»  Distinguishability
» - Clarity
»  Semantic association
» Aesthetics

» Visual appearance
» Visual balance

gles

Goal
"Visual distinctness (distinct) and consistency (consistent) in design"

Geometric

"For the geometric textures, | was aiming for textures that were not too bold and had roughly

equal weight (balance) while being clearly distinct (distinct)”

Iconic
"I changed the icon size to reflect what they represented. (association) Also | centered the icons
made it so that a complete icon (complete icon) appeared near the bottom."

Goal
In general, | tried to make all columns distinguishable(distinct) given they are placed so close
to each other, and then following either the same style or a rhythm of styles (consistent).

Geometric

same style or a rhythm of styles(consistent)

" For the geometric one, | used non-orthodox grid for all and from left to right, | put an
increment on each grid strike so that it forms a gradient pattern. Meanwhile all grids are tiled
as if pointing at the next column, up or down, resulting a sense of waves. | didn't a second
style other than the grid because that would disturb the melody of the graph reading. "

Iconic

"For the icon one, | found the given example makes it hard to distinguish(distinct) columns,
so my general strategy is bring a rhythm of color density to the graph by putting a black
background next to a white one, repeat and so on so forth. Then | chose black icons with a
little more details for all white background bars, and white stoked icons for all black bars to
balance the visual (balance). "

"REGAEBIEH | Clear]

- there should be no ambiguity as to what the icon represents => e.g keeping the details for
the corn, choosing black background for light-colored vegetables,[association] slecting a
rotation which wouldn't compromise the icon recognition while allowing maximum size (eg in
their current design, the carrots / eggplants / celery should be placed using alternating
gridlines so they wouldn't touch when turned at 45° )

- the 7 textures should be as distinct [Distinct] as possible (no ambiguity) => variations of
angles and backgrounds

/1



-Xperiment 2

How does the general public perceive collected patterns in
terms of their visual appearance?
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-Xperiment 2
Task: Rating

» 5 rating items from BeauVis scale measuring aesthetics
» 1 rating item measuring vibratory effect

‘ Strongly Slightly Slightly
e ] %2 disag Disag disagre Neutra I g
80 -
P 91 Th lization is appealing
3
N ﬁ ? 6 @ Th lization is pl g.
0 Pa 9‘ @ C This visualization is enjoyable.
" 17O
@ 5%) @ C This visualization is likable.
30 P s-
> 3 [ &
20 § Y/ - % ,5“@ ‘ﬁ C This visualization is nice.
E| @ PG
o 36| | R
% . % 8, @ : This visualization has a vibratory effect.
0 » | 1 'ﬁl T D T - ©l ' ™ ]
rot celery corn  eggplant mushroom olive tomato

Experient 2 screenshot
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Task: Ranking
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-Xperiment 2
Experiment design
» Mixed design

»  Between-subjects variable: chart type
»  Within-subject variable: pattern type
» Participants: 150 from Prolific
» /5 female, 75 male
»  Ages: mean = 23.2,5D =89
»  Education: 8/ Bachelor or equivalent, 27 Master's or equivalent, 3 PhD or equivalent, 33
other)

» 53 participated in the bar condition, 44 in the pie condition, and 53
iNn the map conaition.




-Xperiment 2

Procedure

» Evaluate 8 designs in total
» 2 DIOCKS by pattern types

Block 1

Rate 4 designs

Rank 4 designs Rate 4 designs

Block 2

Rank 4 designs

(7



..............................
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..............................

..............................

—xperiment 2: Data analysis

Individual chart

» BeauVis score with distribution
» Count of being ranked first for overall preference
» Vibratory effect score

vibratory (1-7)  3.83 3.66 3.00 5.13
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—xperiment 2: Results

Diverse preference among participants

»  Uniform rating distributions of BeauVis score
» Each chart was ranked as the top choice by some participants
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-Xperiment 2

..............................

------------------------------

..............................

------------------------------

Compare geometric and iconic patterns

Aesthetics

Vibratory effect

I:I iconic
|:||:| geometric
iconic

geometric

iconic
 geometric

I:I iconic
|:||:| geometric
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geometric
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-Xperiment 2
Compare geometric and iconic textures

Geometric maps were perceived as more aesthetic than iconic maps
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For bar and pie charts, there is no evidence of difference in aesthetic appeal
pbetween geometric and iconic patterns
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-Xperiment 3

How does the use of patterns affect chart reading?

33
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-Xperiment 3

Stimuili

» Top-rated geometric and iconic patterns for bar and pie charts
» A unicolor fill as a baseline
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-Xperiment 3
Experiment design

» 150 participants
» 60 trials per participant: 2 question types * 3 fill types * 10 datasets

Which has MORE"

Which has MORE? 7 Which has MORE? & [] Which has MORE? []

eggplant corn eggplant com eggplant corn

S 8] = 8

" | | |
Which has FEWER? : : :
: L] Which has FEWER? [] Which has FEWER? Which has MORE? N
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Which has MORE?

Take a moment to look at the two items and the question

Put your fingers on the left and right arrow keys of your keyboard to prepare

Then press space bar on your keyboard to see the chart.

The charts will only appear briefly. So make sure you're ready...
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SR Which has MORE? 55

carrot olive
Correct!

Press space bar on your keyboard to continue.
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To what extent do you agree or disagree with the following statement: This visualization is __.

Strongly disagree Disagree Slightly disagree Neutral Slightly agree Agree Strongly agree

enjoyable O O O O O O O
pleasing O O O O O O O
likable O O O O O O O
nice O O O O O O O
appealing O O O O O O O
readable O O O O O O O



Correct rate
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—xperiment 3: Results

Correct rate

» only included participants with > 90% accuracy (45x
the subsequent analysis
» minimize the effect of random guesses
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We only counted the correct trials
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Conclusion

» Differences exist, but they are minor: Pattern is a viable option

» The appeal of patterns in visualization may be subjective;
Recommend using patterns for specific aesthetic preferences or
particular requirements
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Design Characterization for Black-and-White Textures in Visualization
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Fig. 1: The bar chart, pie chart designs with geometric and iconic textures with the highest ratings in Experiment 2.

Abstract—We investigate the use of 2D black-and-white textures

for the visualization of categorical data and contribute a summary of

texture attributes, and the results of three experiments that elicited design strategies as well as aesthetic and effectiveness measures.
Black and white textures are useful, for instance, as a visual channel for categorical data on low-color displays, in 2D/3D print, to
achieve the aesthetic of historic visualizations, or to retain the color hue channel for other visual mappings. We specifically study how
to use what we call geometric and iconic textures. Geometric textures use patterns of repeated abstract geometric shapes, while iconic

textures use repeated icons that may stand for data calegories.

We parameterized both types of textures and developed a tool for

designers 1o create textures on simple charts by adjusting texture parameters. With our tool, we collected 66 designs of textured bar
charts and pie charts from 30 visualization experts. We then had 150 participants rate these designs for aesthetics. Finally, with the
top-rated geometric and iconic textures, our perceptual assessment experiment with 150 participants revealed that textured charts

perform about equally well as non-textured charts, and that there

are some differences depending on the type of chart.

Index Terms—Aesthetics, textures, black and white, visual representations, design, perception.

1 INTRODUCTION

Texture is a powerful visual channel with broad application potential for
nominal data. Texture is selective, associative, and it has a theoretically
infinite number of instantiations [6, 7). In our work we focus on a
specific type, black-and-white textures, which have several potential
benefits. Black-and-white visuals can improve visualization expressiv-
ity when a device’s color display capabilities are limited. for example
for e-ink displays. Textures can also be used instead of color to avoid
unwanted data-to-color associations or to avoid problems related to
color-blindness. Encading categorical data in black-and-white also
allows us to extend visualization techniques to target groups with more
severe forms of visual impairments: black-and-white visualizations can
be turned into embossed representations that can be touched and felt. In
addition, visualizations with few colors can be used in physical display
environments such as knitting, embroidery, or for 3D printing.
Black-and-white textures continue to have many benefits in visual-
ization today, and they were already in widespread use before color
printing hecame affordable and common practice. A century ago,
texture was a prevalent visual channel for data mapping in news graph-
ics [ 14, 15], often featuring beautifully hand-crafted representations.
Recreating this aesthetic is another benefit of using black-und-white
textures today. In Fig. 2 we show some examples from Bertin's Semi-
ology of Graphics |6, 7] and in Fig. 3 some examples from Brinton’s
book [14] that all served as an inspiration for us. Yet, surprisingly
little design advice has persisted from this time and the possibility of

s Tingving He (8iTE), Petra Isenberg, and Tobiay Isenberg are with
Université Paris-Sactay, CNRS, Inria, LISN, France. E-mail:
fungving.he petraasenberg | tobiasdsenberg ] @ inria.fr.

