TOWARD A DESIGN LANGUAGE FOR DATA PHYSICALIZATION

Variables for Data Physicalization Units

Simon Stusak, Andreas Butz, and Aurélien Tabard,

Abstract—We propose a set of variables for unit-based data physicalisation. Variables are symbolic properties that can be applied to
data in order to represent information. Unit based data physicalizations are physical representations of data made out of multiple
pieces (units), with each units corresponding to a data point. We propose 14 variables grouped in four categories, but focus on nine
that are novel and most relevant for data physicalizations: geometric variables (position, orientation, global shape, exact shape), color
variables (hue, saturation, luminance, optics), tactile variables (roughness, lay, temperature, compliance), and kinesthetic variables
(slipperiness, weight). This set of variables offers a better grasp of the design space, and provides building blocks for the systematic

construction of data physicalizations.

Index Terms—Physicalization, unit, constructive, visualization, perception, variables.

1 INTRODUCTION

HE spectrum of data physicalizations is very wide,
T ranging from interpretive data sculptures, to extremely
precise and legible physical data models. Many physicali-
sations are still done on a one-off basis, and adapting the
principles from one data-set or representation to another
is rarely straightforward. The emergence, or resurgence, of
data physicalisations raises a number of questions ranging
from human perception [1], to design methods [2], to engi-
neering problems [3].

We propose a set of variables to support the systematic
design and fabrication of physicalizations. In order to pro-
duce a meaningful characterization, we focus on a subset of
physicalization that can be incrementally composed.

2 UNIT BASED DATA PHYSICALIZATION

Unit-based data physicalisations are physical representa-
tions of data composed of pieces (units), with each unit
corresponding to a data point. Taking a modular approach
presents several benefits: from a design point of view, units
can be parametrized and produced quickly with rapid fab-
rication methods, e.g. laser cutting or 3D printing. Modular
pieces can be assembled in a systematic manner, rather than
in an ad-hoc fashion. Modularity enables data physicali-
sations to be “updated” as new data units are generated.
Finally, and while this has to be confirmed experimentally,
structuring the physicalisation around units, probably im-
proves users’ parsing and interpretation of the data.

The unit based physicalizations presented here are dis-
cussed in Stusak’s dissertation [4], and relate to the work
on constructive visualization [5], [6] and unit-based visual-
ization [7]. Huron et al. make the analogy between tokens
and Bertin’s marks in information visualization [6]. How-
ever, this analogy is difficult to maintain in a completely
physical context. In physicalization, the tokens are generally
3-dimensional shapes. And shapes do not fit properly in
the classical distinction between marks and channels [8]
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(chapter 5, page 96). Shapes are multidimensional and can
encode information alongside different axes.

Multiple channels can be used to encode attributes on
a physical unit. Figure 1 shows a unit representing infor-
mation about a run: duration, distance and average speed.
In this example, the global shape (defined by the diameter)
encodes the duration of a run.

‘Global shape: duration of a run

Fig. 1. Unit example from the Activity Sculpture [9] project, the bead rep-
resents the information about one run (distance, speed, and duration).

We propose a set of variables for unit-based data phys-
icalisation. These variables describe how the units can be
modified, by varying their size, shape, color, etc. Unlike
traditional infovis the variables are not only visual but also
aimed at other senses like tactile or kinesthetic senses.

2.1 Limitations

The variables discussed here are a preliminary proposal,
and experiments are required to understand how units are
perceived individually, but also when combined. We only
consider the design and perception of physicalization in
normal conditions, as Bertin does in his semiology of graphics
[10] (can be fabricated with existing techniques, visible at
a glance, reading distance of a book, normal and constant
lighting). In line with Gibson’s work on perception, we
only consider “substantial surfaces”, i.e. we ignore liquids
and gases. We do not take into account and do not intend
to characterize the role actuation could play in the design
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and perception of physicalization. Finally, when discussing
the efficiency of the variables we are focusing on sensing
capabilities that fit within human norms.

3 DESCRIPTION OF VARIABLES

We propose 14 variables, but will focus on the 9 that we
consider novel and most relevant for data physicalizations.
We classified them into the following four categories: ge-
ometric variables (position, orientation, global shape, exact
shape), color variables (hue, saturation, luminance, optics),
tactile variables (roughness, lay, temperature, compliance), and
kinesthetic variables (slipperiness, weight).

We limited the number of variables by focusing on prop-
erties that are studied in the area of haptic perception and
that can be fabricated with state-of-the-art digital fabrication
technologies, or are part of active research in the area of
infovis or HCI. We ignored properties that seemed less
appropriate for encoding data in unit-based physicalizations
or required actuation. Throughout the presentation of the
variables, we use the beads from the Activity Sculpture
project (see Figure 1) as an example to illustrate how the
variables could be applied.

