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Figure 1: A digital render of one of the exemplar physicalizations (phys1, right), colors depict identified clusters by the par-
ticipant. Various reconfiguration strategies were observed, including the increase of cohesion within clusters (left) and the

increase of separation between clusters (middle).

ABSTRACT

Composite data physicalizations allow for the physical reconfigura-
tion of data points, creating new opportunities for interaction and
engagement. However, there is a lack of understanding of people’s
strategies and behaviors when directly manipulating physical data
objects. In this paper, we systematically characterize different recon-
figuration strategies using six exemplar physicalizations. We asked
20 participants to reorganize these exemplars with two levels of
restriction: changing a single data object versus changing multiple
data objects. Our findings show that there were two main reconfigu-
ration strategies used: changes in proximity and changes in atomic
orientation. We further characterize these using concrete examples
of participant actions in relation to the structure of the physical-
izations. We contribute an overview of reconfiguration strategies,
which informs the design of future manually reconfigurable and
dynamic composite physicalizations.
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1 INTRODUCTION

Physicalizations are physical artefacts whose “geometry or material
properties encode data” [17], allowing users to perceive information
in a tangible or physical form factor. Fundamentally, physicaliza-
tions afford physical interaction (touching, grabbing, pushing, etc.)
and some form of reconfiguration as their physicality encourages
people to interact with their tangible elements. In many instances
(e.g. [10, 14, 22]) these physicalizations support data curation and in-
put where users can physically rearrange data points. Our research
is concerned with a better understanding of the practices, strategies,
and approaches people take when interacting with physicalizations.
There are many examples of physicalizations where direct inter-
action with the data forms their core modus operandi [14-16, 23, 34].
Following the work of Le Goc et al., we focus specifically on com-
posite physicalizations which consist of “multiple elements whose ty-
pology can be reconfigured or can reconfigure itself” [23]. Composite
physicalizations thus allow manual (through user input) or auto-
matic (through machine actuation) updates of the location and ori-
entation of the data objects while keeping the basic building blocks
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internally consistent. Whilst interaction with composite physical-
izations involves both physical and computational elements, only
the physical elements dictate the complexity of interactions possi-
ble. Hence, when designing these systems, lthesl of granularity
degree of manipulabilitgnd level of actuatiofi23 of the overall
composite physicalization depends on the number of physical ele-
ments involved and the extent to which these can be rearranged or
can rearrange themselves (i.e. without human intervention).

There are three main categories of composite physicalizations.
(1) Static composite physicalizatioalfow the user to manually
recon gure predetermined “buckets' of data points (i.e. per cate-
gory or year), with the physicalization unable to recon gure it-
self [16 19 37. For example, Jansen et al{ investigated how
users interpreted rows of physical bar charts that could be manually
rearranged. (2Lonstructive visualizatiorjd J allow the free recon-
guration of non-actuated token-based composite physicalizations
[10 14 35 37); instead of manipulating "buckets' of data, users
manually rearrange individual datapoints. For example, Huron et
al. [14 investigated the use of physicébkensas a data authoring
tool for non-experts. (35hape-changing interfacgxd support
interaction with dynamiccomposite physicalizations which, due to
their ability to actuate, can respond to interaction as well as initiate
changes themselve§|[9, 22 24 34. For example, Taher et al3{]
investigated the use of automated physical bar charts to explore
and present exemplar data. All three approaches support the orga-
nization of data by direct physical manipulation, whether or not it
is by comparing predesigned “buckets' of data, constructing them
with data points from scratch, or exploring them dynamically.