* Yuanyang Zhong (¥0d%) is with Tencent Technology (Sheazhen) Company
Limited, Chuna. E-mail: zontaczhong @ tencent.com.

Manuscript received xx xxx, 202x; accepted xx xxx. 202x. Date of Publication
av . 202x; date of current version xx xxx. 202x. For information on
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automatically generating and parameterizing textures opens up new
opportunities in computer-generated visualization,

When we use the term rextiere in this paper, we follow a definition
from computer graphics [25,27] and consider a texture to be a repeated
tiling pattern characterized by shapes that make up the pattern and the
shape's attributes (e. g., density, size, ete.). The shapes in a texture can
be simple primitives such as lines or dots to form what we refer to as a
geomelric texiure EZ=88 However. they may also be more figurative
icons E@. that represent objects the data may stand for, similar to
the icons used in ISOTYPE visualizations [44]. We call these textures
iconic textures and investigate their use due to potential benefits shown
for ISOTYPE representations in prior work [26].

Despite the historical context and the potential benefits of textures
as a qualitative visual channel, there has been little empirical research
within the visualization community on how to use textures for visual-
ization. Textures have rich attributes, such as shape type, density, size,
or orientation, that can be varied to create new texture variations for
additional categories. However, if used improperly, textures can bring
negative effects such as Moiré vibrations [6,7,49] and visual clutter that
may ultimately be distracting, lead to ineffective graphics, or simply
lead to visualizations with an unappealing aesthetic.

Ultimately, therefore. our fundamental research question is how to
aesthetically and effectively use black-and-white textures for categori-
cal data visualization. To answer this question, we derived a first design
characterization that summarizes the attributes of 2D black-and-white
textures that can be used for encoding data. Next, we conducted three
experiments o explore the use of these attributes in visualization. As
we conduct the first study in this area. we limited our research to three
simple charts (bar charts, pie charts and maps} and two types of textures
(geometric and iconic texture), First, we invited 30 visualization experts
to design geometric and iconic textured bar charts, pie charts and maps
by adjusting parameters of each attribute of texture. We collected 66
designs and experts’ design strategies and opinions on using texture
for visualizations. Then, we conducted a crowd-sourced experiment, in
which we had 150 participants rate the designs we collected for their
aesthetics. Finally. we conducted another crowd-sourced experiment
with 150 participants to perceptually assess how quickly and accurately
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How can we measure the aesthetic pleasure of visual data
representations?
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aesthetics

aesthetic pleasure
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aesthetics pleasure

a pleasurable subjective experience that is
directed toward an object and not mediated by
intervening reasoning. [Reber et al., 2004]
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» focuses on a visualization’s

aesthetics pleaSU re visual appeal or beauty

a pleasurable subjective experience that is » Not related to how understandable

directed toward an object and not mediated by £ ble it
intervening reasoning. [Reber et al., 2004] nrormative, or memaoraple It s
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» affects usability and effectiveness

[Cawthon & Vande Moere, 2007; Healey & Enns, 2022]

» has the potential to communicate

[Brath et al., 2005]

aesthetic pleasure

an important aspect of
visualization

» and to engage viewers

[Bach et al., 2013; Tateosian et al., 2007]

» has been identified as one of the
neuristics of some subfields, e.g,,
ambient visualization

[Mankoff et al., 2003]
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How to measure aesthetic pleasure?
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Rating scales
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A Rating scale measuring the aesthetic pleasure of WelbSItes wies i o

To what extent do you agree or disagree or disagree with the following statements: The website has a/an

Strongly disagree Strongly agree

Factor 1: Classic aesthetics aesthetic design

pleasant design
Rating items

clear design

clean design

symmetric design
Factor 2: Expressive aesthetics ~ creative design

fascinating design

use of special effects

original design

sophisticated design
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Scales for measuring the aesthetic pleasure of ...

websites
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Abstract

Despite its centrality to human thought and practice, aesthetics has for the most part played
a petty role in human-computer interaction research. Increasingly, however, researchers
attempt to strike a balance between the traditional concerns of human-computer interaction
and considerations of aesthetics. Thus, recent research suggests that the visual aesthetics of
computer interfaces is a strong determinant of users’ satisfaction and pleasure. However, the
lack of appropriate concepts and measures of aesthetics may severely constraint future
research in this area. To address this issue, we conducted four studies in order to develop a
measurement instrument of perceived web site aesthetics. Using exploratory and confirmatory
factor analyses we found that users’ perceptions consist of two main dimensions, which we
termed “‘classical aesthetics™ and “‘expressive aesthetics”. The classical aesthetics dimension
pertains to aesthetic notions that presided from antiquity until the 18th century. These notions
emphasize orderly and clear design and are closely related to many of the design rules
advocated by usability experts. The expressive aesthetics dimension is manifested by the
designers’ creativity and originality and by the ability to break design conventions. While both
dimensions of perceived aesthetic are drawn from a pool of aesthetic judgments, they are
clearly distinguishable from each other. Each of the aesthetic dimensions is measured by a five-
item scale. The reliabilities, factor structure and validity tests indicate that these items reflect
the two perceived aesthetics dimensions adequately.
© 2003 Elsevier Ltd. All rights reserved.
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Abstract

Visual aesthetics has been shown to critically affect a variety of constructs such as perceived usability, satisfaction, and pleasure. Given
the importance of visual aesthetics in human-computer interaction, it is vital that it is adequately assessed. The present research aimed at
providing a precise operational definition and to develop a new measure of perceived visual aesthetics of websites. Construction of the
Visual Aesthetics of Website Inventory (VisAWI) was based on a comprehensive and broad definition of visual aesthetics so that the
resulting instrument would completely describe the domain of interest. Four interrelated facets of perceived visual aesthetics of websites
were identified and validated in a series of seven studies. Simplicity and Diversity have repeatedly been treated as formal parameters of
aesthetic objects throughout the history of empirical aesthetics, Colors are a critical property of aesthetic objects, and Craftsmanship
addresses the skillful and coherent integration of the relevant design dimensions. These four facets jointly represent perceived visual
aesthetics, but are still distinguishable from each other and carry unique meaning. The subscales contained in the VisAWI demonstrate
good internal consistencies. Evidence for the convergent, divergent, discriminative, and concurrent validity of the VisAWI is provided.
Overall, the present research suggests that the VisAWI appears to be a sound measure of visual aesthetics of websites comprising facets of

both practical and theoretical interest.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The question of what constitutes beauty has been given a
variety of answers over the past centuries (e.g., Feagin and
Maynard, 1997; Fenner, 1996; Osborne and Balakian,
1968). Many theorists conceived beauty as a property of an
object that produces a pleasurable experience in any
perceiver. In contrast to this objectivist view, the sub-
jectivist view proposes that anything could be beautiful as
long it pleases the senses. Beauty is regarded as a mere
function of idiosyncratic qualities of the perceiver, rather
than being directly determined from attributes of an object.
Most modern philosophical analyses, however, reject the
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objective versus subjective distinction and adopt an
interactionist perspective: Beauty is seen as a function of
both, properties of an object and characteristics of the
perceiver, that is, beauty emerges from patterns in the way
perceivers and objects relate. In line with this interactionist
viewpoint, the philosopher Santayana (1955) describes
three defining features of beauty. Beauty is value positive,
intrinsic, and objectified. Beauty is value positive, because
it provides pleasure. Beauty is intrinsic, because an object is
perceived without any reasoning about expected utility.
This feature of beauty implies that aesthetic responses
occur immediately at first sight, rather than being the result
of a long lasting cognitive analysis. Finally, beauty is
objectified, because people experience beauty as something
that lies in an object, rather than exclusively being the
result of a positive sensation of the body. This is not to be
confused with an objectivist viewpoint on beauty. Beauty is
not objective, but directed toward an object.