3.1 Geometric Variables

Geometric variables consist of four variables, going from
the macro- to the micro-level. As position and orientation
are intensively discussed in previous articles about visual
variables, we will focus on global shape and exact shape. The
global shape can be described as the bounding box of a unit,
the exact shape can be seen as the contour of it. Although
roughness and lay could be classified as a micro-level of the
exact shape, we categorized them as tactile variables since they
are directly related to touch.

3.1.1 Position and Orientation

The position and orientation of single physical units are
similar to classical visualization variables. Since physical-
izations are part of the physical world their positions can
be defined in three variables: X, y, and z. However, physi-
calizations are also subject to gravity which hinders the free
positioning of units in 3D space. While it is out of the scope
for this article, the kinesthetic location, i.e., the location of
the unit in relation to the body and its reachability, i.e., in
an arm’s length distance, are aspects worth considering for
physicalizations.

In the case of the bead presented above, its position can
be defined on a linear axis (before/after other beads) and its
orientation is aligned along its z axis.

3.1.2 Global Shape

With global shape we mean the global dimension of a unit.
This variable is similar to the visual variable size, which is
based on the length, area or volume of a mark. It can also
be described as a coarse bounding box for a unit, in order to
highlight the focus on the global appearance and to exclude
finer details of shapes.

The global shape of the bead would be the size or
volume of a surrounding sphere and therefore, ignoring the
exact shape, defined by the width and height segments.
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The global shape can be perceived with the visual and
haptic senses. However, we believe the visual sense plays
a stronger perceptual role, while the haptic sense may be
more suited to local features, such as the exact shape or the
surface.

3.1.3 Exact Shape

The exact shape of a unit is its actual contour or its outline.
We also see the surface finish term waviness as part of the
exact shape. In InfoVis, definitions vary on whether shape is
based on simple geometry, or also includes icon, symbols
or compound glyphs [8]. Furthermore, there is a long list
of visual attributes associated with shape, such as closure,
hole, curvature, or line ending (see [11], [12] for a more
detailed description). We focus our initial categorization of
physical variables on well-known 3D modeling techniques,
such as constructive solid geometry and polygon mesh to
describe and define the exact shape of a unit.

The exact shape of the bead is defined by the number
of width and height segments. The global and exact shape
influence each other. When the width or height of segments
change for example, the volume of the bead alos changes.
They also can be equal, e.g., if the unit is a primitive, such as
a sphere or a cuboid. The exact shape can be perceived with
both the visual and haptic sense. While the visual sense is
primarily used to perceive the exact shape, the haptic sense
can support the perception of small shape changes.

3.2 Color Variables

We identified four color variables, three of them are already
discussed in previous work. We add to these three well-
known color variables the optics variable, which focuses on
physical properties of materials and objects, that influence
the behavior of light.

3.2.1 Hue, Saturation and Luminance

The color variables hue, saturation and luminance have
the same characteristics as in digital visualizations. Other
sources such as Bertin [10], Carpendale [13] or Munzner [8],
already discuss these color variables at great length.

3.2.2 Optics (Transparency and Reflection)

Under the umbrella term optics we refer to the branch of
physics which involves the behavior and properties of light.
While the whole surface of paper sheets or screens behave
optically in the same way generally. For 3D physicalizations,
the material properties of single units can have differently
optical properties. These properties are only perceivable
through the visual sense.

Transparency and reflection are the optical properties
most relevant to physicalizations. We grouped them under
optics, because they both have an impact on absorption,
scattering, and refraction, which are what the eye will
perceive.

Each bead could have a different level of transparency or
reflection. It is worth mentioning that these properties are
highly dependent on the environment and the position of
the observer. Without any light source reflections are rather
not perceivable. It can also be necessary for the observer to
move her head or the entire body to perceive and notice
possible differences in these properties.
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3.3 Tactile Variables

We classified roughness, lay, coldness and compliance as the
most relevant variables in the tactile category. Cutaneous
cues seem to be the most important ones for tacticle vari-
ables. We already included Waviness in the exact shape cate-
gory, although it describes a surface texture.

3.3.1 Roughness

Roughness is a component of a surface texture which re-
ceived most attention within haptics research. When a
surface has irregularities or ridges, it can be described as
rough. The roughness variable is related to the visual variable
texture or grain (see [10], [13]). However, we will focus here
on the physical surface, i.e., textures that are also perceivable
with the haptic sense and not only visual.