The unique a ordances and characteristics of physicalizations
make them distinct from 2D visualizations, unlocking novel human-
data interaction approaches. For example, their three-dimensionality
allows for observation from multiple angles and their tangibility
supports active manipulation using everyday motor skills. Physi-
calizations also allow for social interactions around them that can
facilitate collaboration 7). However, we still lack an understanding
of how users approach and interact with composite physicaliza-
tions and the facets of their distinct qualities. This includes the
perception of size for di erent physical shaped§, the e ect of
user orientation on the perception of physical informatio29,
and the interweaving of the material and social aspects of tangible
interaction [12. In addition, shape-changing physicalizations are
currently bound to the limitations of technology for theirimplemen-
tation and often explored and studied in those terms. This means
the study of users' interactions with these systems is currently re-
stricted to technology dictated interactions, potentially con icting
with users' preferred or spontaneous interaction strategies. As such,
we aim to further develop our understanding of approaches to, and
interactions with, composite physicalizations. This will inform how
we might better support users' approaches to reorganizing data
in physical 3D space. Our work aims to investigate users' strate-
gies when interacting with physical data points, e.g., in relation
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In response to the highlighted gaps in understanding users and
their interaction with physicalizations12 16 29, our work focuses
on interaction with composite bar chart physicalizations, to inform
the next generation ofnteractive dynamic composite physicaliza-
tions We conducted an experiment with six abstract exemplar phys-
icalizations, informed by prior work on the well-known physical
3D bar charts§, 7,9, 34, to observe technologically unconstrained
direct physical manipulation. We asked 20 participants to use any
approach to recon guration to reorganize pre-identi ed clusters of
data objects. Our key nding is the detailed breakdown of two main
user strategies found for reorganizing physicalizatiomianges
in proximity, where objects are relocated in the same plane, and
changes in atomic orientatiomhere objects are rotated. While these
two strategies dominated and prevailed in our ndings, they are
not mutually exclusive and are complementary to other strategies,
including the swapping and removal of data objects. Our contribu-
tion lies in our observation of the (dis)similarity of their use across
di erent (exemplar) physicalizations and degree of user restrictions.
We detail these (dis)similarities per physicalization, across di er-
ent physicalizations, and two degrees of user restriction to re ect
on generalisability across systems of di erent interaction possi-
bilities. This contributes a rst characterization of user strategies
when reorganizing clustered data objects that are part of a larger
physicalization. The real-world implication of this work is that, for
a dynamic composite physicalization to allow for interaction, it
should take into account these strategies in the interaction design,
data presentation, and actuation mechanisms of the system.

2 BACKGROUND

Data Physicalizations are the physical analogy of Data Visualiza-
tions, encoding data into physical geometry and/or material prop-
erties [17). Physical interaction with data can increase user engage-
ment, facilitate understanding and learning, and make data more
accessible17. Prior work on interaction with physicalizations
demonstrated di erent interaction techniques to systems ranging
from static (e.g. 16) to fully actuated representations (e.d34)).
These include the manual re-arrangement of static data columns
or data points to organize exemplar datd4 16, stacking phys-
ical tokens to construct individual data pointsl{], performing
gestures in the air to control data Itering of dynamic physical
bar charts B3 or pushing/pulling individual bars of a bar chart to
change a data point's value in a linear manner [34].

2.1 Composite data physicalizations

Prior work studied speci ¢ underlying elements of the recon gu-
ration of physicalizations. Jansen et alq have shown that the
perception of size for physical bars is consistent with 2D visual-
izations, yet di erent for physical spheres. Sauvé et &9[found
that the perception of physical information is in general directly

to each other, the canvas, and to themselves. In doing so, we can in uenced by user orientation to the canvas. Taher et &84 and

start to understand people's spontaneous recon guration strategies,
regardless of any technological limitations or recognition biases
the possible pre-existing association one can have with a dataset
due to their prior knowledge, occupation, etc. and with a higher
degree of interaction possibilities.

Everitt et al. [7] found that participants mainly interacted with the
most accessible physical bars along the edges of a system's grid,
illustrating how the technical implementation can in uence interac-
tion. Lastly, Jansen et allf] found that touching a physicalization

can be a cognitive aid for memory.
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In our work we focus on interaction with composite physicaliza-
tions [23 a subset of physicalizations that allow for the physical
recon guration of their elements, manually by the user and/or by
automated actuation. These types of physicalizations o er promis-
ing opportunities for data curation and input, but equally raise
challenges for interactive systems to support direct physical manip-
ulations. Further, our current understanding of the implications of
user recon guration of data is limited: such rearrangement e ects
data perception, integrity, discovery, and interpretation.