There is a lack of consistency regarding the scales used to measure aesthetic pleasure within design. They are
often chosen ad hoc or adopted from other rescarch ficlds without being validated for designed artifacts.
Maorcover, many scales do not measure aesthetic pleasure in isolation, but instead include its determinants
(c.g.. novelty). Therefore, we developed a new scale to hetic pl and included scales to

[Moshagen & Thielsch, 2010]

its known d for di validity purposes, which automatically led to validating these
determinants as well. In the exploratory phase, we idents

d highly relisble items representative of acsthetic

+

pleasure and its determinants across product categories. In the validation phase, we confirmed these findi
across different countrics (Australia, the Netherdands, and Taiwan). The final scale consists of 5 items,
“beantiful,” “attractive,” “pleasing to sce,” “nice to see,” and “like to look at.” that together reliably capture

the construct of acsthetic pl Several r are formaulated regarding the application of this
scale i design studies and beyond.
Keywords: aesthetic pleasure, design, scale development, d i of aesthetic pl

Research into aesthetic pleasure or appreciation is often con-
fined to art perception and appreciation (Hekkert, 2014b). Al-
though works of art are— or should we say “were”— often created

Janncke Blijlevens, Behavioural Business Lab, School of Economics,
Finance and Marketing, Royal Melb Insti of Technology Univer-
sity: Clementine Thurgood, Design Innovation Research Centre, Univer-
sity of Technology Sydney; Paul Hekkert, Department of Industrial Design
Engineering, Delft University of Technology; Lin-Lin Chen, Department
of Industrial Design, Eindhoven University of Technology; Helmut Leder,
Faculty of Psychology, University of Vienna; T. W. Allan Whitfield,
Centre for Design Innovation, Swinburne University of Technology.

to delight the perceiver, for beauty purposes, they are clearly not
the only “objects™ that can be pleasant to look at, listen to, or
touch. We can aesthetically appreciate a landscape or a photograph
of that same landscape; we find beauty in faces, buildings, and
other man-made things; we can even be aesthetically pleased by,
and therefore ascribe beauty to, an idea, a chess move, or a
scientific proof (Da Silva, Crilly, & Hekkert, 2015). Any object
can be aesthetically appreciated, and objects are often deliberately
designed to induce aesthetic pleasure (Postrel, 2003). Accordingly,
we see an increasing interest in researching aesthetic pleasure
derived from everyday objects such as products and websites in
design research, consumer research, and human-computer interac-
tion (HCI) research (e.g., Blijlevens, Carbon, Mugge, & Schoor-
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2014b; Hekkert et al., 2003; Hoyer & Stokburger-Sauer, 2012;
Leder, Belke, Oeberst, & Augustin, 2004; Leder, Ring, & Dressler,
2013 Schoormans & Robben, 1997; Swami, 2013; Veryzer &
Hutchinson, 1998) research into how aesthetic pleasure for de-
signed artifacts should actually be defined and subsequently be
measured has received little attention. More specifically, in the
design field, most research focuses on how certain determinants

[Blijlevens et al., 2017]
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AttrakDitt Questionnaire Jser

Pragmatic » !‘ Q
uual'tg Attractiveness Perspicuity
Overall impression of the product. Do Is it easy to get familiar with the
trullnblg Assessment Of users like or dislike it? product and to learn how to use it?
€4. con §
Attractiveness

Hedonic > @ @
(Quality /] Fhmin

Dependability Stimulation
= _g. innovalive — stimulstion Does the user feel in control of the Is it exciting and motivating to use the

interaction? Is it secure and product? Is it fun to use?

valuable - identity
[Hassenzahl et al., 2003]

MmeCUE Questionnaire

Module | Module Il Module Il
Perception of Perception of Emotions
instrumental non-instrumental

product qualities product qualities

visual aesthetics
status
commitment

usefulness

usability

[Minge et al., 2017]

predictable?

[Schrepp et al., 2017]

Module IV Module V
Consequences global

-xXperience Questionnaire (UEQ)
3

L

Efficiency

Can users solve their tasks without
unnecessary effort? Does it react
fast?

0.

Novelty

Is the design of the product creative?
Does it catch the interest of users?
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no validated scale targeted for
measuring aesthetic pleasure of visualizations
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Without validation, not sure about
reliability or validity of the scale
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BeauVis scale

To what extent do you agree that this visual representation is ... ?

enjoyable
likable
pleasing
nice

appealing

BeauVis scale in its recommended version
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Methods

scale development

Step 1: Term generation

» literature review
* expert suggestion

Step 2: Term filtering

» filtering on occurrence and semantics
* expertreview

Step 3: Exploratory phase

» crowdsourced experiment
« exploratory factor analysis

» reliability evaluation
Cronbach’s alpha

scale validation

Step 4: Validation phase

CrowcC
confir

reliabi

sourced experiment
matory factor analysis

ity evaluation

Cronbach’s Alpha

validity evaluation

convergent validity
discriminant validity
differentiation by known groups
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Step 1: Term generation

Literature review: VIS literature
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Step 1: Term generation

Literature review: Literature from related field

Terms from
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Abstract

Visual aesthetics has been shown to eritically affect a variety of constructs such as perceived usability, satisfaction, and pleasure. Given
the importance of visual aesthetics in human-computer interaction, it is vital that it is adequately assessed. The present research aimed at
providing a precise operational definition and to develop a new measure of perceived visual aesthetics of websites. Construction of the
Visual Aesthetics of Website Inventory (VisAWI) was based on a comprehensive and broad definition of visual aesthetics so that the
resulting instrument would completely describe the domain of interest. Four interrelated facets of perceived visual aesthetics of websites
were identified and validated in a series of seven studies. Simplicity and Diversity have repeatedly been treated as formal parameters of
aesthetic objects throughout the history of empirical aesthetics, Colors are a critical property of aesthetic objects, and Craftsmanship
addresses the skillful and coherent integration of the relevant design dimensions. These four facets jointly represent perceived visual
aesthetics, but are still distinguishable from each other and carry unique meaning. The subscales contained in the VisAWI

good internal consistencies. Evidence for the convergent, divergent, discriminative, and concurrent validity of the VisAWI is provided.
Overall, the present research suggests that the VisAWI appears to be a sound measure of visual aesthetics of websites comprising facets of

both practical and theoretical interest.
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1. Introduction

The question of what constitutes beauty has been given a
variety of answers over the past centuries (c.g., Feagin and
Maynard, 1997; Fenner, 1996; Osborne and Balakian,
1968). Many theorists conceived beauty as a property of an
object that produces a pleasurable experience in any
perceiver. In contrast to this objectivist view, the sub-
jectivist view proposes that anything could be beautiful as
long it pleases the senses. Beauty is regarded as a mere
function of idiosyncratic qualities of the perceiver, rather
than being directly determined from attributes of an object.
Most modern philosophical analyses, however, reject the
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objective versus subjective distinction and adopt an
interactionist perspective: Beauty is seen as a function of
both, properties of an object and characteristics of the
perceiver, that is, beauty emerges from patterns in the way.
perceivers and objects relate. In line with this interactionist
viewpoint, the philosopher Santayana (1955) describes
three defining features of beauty. Beauty is value positive,
intrinsic, and objectified. Beauty is value positive, because
it provides pleasure. Beauty is intrinsic, because an object is
perceived without any reasoning about expected utility.
This feature of beauty implies that aesthetic responses
occur immediately at first sight, rather than being the result
of a long lasting cognitive analysis. Finally, beauty is
objectified, because people experience beauty as something
that lies in an object, rather than exclusively being the
result of a positive sensation of the body. This is not to be
confused with an objectivist viewpoint on beauty. Beauty is
not objective, but directed toward an object.
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Thereis alack. ng

within design. They are

Pl
often chosen ad hoc or adopted from other research fields without being validated for designed artifacts,
ants

Morcover, many scales do not measure acsthetic pl

isolation, but instead include its

(e novelry). Thercfore, we developed a new scale to measure aesthetic pleasure and included scales to

pury
determinants as well In the exploratory phase, we identified highly relsbie items representative of acsthetic

pleasure and

ase, we confirmed these findings

ph
across different countries (Austalia, the Netherlands, and Taiwan). The final scale consists of § items,
A " “attrctive, " “pleasing to soe,” “nice to see.” and “like o look at” that together reliably capture

this

the construct of acsthetic pleasure.
scale in design studics and beyond

Keywords: aesthetic pleasure, design, scale development, determinants of aesthetic pleasure

Research into aesthetic pleasure or appreciation is often con-
fined to art perception and appreciation (Hekkert, 2014). Al-
though works of art are—or should we say “were"—often created
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10 delight the perceiver, for beauty purposes, they are clearly not
the only “objects” that can be pleasant to look at, listen o, or
touch. We can aesthetically appreciate a landscape or a photograph
of that same landscape; we find beauty in faces, buildings, and
other man-made things; we can even be aesthetically pleased by,
and therefore ascribe beauty to, an idea, 2 chess move, or a
scientific proof (Da Silva, Crilly, & Hekkert, 2015). Any object
can be aesthetically appreciated, and objects are often deliberately
designed to induce aesthetic pleasure (Postrel, 2003). Accordingly,
we see an increasing interest in researching aesthetic pleasure
derived from everyday objects such as products and websites in
design research, consumer research, and human-computer interac-
tion (HCI) research (e.g., Blijlevens, Carbon, Mugge, & Schoor-
mans, 2012; Hassenzahl & Monk, 2010; Hekkert, Snelders, & Van
Wieringen, 2003).