It could be possible to provide each segment of the
bead or each bead itself with a different level of roughness
according to the underlying data. While the roughness of
a surface in some cases can be perceived visually, e.g.,
different grits of sandpaper, the haptic sense is necessary
and allows a finer perception.

3.3.2 Lay

In manufacturing lay defines the direction of the predomi-
nant surface pattern [14]. Lay relates to the visual variables
of orientation and texture, but also to roughness and exact
shape. Lay can have one linear direction, e.g., parallel or
perpendicular to the observer. It can also have two or
more crossed directions, be circular or radial relative to a
center point on the surface, or even completely scattered. To
our knowledge, there are no studies specifying how many
different directions are perceivable by humans and under
which circumstances.

Similarly to roughness, different lay patterns could be
used for various segments of a bead or for each bead. While
lay patterns can be perceived visually, the haptic sense
allows a more detailed perception.

3.3.3 Coldness

We focus here on perceived coldness of an object at room
temperature (since we do not consider actuation). This is
distinct from the object’s temperature, which is independent
from the material. Different materials have different cooling
curves, which define the perceived coldness. It is related
to the heat extraction from the fingers when touching a
material. As a consequence, the perceived coldness is influ-
enced by the manner of touching and the contact resistance
between the finger(s) and the object. While coldness can
only be perceived with the haptic sense, the visual sense
could influence the expected coldness based on previous
experiences, e.g., metal is perceived colder than plastic.

As an example, each bead could have a different cooling
curve depending on the materials used, and feel different
on touch.

3.3.4 Compliance

Compliance can be expressed physically in various ways and
has a number of different characteristics, e.g., malleability,
elasticity or plasticity. We focus on the perceived compliance
which can be described as softness or hardness of a material.
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While compliance perception does not depend on kinaes-
thetic force information, it can be influenced by it. Studies
showed a strong relationship between perceived hardness
and physical stiffness [15].

In the example of the beads, each bead or even specific
parts of it could have different levels of compliance. While
the visual sense could influence the expectancy, e.g., metal
is harder than plastic, different version of plastic can have
different levels of compliance, which can be perceived only
with the haptic sense. Stiffness also depends on the object’s
dimension as a thick, narrow object can be compressed more
than a thin, wide object made of the same material, using the
same force.

3.4 Kinesthetic Variables

We classified as kinesthetic variables the variables slipperiness
and weight. Both depend on the combination of cutaneous
and kinaesthetic cues for an accurate perception.

3.4.1 Slipperiness

As slipperiness we describe the friction that occurs when
one surface, e.g., a finger, slides over another. Movement
is essential for an accurate perception of slipperiness. While
slipperiness and roughness are quite distinct from a physical
point of view, there may be some overlap perceptually and
linguistically [16].

Again, each bead could have an different level of slipper-
iness. While people can feel clear differences in resistance
for different materials when they move their finger over
the surface, there is little research about the relationship
between the perceived intensity and the physical intensity.
Slipperiness can only be perceived by the haptic sense and
depends on humidity, but also force and speed of move-
ment.

3.4.2 Weight

The perceived weight depends on a wide variety of mecha-
nisms, such as prior experience, volume or thermal proper-
ties. Weight can only be perceived through the haptic sense,
by lifting or at least moving it.

In the example of the beads each bead could have a
different weight. It is important to mention that the weight
of a unit can only be perceived when it is detached. In
contrast to variables such as roughness or slipperiness the
perception of weight will change when multiple units are
combined, i.e., the object will get heavier.

4 PERFORMANCE OF VARIABLES

We discuss the performance of variables along four charac-
teristics introduced by Bertin for visual variables [10] (Table
1). We believe these characteristics are not only applicable
for visual variables but also for physical variables. They help
to understand how a change in a specific variable can affect
the perception and therefore, the performance of a particular
task (see also [13]):

o Selective: A variable is selective if a change in this
variable alone makes it easier to select that changed
unit from all other units.
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e Associative: A variable is associative if a unit can
be grouped according to this variable alone as they
differ in other variables.

e Quantitative: A variable is quantitative if the rela-
tionship between two units can be obtainable as a
numerical difference of this variable.

o Order: A variable is ordered if changes in this variable
support a ordered readings of the units.

Haptic stimuli must be processed more linearly than
visual ones. Therefore, the ranking relies on the possibility
that these sensing tasks can be accomplished in a short time
frame of a few seconds. This differs from Bertin’s approach
which only considered perception of whole visualizations
and did not consider sequential inspection as supporting
selective or associative performances.