2.2 Static composite physicalizations

Static composite physicalizations allow the user to manually re-
con gure predetermined “buckets' of data points that cannot re-
con gure themselves. Examples are work using re-arrangeable 3D
bar charts [Lg, but also more expressive shapes to foster re ec-
tion [19 32. For example, SweatAtomd § and Activity Sculp-
tures [37 use 3D printed objects to visualize activity data to allow
users to appropriate and re ect on personal data.

2.3 Constructive visualization

Constructive visualization]3 supports the free recon guration of
non-actuated token-based physical data representations. In other
words, the physicalization is constructed by placing building blocks
(tokens) on a blank “canvas'. This supports data authoring through
the recon guration of physical tokens, for example by stacking
and/or changing the spatial relations in a plane. These interactions
allow the construction and curation of data from scratch, but are
constrained by components such as token unit, token grammar
and assembly modelld. Still, how people make use of space and
perform spatial organization can be informative for the interac-
tion with dynamic composite physicalizations. It is understood
that the construction of physicalizations results in amterrelation
principle[37], as moving physical elements in uences multiple pa-
rameters of the visualization pipeline at once. For example, the
decision to place physical objects in the canvasoading datd 37
simultaneously requires the user to think about where to put the
object in relation to other data objects visual mapping 37
and in relation to the canvas presentation mappin@7. Example
works make use of tangible tiles [8, 14, 37] but also more complex
token grammars such as Caird () for situated data collection of a
maker community, or more freeform tokens from household objects
for the creation of personal physicalizations in the home [35].

2.4 Shape-changing interfaces

Shape-changing interface4,[28 support interaction with dynamic
composite physicalizations. For shape-changing interfaces, interac-
tion often occurs by touching supplementary menu panéfsgr by
pushing and pulling the actuated bars directl4]. These interac-
tions most often allow for navigation and exploration of data. Exam-
ples include automated 3D physical bars in a xed grisl P, 24 34,

but also freely re-arrangeable systems such as Zook# How-
ever, as these technologies are still not mature, it can be di cult to
understand complex interaction that is not inherently constrained
by the design goals of the system, the path of least resistance of the
application, and frequently also the limitations of the technology.
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3 RATIONALE FOR METHODOLOGY

While we are starting to build clear insights into how physicaliza-
tions can be constructed using emerging technologi@2f 33 and

how they can encode data in speci ¢ application domai7s26 31],
there is currently little empirical work that examines the underly-
ing mechanisms through which people interact with physicaliza-
tions [29. We argue that understanding the underlying principles
of perceptiormndinteractionwith physicalizations are a necessary
step to be able to design, build and research e ective and consistent
physicalizations.

Prior work demonstrates that the perception of and interaction
with visualizations can be successfully studied in isolatid. [Ex-
amples in the realm of physicalizations include the perception of
physical size 1§, the in uence of orientation on perceptionZ9
and the interaction with physical data pointslff]. These studies
use abstract non-interactive “data-agnostic' apparatuses to enable a
systematic and principled approach that leads to novel insights that
generalize to a wide range of systems and applications. However,
there are currently no studies that elucidate the underlying prin-
ciples and strategies of how peopleteract with and recon gure
physical information.

In this work, we adopt a similar approach using methodolo-
gies and apparatus from static physicalization and constructive
visualization that enables us to study recon guration strategies
using abstract data points that adhere to the rules of Gestad}.[
This allows us to design the layouts of exemplar physicalizations
in such a way that they are not based on a single dataset, but ad-
here to relational properties of objects and the visual perception of
space (as per Gestalt) that forms the foundational theory for any
physical representation. Gestalt is important for data visualization
and physicalization since it is concerned with how the human brain
perceives information and what perceptual properties are easier
to interpret than others. To design informative physicalizations,
that are e ective in communicating information through physical
elements, it is important to adhere to these fundamental principles.

Our approach draws on prior work from the eld of cognitive
science on the use of physical space and clustering of physical
(data) objects. Speci cally, the proposed classi cation of Kir&a)[
explains that rearrangement of the position of physical (data) ob-
jects can serve three main purposes:qjatial arrangements that
simplify choice(ii) spatial arrangements that simplify perception
(iii) and spatial dynamics that simplify internal computatidio give
an example, people oad mental e ort into physical space by
rearranging objects to simplify choice or to try out alternative2(.
Hence, interaction with physical data objects goes beyond pure
“data interpretation’ tasks but engages cognition and perception of
physical space [20, 29].

