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Figure 1: Co-located groups and pairs interacting with a shape-changing bar chart

ABSTRACT

Data-physicalizations encode data and meaning through geometry
or material properties, providing a non-planar view of data, offering
novel opportunities for interrogation, discovery and presentation.
This field has explored how single users interact with complex
3D data, but the challenges in the application of this technology
to collaborative situations have not been addressed. We describe
a study exploring interactions and preferences among co-located
individuals using a dynamic data-physicalization in the form of
a shape-changing bar chart, and compare this to previous work
with single participants. Results suggest that co-located interac-
tions with physical data prompt non-interactive hand gestures, a
mirroring of physicalizations, and novel hand gestures in compar-
ison to single participant studies. We also note that behavioural
similarities in participants between interactive tabletop studies
and data-physicalizations may be capitalised upon for further de-
velopment of these dynamic representations. Finally, we consider
the implications and challenges for the adoption of these types of
platforms.
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1 INTRODUCTION

Planar representations of data are commonly used to identify trends
and communicate findings. These representations often take the
form of numerically accurate and relational spreadsheets, graphs
and charts [46]. Bar charts in particular are used to show the rela-
tionship between data points by using numerical data converted
into visuals relating to height or width, and are common in pre-
sentations and reports [76]. One issue with these representations
however, is that it is difficult to show multiple axes alongside each
other so that direct comparisons can be made, or continuous data
for small sample sizes in an accurate manner [74], instead, data
might be shown on subsequent pages, screens or at a scale too
small to make accurate inferences. A solution to this might be to
create 3D representations on screen, or as physical models which
can be interrogated and rotated to allow for multiple viewpoints
— however, physical representations have been suggested to be
preferable to their onscreen 3D counterparts, possibly because the
extra sensory information allows for enhanced cognition (extra sen-
sory modality confirming visual data) [30]. Additionally, tangible
interfaces have also been shown to have benefits for collaborative
learning and interaction [56]. This has given rise to the study of
Data Physicalization [31], where data is made into physical, 3D,
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tangible representations which can be viewed at multiple angles,
interrogated with touch, and even animated.

Further support for additional dimensions in data visualisation
comes from multi-modal data output, which has previously been
shown to provide novel insights into existing data, e.g. data in acous-
tic form allowed for the identification of coronal mass ejections [6],
and using haptics allows for enhancement of user experience with
data [43]. Another method of enhancing experiences with data is to
animate the information to show relationships across time, or be-
tween groups [23]. Dynamic transitions for physical data therefore
combine the benefits of physicalization with those of animation,
but present additional challenges in terms of the availability of
technology [31].

Actuation capabilities and level of manipulability must also be
considered when designing for physical data [36]. Platforms such as
inFORM [19] and EMERGE [63] have begun to explore the potential
of data visualisation using shape-changing interfaces, which offer
new insights into dynamic data-physicalization [64], however these
studies do not take advantage of the platform’s size and availability
of 360° viewpoints — which make shape-changing interfaces of this
type ideal for multi-user interactions with data-physicalization.

As technology advances, so do the ways in which computa-
tional support can assist with a multitude of tasks: in the field of
shape-changing interfaces, this can be demonstrated by concepts
such as physical telepresence [38] where a user can share a physical
manifestation of their movements in a remote location; or with
reconfigurable tabletops and other furniture to support co-located
user scenarios [20, 65]. Although large-scale shape-changing in-
stallations and how they support multiple users have already been
documented, there is appears to be no existing work looking at
analysing co-located interactions with tabletop sized dynamic phys-
icalizations [4, 31]. Given the potential benefits of presenting in-
formation in this way, we therefore aim to examine the ways in
which users interact together — and with — tabletop-sized interactive
data-physicalizations.

We seek to understand how the principles of co-located inter-
action with data-physicalizations compare to existing work with
2D tabletop interfaces. Therefore we present: An investigation and
exploration of co-located interactions with a dynamic, tabletop
sized data-physicalization of a bar-chart; an analysis of co-located
user interactions and techniques for working with dynamic data-
physicalizations; and, recommendations and discussion around the
challenges and potential for dynamic data-physicalizations of bar
charts.