The difference between “possible” and “good” is based
on our experience with physicalizations, and research in the
haptic domain. Like Bertin, we present the assumed per-
formance based on a systematic inspection of the variables
(i.e. not on experimental work). These assumptions should
be refined and (in)validated through experimental research
to properly characterize the performance of each variable,
and the combination of variables. We discuss below the
performance of variables that are less explored in infovis
research (gray lines in the table).

TABLE 1
Performance of variables (“good” v'; “possible” ~; “not possible” x)

Variables Quantitative Order

Geometric Variables

Position
Orientation

Global Shape

P SRS
PSRN
X
1

Exact Shape

Color Variables

Hue

v v X X
Saturation v v x Ng
Luminance v v X v
Optics N v X v

Tactile Variables

Roughness
Lay

Coldness

PSR ES

<
<
<

PSR ES
X

Compliance
Kinesthetic Variables
Slipperiness X v

Weight v v X v

4.1 Geometric Variables

Global shape and exact shape are both selective and associative,
as a unit that has changed this characteristic alone, will
become distinct and selectable from the other units, but can
also be used to create groups. However, for the exact shape it
depends on the number of units displayed, the actual shapes
and how strongly the various shapes differ.
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Changes of the global shape, e.g., the volume, are difficult
for comparative numerical interpretations. However, if the
change is based on a repetition of the same unit a numerical
reading could be possible and therefore can be quantitative.
Changes in the exact shape can hardly provide any numerical
interpretation, therefore it is not quantitative. While it could
be argued that the number of height and width segments of
the bead from the Activity Sculpture project (see Figure 1)
could be used for a numerical difference, we do not believe
that this is suitable.

Changes in the global shape are easily orderable, but this
is not the case for exact shape. A shape does not support
an ordered reading or the criteria would be of personal
preference. However, the bead from the Activity Sculpture
project (see Figure 1) changes its shape from angular (few
segments) to smooth and round (more segments). Such
changes in the exact shape could be ordered, but it would
require some learning.

4.2 Color Variables

Optics is similar to the well-know visual variables saturation
or luminance. A unit that has changed its level of trans-
parency or reflection alone will become distinct and units
with the same level can be interpreted as belonging together.
The relationship between different levels of transparency
or reflection cannot be seen as numerical. For example,
one unit will not be perceived as four time as transparent
as another one. Both, transparency and reflection support
ordered readings, as, for example, one unit can be perceived
as more transparent or reflective than another one.

4.3 Tactile Variables

All tactile variables can be seen as selective and associative.
A unit that changes one of these dimensions will become
selectable from the other units, but can also serve to create
groups of units. Under specific conditions, Roughness and
coldness can support a haptic pop-out effect [17], [18].

None of the dimensions can be seen as quantitative. Al-
though it is possible to measure, the roughness or coldness of a
surface, humans are not able to perceive those characteristics
accurately, especially that one object is two times as warm
or rough as another one [16].

All dimensions beside lay can be seen as orderable. One
unit can be rougher, colder or harder than another one. Lay
is similar to the visual variable orientation. There can be a
notion of order if the changes are progressive, e.g., only
the direction of the pattern changes clockwise. However,
establishing an order between a circular and a linear pattern
is not possible.

4.4 Kinesthetic Variables

Both slipperiness and weight are selective and associative, as a
unit with a different weight or level of friction will become
distinct and selectable. Units with the same weight or level
of friction can be interpreted as belonging together.

Although the slipperiness and weight be expressed phys-
ically, both dimension are not quantitative, as a unit can
hardly be perceived as twice as heavy as another one. But
both can be ordered, as a unit can be heavier or can have a
higher level of friction than another one [19].
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5 CONCLUSION

We proposed a set of variables to describe unit-based phys-
icalizations, and discussed their performance. We excluded
the characteristic of length, which describes how many
distinct values a variable can support, and thereby how
much information it can convey. We did not discuss how
variables can be mixed and how this would be perceived,
which is relevant to any real-life scenario. We also focused
mostly on the visual and haptic senses, but other senses such
as sound or taste should also be considered.

We hope that this paper serves as a prompt to explore
in a more systematic manner the physical variables we
proposed, and our assumptions on perception performance.
Jansen and Hornbaek paper on the perception of size as a
physical variable [1] is an excellent example of such studies.
It should be replicated and extended to other variables.

Finally, the constructive or unit based approach offers
serveral benefits in terms of design, fabrication, and percep-
tion. But this should not disminish our attention to higher
level cognitive aspects, such as how people explore and un-
derstand the data. This is especially relevant given how the
haptic sense requires more sequential exploration compared
to sight. Moreover memory aspects, learning processes or
support for social interaction should also be considered to
further our understanding of unit-based physicalization.
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