‘While ample research into what people find aesthetically pleas-
ing exists in design, marketing, ants, and psychology literature
(e.g., Blijlevens et al., 2012; Bloch, 1995; Hekkert, 2006, 2014,
2014b; Hekkert et al., 2003; Hoyer & Stokburger-Sauer, 2012;
Leder, Belke, Ocberst, & Augustin, 2004; Leder, Ring, & Dressler,
2013; Schoormans & Robben, 1997; Swami, 2013; Veryzer &
Hutchinson, 1998) research into how aesthetic pleasure for de-
signed artifacts should actually be defined and subsequently be
measured has received little atiention. More specifically, in the
design field, most research focuses on how certain determinants

[Lavie & Tractinsky, 2003]

Pragmatic
Quality

e.g. controllable

Hedonic
Quality

e.g. innovalive — stimulstion
valuable - identity

eg. likeable

[Moshagen & Thielsch, 2010]

Assessment of
Attractiveness

[Blijlevens et al., 2017]

[Hassenzahl et al., 2003]

aesthetic
appealing
attractive
balanced
beautiful
clean
cluttered
creative
elegant
harmonious
inviting
modern

nice
organized
overloaded
pretty
tasteful
well-designed
artistic
boring
delightful
engaging
enjoyable
entertaining
exciting
fascinating
good
color-harmonious
interesting
likable
motivating
pleasing
professional
provoking
satisfying
sophisticated
lovely
dynamic
crowded
drab
high-quality
stylish
well-proportioned
informative
colorful
eve-catchina

Spreadsheet for collecting terms

AttrakDiff

repelling/appealing

attractive

creative

inviting

dull

good

likable

motivating

pleasant
professional/unprofessional

stylish

Blijlevens, 2017

aesthetic
appealing
attractive

beautiful
clean

creative

inviting

nice

pretty

designed

delightful

exciting
fascinating
good

interesting
like
motivating

pleasant;pleasurable

professional

sophisticated

dynamic
density

confers quality

Lavie, 2003

aesthetic

beautiful
clean

creative

harmonic

modern

organized
overloaded

applies good taste
skilfully designed
artistic

dull

enjoyable

exciting
fascinating

pleasing;pleasant

professional

sophisticated

monotonous

colorful

Moshagen, 2010

appealing
attractively positioned;attractive;
balanced;there are too many elements in o

creative

modern;contemporary

pleasantly organized
overloaded

boring

interesting;lacks interesting design details

a pleasant effect
professional

dynamic
crowded;too many elements
monotonous

well proportioned

colorful;too few colors



Step 1: Term generation

Expert suggestion

invitation email sent to 57 visualization experts

Subject: Survey Invitation - How to Judge the Aesthetics of Visualizations?

To: [email of an expert in visualization]

Dear [expert's name],

We are currently working on a research project about generating a validated scale for rating
the aesthetics of a visualization. An important step in the generation of a scale is to elicit
terms from experts. Given your expert status in our domain we would much appreciate it if
you could spend 2-3 minutes of your time and fill out our short survey.

To participate, please access the survey here:[survey link]

Please notice that this study has a two-stage evaluation process. After this survey, we would
like to contact you again for a second very short survey.

We thank you a lot in advance and would be happy to share the results of our work with you
if you are interested! Just let us know.

Best regards,
Tingying He, Petra Isenberg, Raimund Dachselt, and Tobias Isenberg

survey for collecting terms (31 responses)

You decided that you want to ask people to rate the visualization using a 7-point scale like the one below.

Strongly Disagree Slightly Neutral Slightly Agree Strongly
disagree disagree agree agree

Your task is to find good terms with which to capture this subjective opinion of participants about the aesthetics of the visualization. This means: you really only care about what
the visualization looks like and NOT about how well people understand the data that it visualizes. So you decide to ask:

To what extent do you agree or disagree with the following statement:
This visualization is

Which terms would you put in the blank? Give us as many alternative terms as you can think of, but please give us at least 3 terms related to aesthetics,

This is the last question in this survey. Please take at least a minute to think about your answer before clicking "Next". Thank you.
Term1
Term 2
Term3

Term 4 (optional)

Term 5 (optional)

Term 6 (optional)

Term 7 (optional)

Term 8 (optional)

If you have any comment or additional terms, please put them here.
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Step 1: Term generation

209 terms

aesthetic emotion cognitive data-aesthetic

a poor visual focus alienating a poor visual focus expressive

aesthetic appealing appropriate informative

appealing appreciating attention-catching suitable

artistic averageness categorizable

asymmetrical awe challenging

attractive boring clear other

awesome bring me closer to people/separates me  cluttered a printing effect

from people

balanced calm compelling admirable

beautiful comfortable comprehensible alive

bold connective conceptless amateurish

calm cool confusing bad

captivating delightful contemplative botched

cautious desirable cumbersome cheap

clean disgreeable easy to grasp colorblind-safe

cluttered disturbing elicits associations consistent

color-harmonious dynamic informative convenient

colorful elation inspiring convenient

complex emotive interpretable conventional

conservative energetic intuitive easy on eyes

contrastful engaging meaningful easy orientation

conventional enjoyable memorable easy to navigate

creative entertaining practical easy to use

crisp evocative readable fauvist

crowded evoking feelings slick fit together

discouraging exciting stimulating creativity flowing

distinctive fascinating stimulating curiosity fluent to process

drab favorable straightforward good

elegant fun structured hectic

expressive gratifying undemanding high-quality

eye-catching happy understandable human

familiar hideous use of color is successful innovative

geometric integrating it is possible to discover new things even
when looking at the page for a longer

harmonious intense glrggégcable

has enough free space interesting noisy

high-quality intriguing one-sided

illuminating intrusive pleasantly animated

innovative isolating premium

inventive likable professional

inviting motivating restless

just eye-candy moved romantic

lack imagination perfection shows complete ignorance of human vi-
sual perception

looks great, but does not enable to get  pleasing some elements seem out of place

insight

lovely positive sophisticated

made with care powerful static

modemn predictable stucco

nice preferable technology

novel provoking the control instructions are too static

old-fashioned relaxed the number of images is adequate

orderly satisfying the page contains too much text

ordinary stimulating too little happens on the page

organized striking unique

original sublime unruly

overloaded the page changes too little due to user uses special effects

actions

painterly thrills or chills varied

patchy touched versatile

presentable warm feeling well-combined

pretty well-finished

realistic appearance wretched

rejecting

simple

streamlined

stunning

stylish

symmetrical

tacky

tasteful

thoughtful

thrown together

ugly

unimaginative

unique

up-to-date

use of color is successful

vulgar

well-crafted
well-designed
well-proportioned
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Step 2: Term filtering

Filtering on occurrence and semantics

6 objective criteria by authors

. The terms needed to be related to aesthetic pleasure rather than

understanding or comprehension of a visual representation or its

7 <¢

data (e. g., we excluded “informative,” “clear,” or “confusing”).

. The terms had to have appeared at least twice in one of the three

resources we used for our item generation: visualization papers,
other relevant aesthetics scale papers, or expert suggestions.

. The terms should be usable in a rating scale and have a clearly

good or bad connotation (e. g., we excluded “complex” because
a complex aesthetic could be seen as positive or as negative).