2 RELATED WORK

Data-physicalization is a relatively new description for the pre-
sentation of datasets in a tangible, 3D format, although physical
representations of information have been used for thousands of
years (e.g. the abacus) [31]. In HCI, it is directly related to tangible
computing, where users can both physically and visually interact
with data, and especially in the study of shape-changing interfaces
where animation between data points is possible, as well as di-
rect interrogation of the data by users. For example, volumetric
medical data [39] or water usage in design for behaviour change
[70]. The additional dimension offered by data-physicalization has
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been shown to offer opportunities for enhanced cognition [30], and
can allow for the simultaneous representation of information on
multiple axes [64].

2.1 Data-Physicalization in HCI

The investigation of data-physicalization can be combined with
the study of tangible user interfaces (TUIs) [28] to produce mean-
ingful, tangible artefacts [30]. However, static data representations
[30] cannot alter their data, and therefore are limited to certain
forms of analysis and interaction (manually moving components).
These sculptural formats nevertheless play an important role in
validating the use of the physical form in presenting data [26],
providing historical or personal references [33], as well as fulfill-
ing roles as artworks and installations [53], or even reminders of
the frailty of our environment [27]. Data-physicalization is also
swiftly becoming a field within HCI in its own right, and continues
to attract researchers interested in investigating how it might be
explored and applied [2, 25]. Jansen et al. [31] identify a number
of challenges and opportunities for data-physicalization as a field
— notably, supporting animated transitions, combining physical
and synthetic interactions, self-actuating surfaces, and application
specific challenges such as collaborative use.

Work on data-physicalization has also focused on judgements
of size and shape, or interactions with physical data platforms.
For example, participants were seen to be better at judging bars
(cuboid) than sphere sizes [32], which suggests that a physical bar
chart might allow for the judgement of values with some degree
of accuracy. Further work has examined the effect of user orien-
tation on the perception of physical data [54], the perception of
size across different physical shapes [30], and the strategies ap-
plied when organising physical information [55]. Physical data can
also be interactive, such as CoDa who examined scatter plots with
tangible tiles on reactive screens [72]; or Perovich’s Big Bar Chart
that allows room size interactions with bar-chart data [44]. Percep-
tion of information in a graphical format might also be improved
when animated transitions between data points are supported [23] -
therefore combining animated transitions with physical bars should
have benefits when making value judgements for datasets. This
suggests that shape-changing interfaces could be a suitable vehicle
for data-physicalization and user interaction.

2.2 Shape-Changing Interfaces

The exploration of data readily lends itself to the shape-changing
paradigm, with these interfaces having advantages over simpler,
static, displays by allowing for additional user interaction and vi-
sual display of information in addition to that of form. One of the
first of such platforms was used to explore terrain from a military
perspective [16], and subsequent iterations of prototypes in this
area have returned again and again to maps, elevation data and
other geographic information systems (GIS) [3, 14, 17, 40]. How-
ever, shape-changing interfaces are not limited to this type of data,
Relief [40], inFORM [19] and EMERGE [63] all have the potential
to show quantitative data in the form of physically animated bars.
These types of interfaces typically have a 2.5D output and utilise
a form of linear actuator (e.g. stepper or servo motor) to animate
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points on a surface, though have the potential for vastly differ-
ent data representations. Dand and Hemsley [14] point out that
there remains a gap in the research to explore more varied datasets
on shape-changing interfaces (in addition to GIS), but also to in-
vestigate collaborative interactions with physically dynamic inter-
faces. Current shape-changing interfaces for data-physicalization
already lend themselves to the support of more than one user due
to their size, or tabletop presentation format [19, 29, 63, 69], but
have additional features that may also prove valuable in investi-
gating collaborative use such as remote collaboration [38]. Given
the parallels in format, the most relatable resource for exploring
collaborative use in shape-changing interfaces is likely to be that
of tabletop interfaces and planar vertical displays (although there
are interesting developments with swarm interfaces [37]), where
existing social and technical interactions has already been mapped
and can be compared and contrasted to co-located interactions with
data-physicalization. At present technology levels, physical data
lends itself readily to co-located interaction, where it can be shared
easily [62].