While our work builds principally on work in the eld of physi-
calizations [L7], this work is dominated by research on technology
(new forms of implementing actuated physicalizations), and spe-
ci c domains (implementing datasets in physicalizations). Because
of the systematic lack of more principled and fundamental work,
we build further on prior work in 2D visualization to inform our
study setup. Our study operationalizes pre-attentive properties (e.g.
visual salience)36, Chapter 5] and Gestalt principle$§ Chap-
ter 6] in the design of the stimuli. In our ndings, we draw parallels
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Figure 2: Overview of the six exemplar physicalizations used in this study (physl phys6).

between 2D visualization concept&7 and our observations of
recon guration in 3D space. To give an example, we discuss how or-
ganization in 2D space (i.separabilityandintegrality [27]) relates

to proximity and atomic orientation changes in 3D space. Following
“data-agnostic’ studies on 2D visual perceptid@ 11, 30, we use
data-agnostic "abstract' 3D shapes to study interaction strategies
based on proximity, orientation, and tangibility not a specic
dataset. This allows our study into interaction strategies to be inde-
pendent of any dataset or domain, and more generally informative
to future developments in this space. This is further supported by
the use of a technology-agnostic setup (e ectively accomplished
through the use of static cuboids), allowing our ndings to inform
future technology approaches to physicalizations.

Our methodology, therefore, adopts the apparatus, number of
participants and setup from prior work29, although we fundamen-
tally study a di erent aspect of interaction with physicalizations.
Where Sauvé et al2f showed the direct relation between user
orientation andperceptiorf staticphysicalizations that could not
be manipulated, this work studies thateractionswith those phys-
icalizations. As such we can start to understand howeractivity
with physical data, and recon guration mechanisms used therein,
can be supported in future composite physicalizations.

3.1 Limitations of the approach

This methodology enables the distillation of fundamental insights
into basic interactions with physicalizations, but does not provide
an exhaustive list of potential interactions with diverse physical-
izations. Rather, this approach isolates one aspect of the physi-
calization (i.e. sizel§, orientation [29, or in this paper: spatial
mapping) to provide evidence on how these isolated characteristics
of physicalizations in uence users. We focus on a subset of physi-
calizations, physical bar charts, as these are well-established in the
eld (i.e. [9, 24 34)). However, we can not make conclusive state-
ments on the recon guration of other types of physicalizations.

4 METHOD

The overarching goal of this study is to investigate data recon g-
uration strategies on exemplar physicalizations. Speci cally, we
examine recon guration in physical bar-chart style composite phys-
icalizations.

In this work, we usedata recon guratiorto refer to the manual
rearrangement of physical data objects to (re)organize a physical-
ization. This study adopts the apparatus, number of participants
and setup from 29, and seeks to answer the questidmw do users
recon gure exemplar composite physicalizations with two di erent
levels of restrictionPhis question allows us to examine the inter-
twined relation between user actions, physicalization structure and
recon guration characteristics.

The two levels of interaction phases (two levels of restriction)
were introduced to examine the extent to which participants can
reorganize physical data objects and whether they use di erent
recon guration strategies. Our study setup focuses solely on inter-
action, giving participants a degree of freedom in reorganizing data
points that in “real physicalizations' would break the data consis-
tency. However, this approach enables us to reveal more general
recon guration strategies that are not speci c to one data context.

4.1 Physicalization design

The design of the six exemplar physicalizations (referred tphgs1
phys6; see Figure 2) is informed by the well-known physical bar
charts previously used in physicalization§,[34]. This set of phys-
icalizations intentionally contains edge cases of di erent visual
encoding. We thereby ensured that these included various visual
obstructions, gradual and abrupt height di erences, as well as clear
and ambiguous distinctions of clusters, see Figure 2. This allows
us to study recon guration strategies across a variety of spatial
mappings, thoroughly exploring their e ect on physical interac-
tion with these mappings. Similar to work on 2D visualizatio87],
we varied the size (volume) and position (proximity), where we
included the rotation of data objects in physical space. Each of the
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