. The terms should be easy to understand (e. g., we excluded

“consistent” because it would be unclear according to what aspect
a visual appearance would be consistent) and their interpretation
should be clear (e. g., we excluded “novel” because it would
require people to know what “old” visualizations look like; we
also excluded “drab” as a rare term that is not easily understood
by many non-native speakers of English).

. The terms had to clearly apply to an assessment of a visual

representation (e. g., we excluded “dynamic” because, within
visualization, the term may be read as referring to the property of
being animated or interactive, rather than a dynamic aesthetic).

. The terms should not be pairs of opposite adjectives. We only

retained negative terms that did not have a clear positive opposite
(e. g., we excluded “ugly” as the opposite of “beautiful”).
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Step 2: Term filtering
Expert review

Invitation email sent to 56 visualization experts Survey for reviewing terms (25 responses)

Subject: Invitation for new short 4min survey - Terms to judge the aesthetics of a
visualization

To: [email of an expert in visualization]

Dear [expert's name],

You have previously received an email from us about a first quick survey regarding how to
judge the aesthetics of a visualization. If you had a chance to participate, thank you very

much! We received a lot of useful input and comments that we will address! If not - don't
worry - you still have a chance to participate in this second survey.

The aesthetic pleasure of visualization is the pleasure people derive from looking at a visualization for its own sake, as a source of immediate experiential pleasure in itself,
and not essentially for its utility in producing insight or knowledge gain or something else that is either useful or pleasurable.

The table below includes terms that have been suggested or used in the literature by visualization experts like you for studying the aesthetic pleasure of a visualization,
Imagine that these terms would later be used in a rating scale that asks participants to select to what extent a visualization is _[term].

Below we would like you to rate these different terms according to how relevant you consider them for actually judging the aesthetic pleasure of a visualization. Please note
that we only care about aesthetic pleasure in terms of what a visualization looks like and not how well people can comprehend the data that it shows.

*How relevant do you think the following terms are for judging or describing the aesthetic pleasure of a visualization?

1=notatall
relevant 2 3 4 5=very relevant

sophisticated

To clarify, our project is about developing a simple instrument to gauge the aesthetic "””t"'”'
pleasure of a visualization — meant to provide a few simple rating questions that can Sppealing
accompany other types of experiments (quantitative or qualitative). likable
cluttered
In the first phase of our work we asked you to provide a few terms that you consider to be cliivibie
usable in an aesthetic rating. In addition to terms provided by experts like you, we have also o
assessed the literature and come up with a final list of 37 terms; narrowed down from a list of
> 200 terms. An important second phase in scale development is to ask experts to rate the MReen
aesthetic

appropriateness of the terms we collected. As such, we would much appreciate it if you
could spend around 3-4 minutes of your time to fill out our second survey. We hope that at
least as a small reward seeing the list of terms may already be useful or inspiring to you.

clean

color-harmonious

borin

To participate, please access the survey here: [survey link] :
satisfying

We thank you a lot in advance and would be happy to share the results of our work with you delightful

if you are interested! Just let us know.

Best regards,
Tingying He, Petra Isenberg, Raimund Dachselt, and Tobias Isenberg

entertaining
exciting
attractive
good

interesting
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Step 2: Term filtering

31 terms

aesthetic emotion cognitive  other
appealing appealing cluttered professional
artistic delightful sophisticated
attractive engaging

balanced enjoyable

beautiful exciting

clean fascinating

cluttered interesting

color-harmonious  likable

creative motivating

elegant pleasing

harmonious provoking

inviting satisfying

lovely

nice

organized

pretty

tasteful

well-designed
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Step 3:

—xploratory phase

Crowdsourced experiment

» 1007 participants
» 15 data representations

» 3 representations / participant

#To what extent do you agree or disagree with the following statement: Strongly Slightly Slightly Strongly
disagree Disagree disagree Neutral agree Agree agree

The visualization is )

Strongly Slightly Slightly Strongly

Exploratory experiment screenshot
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tep 3: Exploratory phase
timuli: 15 diverse data representations
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Images from other people's papers, used with permission, see our paper for details.
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Step 3: Exploratory phase
Exploratory factor analysis

potential factor structure of our scale: 1 factor

A
—<— FA Actual Data
ﬁ— ........ FA Simulated Data
5o
E A e
©
>
c
<)
DO —
b
'"Oi'/'\'lo‘oé
o_ O.OAOo_voo_voo_voo_voo_voq_voquoQQAQQOAOQQAQQQAQovooQAQoQAQoQAQQQAQUAQUAQDAQDAQtAO'bAQ'QAo'oAo‘vo‘oAo‘oA
| | | | ' ' l
0 2 10 15 20 2 0

factor number

Scree plot for Image 1 (3D surface glyphs), see our paper for details
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Step 3: Exploratory phase
Reducmg terms based on factor loadings

terms /image 1 2 6 7 8 9 10 11 12 13 14 15 Average

likable 0.87

pleasing 0.86 . °
enjoyable 0.86 he hlgqer the faCtor Ioadlng
appealing 0.85 .
e s g term has, the better this
attractive 0.84

delightful : : : 0.79 0.83 4 .

widhing 077 073 077 080 0 s LM is able to describe the
pretty 0.77 0.79 0.76 0.80 0.82

beautiful 0.76 0.76 0.82 0.81 COHS’[f‘ UCL.

lovely 0.78 0.74 0.81 : : 0.81

inviting 0.71 0. : : 0.78 0.78 0.78 0.76 0.83  0.79

engaging 076 074 078 078 0.82 0.83 074 076 079 077 0.80 073 080 0.77

tasteful 0.68 072 077 078 0.80 0.81 081 0.80 082 076 0.81 077 083 077

exciting : 66 072 076 081 076 0.81 077 070 077 0.82 077 079 075 079 0.77

motivating 0.74 0.65 071 077 0.83 0.78 084 075 075 077 0.78 0.71 083 0.76 0.77  0.76

elegant ‘0583 076 071 078 074 0.68  0.83 069 071 0.84 076 080 078 074 080 076

harmonious 0.79 0.69 076 075 0.82 0.74 074 0.74 0.69 080 0.77 0.80 076 0.75 0.81  0.76

well designed 0.76 071 0.67 077 0.81 073 069 071 073 074 076 0.81 081 0.66 0.76  0.74

fascinating 0.68 0.64 073 077 070 072 080 071 072 066 073 077 076 070 071  0.72

interesting 070 070 071 074 076 0.71 073 0.74 0.61 064 070 073 074 0.59 074  0.70

balanced 0.69 0.63 0.61 073 0.71 0.69 059 0.70 0.65 077 0.74 0.66 068 0.71 0.74  0.69

clean 0.73 070 0.71 064 070 0.60 066 0.70 0.60 068 0.71 071 063 0.73 0.67  0.68

sophisticated 0.68 0.63 0.62 063 0.61 062 073 0.65 0.66 063 0.63 075 071 0.71 071  0.66

organized 0.59 0.61 0.62 074 0.67 0.59 0.55 0.60 0.59 0.66 0.64 0.66 0.65 0.62 0.65  0.63

creative 0.53 0.49 055 060 0.67 0.62 066 070 0.62 068 0.65 0.64 0.58 0.54 0.65  0.61

artistic 0.52 0.49 051 059 0.66 063 0.69 061 0.56 066 0.64 0.69 055 0.58 067  0.60

professional 0.63 0.67 0.52 061 0.62 053 060 0.46 050 061 0.52 0.67 067 0.62 0.60  0.59

color harmonious  0.65 0.59 0.63 0.63 0.64 0.63 0.48 055 043 0.62 051 0.62 043 0.64 0.64 0.58

provoking 0.17 020 022 028 0.28 033 019 037 032 027 040 032 022 022 035 028

cluttered 0.30 [F0:33" 0.03 0.15 0.39 0.18 027 0.34 041 045 021 -0.05 0.12 0.05 024  0.18