2.3 Planar Vertical Displays

Planar vertical displays can accommodate larger groups more easily
[52], as tabletop surfaces mean multiple users may have different
viewpoints [50]. Tong et al. [71] suggests orientation of an interac-
tive surface creates different effects, e.g. horizontal displays may
be better than vertical for collaborative work (also seen in [50]) but
they result in less structured output. The vertical condition was
found to support one main user as the interaction focus, but also
resulted in more structured outcomes.

Viewing angle and perception with multiple users may be prob-
lematic with shape-change where the combined physical and visual
output is dependent on a single viewpoint [12, 54], but readability
for acutely angled outputs on planar surfaces can present issues
[75]—although this is less likely with new screen technology. The
advantage of shape-changing interfaces for displaying data is that
the output is dynamic, so unreadable text might be tilted, altered
or dynamically re-presented to ensure legibility. The tabletop style
set-up of EMERGE was found to elicit body movements to alter/fix
the perceptual angle [64], and other movements—using the hands—
can have non-verbal communication properties when collaborating
around tabletop surfaces, and support group interaction [49]. Hand
gestures may also support interactions with tabletop styled data-
physicalizations, hence Taher et al. [64] question whether the hand
gestures observed around the EMERGE platform would also relate
to 2D, planar displays of bar charts.

Finally, one of the challenges of utilising platforms supporting
data-physicalization is that users typically need to be occupying the
same space in order to collaborate [31, 62], however, it is likely that
this barrier will be overcome at some point [24], with advances in 3D
printing or physical telepresence [38]. Currently, the opportunity to
utilise data-physicalization in a co-located group setting has been
under-explored however, so it is this we intend to address with
this research. The similarities between the EMERGE platform and
existing studies with tabletop and planar vertical displays makes it
an ideal starting point.
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3 CO-LOCATED OBSERVATIONAL STUDY

Using the EMERGE platform [5, 63, 64], we aimed to explore co-
located behaviours and interactions with a dynamic bar chart [1].
This section briefly describes the physicalization platform, partici-
pants, and user study design.

3.1 The EMERGE Platform

EMERGE [5, 63, 64] is a pin-actuated shape-changing interface and
display comprised of 100 physical bars in a 10 X 10 grid. Each bar
extends to a maximum distance from baseline of 100mm, and is
internally lit using an RGB LED. EMERGE is designed to navigate
much larger datasets than its 100 physical bars; this is supported
through various physicalization interactions.

Interaction is supported by both direct interaction with the bars,
and by connected planar tablet devices on each side of the grid (Fig-
ure 2). Direct interaction involves pulling (highlight) and tapping
single (hide bar) or multiple bars (isolate rows), whereas the indirect
tablet interaction allows users to swap rows, scroll through large
data sets, lock rows, and, take and remove snapshots. The com-
mand structure is paired, so that both x-axis, and both y-axis, tablet
displays always update together (otherwise the data-view would
not make sense from the opposite side of EMERGE); however users
can control EMERGE from any side. This results in turn-taking be-
tween paired tablets. An extended description of the platform can
be found in Taher’s original paper [63] and Taher’s video of the ca-
pabilities at: https://youtu.be/xA4jOwCHOBSI. This work builds on
previous studies of EMERGE [64], where single users successfully
explored a dataset and produced a summarative presentation; key
findings included frequent physical movements around EMERGE
and extensive use of hand-gestures while inspecting data. In con-
trast to previous studies, this work looks at pairs and groups of
users around EMERGE.

3.2 Participants

We recruited 24 participants aged 21-58 (8M/16F). Participants were
assigned to either condition #1 (interactions in pairs—8 participants)
or condition #2 (interaction in a team of 4—16 participants). None
of the participants had previously used EMERGE and all were un-
familiar with shape-changing displays. Participants were required
to be previously acquainted from the workplace, where they were
already likely to discuss or interact with data in groups, and so that
unfamiliarity did not affect the interactions [49].