Factor loadings for all 31 terms and 15 images
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Step 3: Exploratory phase
Reducmg terms based on factor loadings

terms / imaae 1 2 6 /7 8 9 10 11 12 13 14 15 Averaae

likable 0.87

pleasing 0.86 Factor Loading > 0.7 : High
enjoyable 0.86 'Hair, 2009]

appealing 0.85 :

nice 0.85

attractive 0.84

delightful : : : 0.79 0.83 . .
satisfying 077 073 077 0.80 0.82 0.83 R d 12 h
pretty 0.77 0.79 0.76 0.80 0.82 etalne terms Wlt
beautiful 0.76 0.76 0.82 0.81 ;

pot 07 074 08 . 08 0w a factor loading > 0./ for
inviting 0.71 0. : : 0.78 0.78 0.78 0.76 0.83  0.79 :

engdging u./6 uU./74 U./8 U./B UBL UDBS U./4 U./0 U./Y U.// UBU U./3 U.BU Uu./7/ aH /‘5 |mages

tasteful 0.68 072 077 078 0.80 0.81 081 0.80 082 076 0.81 077 083 077

exciting : 66 072 076 081 076 0.81 077 070 077 0.82 077 079 075 079 0.77

motivating 0.74 0.65 071 077 0.83 0.78 084 075 075 077 0.78 0.71 083 0.76 0.77  0.76

elegant ‘0583 076 071 078 074 0.68  0.83 069 071 0.84 076 080 078 074 080 076

harmonious 0.79 069 076 0.75 0.82 074 074 074 069 080 077 080 076 075 0.81  0.76

well designed 0.76 071 0.67 0.77 0.81 073 069 071 073 074 076 081 081 0.66 076  0.74

fascinating 0.68 0.64 073 077 070 072 080 071 072 066 073 077 076 070 071  0.72

interesting 070 070 071 074 076 0.71 073 0.74 0.61 064 070 073 074 0.59 074  0.70

balanced 0.69 0.63 0.61 073 0.71 0.69 059 0.70 0.65 077 0.74 0.66 068 0.71 0.74  0.69

clean 0.73 070 0.71 064 070 0.60 066 0.70 0.60 068 0.71 071 063 0.73 0.67  0.68

sophisticated 0.68 0.63 0.62 063 0.61 062 073 0.65 0.66 063 0.63 075 071 0.71 071  0.66

organized 0.59 061 0.62 074 0.67 0.59 0.55 0.60 0.59 066 064 066 0.65 0.62 0.65  0.63

creative 0.53 0.49 055 0.60 0.67 0.62 0.66 0.70 0.62 0.68 065 0.64 0.58 0.54 0.65 0.6

artistic 0.52 0.49 0.51 0.59 0.66 0.63 0.69 0.61 056 0.66 0.64 0.69 0.55 0.58 0.67  0.60

professional 0.63 0.67 0.52 061 0.62 053 060 0.46 050 061 0.52 0.67 067 0.62 0.60  0.59

color harmonious  0.65 0.59 0.63 0.63 0.64 0.63 0.48 055 043 0.62 051 0.62 043 0.64 0.64 0.58

provoking 0.17 020 022 028 0.28 033 019 037 032 027 040 032 022 022 035 028

cluttered 0.30 [F0:33" 0.03 0.15 0.39 0.18 027 0.34 041 045 021 -0.05 0.12 0.05 024  0.18

Factor loadings for all 31 terms and 15 images
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Step 3: Exploratory phase

Reliability: Cronbach’s Alpha > 0.7: reliable

[Boateng et al., 2018]

. y alpha ==, 0 7% 3-item scale
Enjoyable terme fimage 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 &g
Likable enjoyable-likable-pleasing ~ 092 | 086 089 091 091 090 094 092 08 092 091 093 091 092 093 | 091 ) 97
Pleasing enjoyable-likable-nice 093 087 090 090 091 089 093 092 088 091 091 092 091 092 093 091
likable-nice-pleasing 093 087 088 090 092 090 093 091 08 091 091 092 091 091 092 091
Enjoyable 4-item scale
Likable enjoyable-likable-pleasing ““994° 090 091 092 093 092 095 094 090 093 093 094 093 093 095 | 093 093
-nice .
Pleasing enj0yaw. <tz =wwvedling 504 089 097 093 093 092 095 094 091 094 092 094 093 093 094 093
Nice -pleasmg
srioyable-ikable-appealing gg4 090 091 092 093 092 095 094 091 093 0% 094 093 093 095 Q93
5-item scale
' enjoyable-likable-nice 095 092 092 094 094 094 096 095 092 094 094 095 095 094 096 094
Enjoyab|e leasing-appealing . . . . . . . . . . . . . . . . O 94
Likable aepnﬁg;gbﬁ ?flzé%‘l"eigeasmg 094 091 092 094 094 093 096 094 092 095 094 095 094 094 095 094
Pleasing ' '
Nice attractive-enjoyable-likable “995 091 092 093 094 094 096 094 092 094 094 ' 095 094 094 | 095 | 094
-nice-pleasing
Appealmg Cronbach’s alpha for each image on the most reliable 3-, 4-, and 5-item subsets

of the remaining 12 terms with factor loading > 0.7.
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BeauVis scale

To what extent do you agree that this visual representation is ... ?

enjoyable
likable
pleasing
nice

appealing

BeauVis scale in its recommended version
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Step 4: Validation phase
Crowdsourced experiment

#To what extent do you agree or disagree with the following statement: Strongly Slightly Slightly Strongly

. . . . disagree Disagree disagree Neutral agree Agree agree
The visualization is .

» 2071 participants -
» 3 data representations

clean
pleasant
appealing
pleasing
clear
aesthetic
nice

enjoyable

Previous

Confirmatory experiment screenshot
Terms from the BeauVis scale and [Lavie & Tractinsky, 2003]

Image from Cawthon and Vande Moere, 2007 (https://doi.org/10.1109/IV.2007.147); © IEEE, used with permission. 126



Step 4: Validation phase
Stimuili

Ranking for aesthetic pleasure in the previous StUady v s 20

SunBurst StarTree BeamTree

"most beautiful” "most ugly”
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Step 4. Validation phase
BeauVis replicated the aesthetic ranking «............

Ranking in previous study Results with BeauVis scale
(“Known groups”) (Differentiation by known groups)

SunBurst
“most beautiful”

StarTree

BeamTree
“most ugly”

Average Ratings
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Step 4. Validation phase

Confirmation of structure, reliability, validity

Confirmatory factor analysis

SunBurst StarTree @ BeamTree

p-value (y?) 0.290 0.222 0.016
TLI 0.998 0.996 0.982
CFI 0.999 0.998 0.991
SRMR 0.009 0.011 0.014
RMSEA 0.034 0.045 0.095
Goodness of fit indices
Item Factor Loading
SunBurst  StarTree  BeamTree

enjoyable 0.893 0.878 0.911
likable 0.914 0.925 0.874
pleasing 0.889 0.895 0.893
nice 0.845 0.877 0.888
appealing 0.910 0.842 0.889

Standardized factor loading for 5 items

Reliability

SunBurst StarTree  BeamTree

Cronbach’s Alpha 0.95 0.946 0.95

Cronbach’s alpha for each visualization

Validity
SunBurst StarTree @ BeamTree
Classic Aesthetic 0.84 0.88 0.87
Age 0.07 0.12 0.14

Pearson correlation
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Usage of the BeauVis Scale

rapidly compare the aesthetic pleasure of different visual data
representations

To what extent do you agree that this visual representationis ... ?
enjoyable &
likable ®
pleasing @
nice ®
appealing @

Recommended form of using the BeauVis scale
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Visual Representations. IEEE Transactions on Visualization and
Computer Graphics, 29(1):363-373, January 2023.
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BeauVis: A Validated Scale for Measuring
the Aesthetic Pleasure of Visual Representations

Tingying He, Petra Isenberg, Raimund Dachselt, and Tobias Isenberg

=T To what extent do you agree that this visual representation is ... ?
enjoysble °
Mcablz L ]
pleasing L ]
nice @
li L ]
®) sppealing

Fig. 1: For (a), one participant’s data (b) on our BeauVis scale in its recommended version; (a) from [20], © IEEE, used with permission.

Abstract—We developed and validated a rating scale to assess the aesthetic pleasure (or beauty) of a visual data representation:
the BeauVis scale. With our work we offer researchers and practitioners a simple instrument to compare the visual appearance of
different visualizations, unrelated to data or context of use. Our rating scale can, for example, be used to accompany results from
controlled experiments or be used as informative data points during in-depth gualitative studies. Given the lack of an aesthetic pleasure
scale dedicated to visualizations, researchers have mostly chosen their own terms to study or compare the aesthetic pleasure of
visualizations. Yet, many terms are possible and currently no clear guidance on their effectiveness regarding the judgment of aesthetic
pleasure exists. To solve this problem, we engaged in a multi-step research process to develop the first validated rating scale specifically
for judging the aesthetic pleasure of a visualization (osf.io/fxs76). Our final BeauVis scale consists of five items, “enjoyable,” “likable,”
“pleasing,” “nice." and “appealing.” Beyond this scale itself, we contribute (a) a systematic review of the terms used in past research to
capture aesthetics, (b) an investigation with visualization experts who suggested terms to use for judging the aesthetic pleasure of a
visualization, and (c) a confirmatory survey in which we used our terms to study the aesthetic pleasure of a set of 3 visualizations.

Index Terms—Aesthetics, aesthetic pleasure, validated scale, scale development, visual representations.

+

1 INTRODUCTION

Visualization as a field relies on many foundations, including computer
science, mathematics, human-computer interaction, psychology, social
sciences, design, and art. The study of aesthetics is essential to several
of these foundations and, subsequently, visualization. Yet, aesthetics
is an elusive concept or phenomenon that is subjective and potentially
socially constructed [61]. It is a vast research field with whole research
institutes dedicated to its subfield empirical at:sthc:tics,l which studies
“how people experience, evaluate, and create objects aesthetically™ [16].
In visualization research, aesthetics has mostly been studied in terms of
a visualization’s visual appeal or beauty. This focus is often described
under the term aesthetic pleasure or aesthetic experience in the psy-
chology literature. In this paper, we focus on the concept of aesthetic
pleasure, rather than the entire concept of aesthetics.

Aesthetic pleasure is an important aspect of visualizations. It has
been suggested to affect the usability and effectiveness of a visualization
[20,37] and has the potential to communicate [15] and engage viewers

¢ Tingving He (¥5T2), Petra Isenberg, and Tobias Isenberg are with
Université Paris-Saclay, CNRS, Inria, LISN, France. E-mail:
{tingying.he | petra.isenberg | tobias.isenberg } @inria.fr.

* Raimund Dachselt is with Technische Universitat Dresden, Germany.
E-mail: raimund.dachselt @ tu-dresden.de.

Manuscript received xx xxx. 201x; accepted xx xxx. 201x. Date of Publication
xx xxx. 201x; date of current version xx xxx. 201x. For information on
obtaining reprints of this article, please send e-mail to: reprints@icee.org.
Digital Object Identifier: xx.xxxx/TVCG.201 x. xxxxxxx

!Such as the Max Planck Institute of Empirical Aesthetics in Germany or
the Penn Center for Neuroaesthetics in the USA.

[2,68]. To make empirically-grounded statements about the impact of
aesthetic pleasure on visualization use, however, we first need a set of
research instruments to study this concept. Fechner [16] posited that
aesthetic pleasure can be studied just like other forms of perception
and proposed to analyze study participants’ reactions to certain stimuli.
Such methods require participants to order or rank objects based on
aesthetic preference or to rate them according to a degree of preference
[53]. Based on these original ideas, researchers have developed rating
scales to study the aesthetic pleasure of websites [44,52] or objects [12].
Rating scales are measurement instruments that consist of a group of
rating items later combined into a composite score. These rating scales
are typically used to indicate levels of an underlying phenomenon
(called latent variable or construct) that are hard to observe by direct
means [26]. For the study of aesthetic pleasure, these rating scales
complement the toolbox of methods such as brain scans, eye tracking,
or in-depth qualitative methods by being easy to deploy and analyze.

Yet, while scales have been developed in other domains, we lack
validation to know whether these approaches also work to study the aes-
thetic pleasure of visualizations in particular or if other or new terms are
required. Instead, researchers currently pick their own terms to evaluate
aesthetic pleasure and ask participants to rate visualizations according
to, for example, how “visually appealing™ [1], “elegant” [27], or “aes-
thetic” [39] they are. Unfortunately, without a validated instrument
we cannot be certain that these ad-hoc approaches to understanding
aesthetic pleasure are reliable and sufficient. In addition, the abundance
of terms used in the literature makes it difficult to compare results. To
address this limitation, we developed and validated a scale specifically
for measuring the aesthetic pleasure of visual data representations, i.e.,
the images resulting from a visualization process [72,73].

With our work we provide a simple validated instrument for re-
searchers and practitioners to assess and compare the aesthetic pleasure
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Researchers are using the BeauVis scale

> : ‘ To what extent do you agree that this visual representation is:
[5“-bﬂ!!!;h “l-.tﬁ « ‘ . :
1 2 3 4 5
: . Enjoyable O O O O O
ol completed this part of the experiment
Likeable O O O O O
Please answer the following questions regarding the visualization used in this part of the _
experiment: Pleasing O O O O O
To what extent do you agree that this visualization is ... ? t Nice O O O O O
S};Z’;ng;{: Stﬂ\rg:‘gy Appealing O O O O O
Enjoyable ] o
ikatle . . [Arunkumar et al., 2024]

Pleasing @] [=)

Nice i)

Appealing

[Yao et al., 2025]
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Discussion

Other contributions and future work




Data physicalization with b/w patterns

monochromatic nature makes them suitable for physical creation

data embroidery with b/w patterns 3D-printed charts with b/w patterns [He et al., 2023]
[He et al., 2023]
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Fig. 1: (a): An embroidered chart with black-and-white textures displaying the results of a survey within a family. (b): A canvas bag
featuring the embroidered chart on the left. (c) and (d): the bag being used within the family.

Abstract—We investigated data embroidery with black-and-white textures, identifying challenges in the use of textures for machine
embroidery based on our own experience. Data embroidery, as a method of physically representing data, offers a unique way to
integrate personal data into one’s everyday fabric-based objects. Owing to their monochromatic characteristics, black-and-white
textures promise to be easy to employ in machine embroidery. We experimented with different textured visualizations designed by
experts and, in this paper, we detail our workflow and evaluate the performance and suitability of different textures. We then conducted
a survey on vegetable preferences within a family and created a canvas bag as a case study, featuring the embroidered family data to

Tingying He, Petra Isenberg, Tobias Isenberg. Data Embroidery with

Black-and-White Textures. In Proceedings of the alt.VIS Workshop (at
IEEE VIS, 23 October, Melbourne, Australia), IEEE, Los Alamitos, CA,

USA, 2023.

show how embroidered data can be used in practice.

Index Terms—Textures, black-and-white, design, data physicalization, personal data visualization.

1 INTRODUCTION

Data embroidery [13] is an innovative technique for data physicaliza-
tion [7]. Machine embroidery as a computer-numerically controlled
(CNC) technology makes it possible to produce complex data em-
broideries (relatively) quickly and integrate them into fabric-based
personal belongings [13]. Data embroidery of personal data has poten-
tial because a less conventional approach to visualization may stimulate
people to explore their own data more intensively [12]. It can also serve
as an ambient visualization within a home setting, thereby initiating di-
alogues with curious visitors [9]. Data embroidery can, like in our case,
be accessible to a broad set of the population through local Fablabs.

A promising yet so far unexplored avenue within data embroidery
involves the use of black-and-white textures. Before the ubiquity of
color printing, these monochromatic textures served as a powerful
visual channel for data visualization (e. g., see the OldVisOnline collec-
tion [15]). Their inherent simplicity facilitates the conversion of images
to embroidery files, overcoming challenges associated with the lower
color resolution of embroidery machines compared to color screens.
Moreover, they eliminate the need for multiple color changes during
the embroidery process, enhancing efficiency.

In our work we explore data embroidery with black-and-white tex-
tures and contribute the following: (1) a detailed and hands-on workflow
for creating data embroidery from an existing black-and-white textured
chart image, (2) preliminary evaluations of which textures can be most
effectively translated into data embroidery, and (3) a showcase of data
embroidery of personal data with black-and-white textures—a canvas
bag with an embroidered chart visualizing a within-family survey.

» Tingying He (8iTi%), Petra Isenberg, and Tobias Isenberg are with
Université Paris-Saclay, CNRS, Inria, LISN, France. E-mail:
{tingying.he | petra.isenberg | tobias.isenberg} @inria.fr.

2 RELATED WORK

Many researchers and artists have experimented with embroidery as
a means to create visualization artwork. For instance, Liz Bravo [2]
manually embroidered charts of the distribution of U.S. cotton from
1942 to 1948, a visualization originally created by Mary Eleanor Spear,
a pioneer in data visualization. Olivia Johnson [3] used cross-stitch
techniques to create charts about gender inequality and discrimination
at workplaces [4]. Hand embroidery has also been used to explore
personal data. For example, Jane Zhang [14] logged her anxiety over
21 days and created an embroidered chart to visualize it—akin to other
efforts in personal data visualization [8]. In the visualization research
literature, Smit [11] has expanded the fabric-based data visualization
landscape by exploring hand knitting as a potential medium for data
physicalization, resulting in several data knitualization works. All these
efforts, however, have employed manual methods to represent data on
fabric, while we explore a more automated process.

Machine embroidery has gradually started to draw researchers’ at-
tention as well. Wannamaker et al. [13] explored the use of CNC
embroidery machines for expressing personal data and embroidered
a personal data physicalization representing text message data on a
blanket. Schneider [10] provided a tutorial on data visualization with
machine embroidery using Ink/Stitch [1], in which he outlined a gen-
eral workflow of computerized embroidery. This workflow notably
includes an essential step of reducing colors of the drawing to adapt
it to the embroidery constraints, which underscores the suitability of
monochromatic charts for machine embroidery. We used this process
as an inspiration but specifically focused on textured visualizations.

3 MACHINE EMBROIDERY FOR VISUALIZATION

We first detail the workflow we followed for creating data embroidery
from a chart image, as well as the choices we made during this process.
We then discuss the common issues we encountered during our data
embroidery process and possible troubleshooting methods.
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ow to design semantically-resonant patterns?

pop music country music
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happy loving
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surprised

bored O n

Examples of semantically-remnant patterns collected in our design workshop [Lu, 2025]
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PREVis Scale

understandability

layout clarity

readability of data patterns

readability of data value

ooooooooooooooo
oooooooooooooooo
ooooooooooooooo

................

¢ Understand subscale

understandl
understand2

understand3

t is obvious for me how to read this visualization

can easily understand how the data is represented in this visualization

can easily understand this visualization

¢ Layout subscale

T1avnutt
B p 'fal .
ACAYUUL 1

layout2

don’t find this visualization messy

don’t find this visualization crowded

don’t find distracting parts in this visualization

¢ DataFeat subscale

| find data features (for example, a minimum, or an
outlier, or a trend) visible in this visualization

| can clearly see data features (for example, a minimum,
or an outlier, or a trend) in this visualization

¢ DataRead subscale

dataReadl
dataRead2

dataRead3

can easli
can easi
can easli

y find specific elements in this visualization
y identify relevant information in this visualization
y retrieve information from this visualization

[Cabouat et al., 2025]
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Anne-Flore Cabouat, Tingying He, Petra Isenberg, and Tobias
Isenberg. PREVis: Perceived Readability Evaluation for
Visualizations. IEEE Transactions on Visualization and Computer
Graphics, 31, 2025. To appear.

¥ Best Paper Honorable Mention Award

PREVis: Perceived Readability Evaluation for Visualizations

Anne-Flore Cabouat ¢, Tingying He (", Petra Isenberg (", Tobias Isenberg

# Understand subscale ¢ DataRead subscale

obvious It is obvious for me how to read this visualization find | can easily find specific elements in this visualization

represent | can easily understand how the data is represented identify | can easily identify relevant information in this visualization
in this visualization inform | can easily retrieve information from this visualization

understand | can easily understand this visualization

¢ DataFeat subscale

¢ Layout subscale | find data features (for example, a minimum, or an

| don’t find this visualization messy outlier, or a trend) visible in this visualization
rowds | don’t find this visualization crowded zar | can clearly see data features (for example, a minimum,
distracting | don’t find distracting parts in this visualization or an outlier, or a trend) in this visualization
Strongly disagree Disagree Slightly disagree Neutral Slightly agree Agree Strongly agree

| don't know / Not applicable (if you wish, feel free to elaborate below)

Fig. 1: PREVis subscales, items, and recommended presentation of answer options for a computer-supported questionnaire.

Abstract—We developed and validated an instrument to measure the perceived readability in data visualization: PREVis. Researchers
and practitioners can easily use this instrument as part of their evaluations to compare the perceived readability of different visual data
representations. Our instrument can complement results from controlled experiments on user task performance or provide additional
data during in-depth qualitative work such as design iterations when developing a new technique. Although readability is recognized
as an essential quality of data visualizations, so far there has not been a unified definition of the construct in the context of visual
representations. As a result, researchers often lack guidance for determining how to ask people to rate their perceived readability of a
visualization. To address this issue, we engaged in a rigorous process to develop the first validated instrument targeted at the subjective
readability of visual data representations. Our final instrument consists of 11 items across 4 dimensions: understandability, layout clarity,
readability of data values, and readability of data patterns. We provide the questionnaire as a document with implementation guidelines
on osf.io/9cg8j. Beyond this instrument, we contribute a discussion of how researchers have previously assessed visualization

readability, and an analysis of the factors underlying perceived readability in visual data representations.

Index Terms—Visualization, readability, validated instrument, perception, user experiments, empirical methods, methodology.

+

1 INTRODUCTION

When looking at examples of data visualizations, it is intuitively clear
that some are easier to read than others. For many data analysis use
cases, poor readability will drastically reduce the usefulness of a visual
representation of data for the viewer. As such, readability is a basic
quality criterion in data visualization [53]. One of the fundamental
challenges in studying the readability of data visualizations, however, is
that the concepts of reading and readability are held as tacit knowledge.
The terms are often used in scientific writing without clear definitions
of what they specifically mean in the context of data visualization—
recalling Kosara’s “empire built on sand” [54].

Readability of text is broadly defined as “the quality of being easy
and enjoyable to read” [19]. It applies to letters and words as well
as entire books. Linguists have developed hundreds of formulas to
analyze the readability of texts [8], but this approach fails to take into
account characteristics of readers. Since readability is better explained
as a function of the interaction between the properties of texts and
the characteristics of readers [5], researchers now seek to analyze text
difficulty based on cognitive theories. Such an approach may also be
suitable to explore the readability of visual representations of data.

* Anne-Flore Cabouat, Tingying He ({&iTi%), Petra Isenberg, and Tobias
Isenberg are with Université Paris-Saclay, CNRS, Inria, LISN, France.
E-mail: given_name.family_name @inria.fr
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xx xxx. 202x; date of current version xx xxx. 202x. For information on
obtaining reprints of this article, please send e-mail to: reprints@ieee.org.
Digital Object Identifier: xx.xxxx/TVCG.202x.xxxxxxx

As we discuss in more detail below, a few definitions of “‘readability”
exist in the visualization domain, yet they do not fully overlap. As a
result, it is unclear to what extent different approaches to measuring
readability can thoroughly capture the concept. In addition, we do
not have a definition of what “reading” a data visualization is as a
cognitive activity. Cognitive processes in visualization range from
low-level visual perception [83] to high-level activities such as data
exploration [111], insight and knowledge generation [86,97], sense-
making of unfamiliar visualizations [58], or decision-making [74].
Current cognitive models of visualization comprehension [37,48,74]
provide important theoretical grounding to explain how people process
information from visual data representations; the models, however, do
not specify the boundaries of “reading” within the cognition continuum.

Our work is based on the fundamental premise that readability is a
crucially important quality criterion in data visualization. As such, it
requires formal definition and empirically verified methods to study it.
In this paper we present the development and validation of our PREVis
questionnaire. PREVis is a reliable instrument that allows respondents
to rate how readable they find a static data visualization across 4 di-
mensions: layout clarity, ease of understanding, ease of reading data
features, and ease of reading data values. During the development
process, we also had to take first steps in clarifying what readability
means in data visualization. This clarification is important because
discrepancies in the use of terminology pose issues of comparability
and reliability of empirical findings. In particular, we observed that re-
searchers who asked participants to rate the readability of visualization
did so using a wide variety of terms and answer options. Our PRE-
Vis tool addresses this problem because we followed well-established
methodologies in scale development [12,30]. Developing a valid scale
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» Clarification of terminology » 0N aesthetics
» a design space of pattern » 0N effectiveness

Scale development

» introduce the methodology of scale development into community
» a validated scale for measuring aesthetic pleasure of visualization
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