3.3 Study Design

The co-location study follows the design of previous work using the
platform [64], which we adapted for group situations. Three cam-
eras were set up to capture participant interactions (one above the
interaction area, two diagonally to the sides to capture participant
movements around the platform). The study took place in three
phases, Demonstration & Training, Exploration, and Presentation.
The datasets used were chosen specifically for their complexity
and number of data points—they would be extremely difficult to
represent in a single (interactive) 2D visualisation.
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Figure 2: The EMERGE platform, comprising of 100 interactive, actuated bars, with four tablets for additional control. Left, a
user interacts with the bars; Middle, a technical diagram of the platform [63]; Right, a side view photograph.

3.3.1 Demonstration & Training Phase. Participants (in groups of
four or in pairs) were given 30 minute demonstration and train-
ing on EMERGE. First, they were shown six prescribed interac-
tions/task types, which were verbally described by the researcher,
then physically demonstrated using an initial dataset. Each individ-
ual participant was given the chance to try the interaction. Second,
the participant pair or group was tasked with exploring a second
dataset and preparing a short, informal presentation. The second
dataset exploration was open-ended, to give participants a chance
to practice the actions they had learned on the first dataset. They
were also asked to give a demonstrative presentation of any data
that seemed interesting, to prepare them for the next phase of the
study.

The first dataset used was the average rainfall data in the UK over
103 years for 11 regions (1). The X/Y axis showed years/regions,
with the height of the bars representing the rainfall in millimetres.
Rows for both datasets were colour-coded in order to provide visual
cues to differentiate between years and regions. The second dataset,
utilising student ratings of appropriate behaviours from 1974 [48]
(15 actions/15 situations) was then used to check participants’ un-
derstanding of the platform over the six task types: a) Selecting or
grouping interesting categories; b) Scrolling, grouping with locked
categories and taking a snapshot; c) Hiding the remaining data
points, and taking a snapshot; d) Comparing situations/actions,
highlighting points of interest and taking a snapshot; e) Explaining
highlighting and showing all three snapshots, explaining what they
show; f) Repeating for remaining categories. Interaction data was
not recorded for the demonstration and training phase.

3.3.2  Exploration & Presentation Phase. A third dataset —also con-
sisting of peoples’ ratings— and taken from the European Value
Survey was used for the exploration phase. The information covers
46 European countries on popular topics (e.g. politics, healthcare)
[18] - and contains 31 X 46 data points?). Participants were invited
to explore the data using the skills learned in the previous phase —

!Rainfall data source: www.metoffice.gov.uk/pub/data/weather/uk/climate/datasets/
Rainfall/date/UK.txt

?The European Values dataset is available via www.europeanvaluesstudy.eu/
methodology-data-documentation/previous-surveys-1981-2008/survey-2008/ and
specifically search.gesis.org/research_data/ZA4800

and specifically encouraged to explore more data than was seen in
the default view (initial 10 X 10 start point, indicated by the black
outline in Fig 4). This phase lasted for ten minutes. They were also
asked to work together to discover points of interest and discuss
these with each other, before preparing a short informal presenta-
tion for the researcher, and were given five minutes for this task.
This open-ended approach was designed to foster collaboration
and communication in order to allow for the study of dynamics
between groups and pairs.

3.4 Post-Study

Participants were asked to spend a few minutes to give feedback
about their experiences using the EMERGE system after the Presen-
tation phase, and complete a post-study questionnaire about their
experiences with both 2D bar charts and shape-changing displays.
The questionnaire also asked about the ease of interaction, and data
interrogation. Likert responses were recorded, and can be seen in
Figure 3.

4 DATA ANALYSIS

In this section we present our exploration of expected and novel
interactions, and themes inherent in the application of data physi-
calization to group or pair setting.

4.1 Video Coding

The video recordings were split into Exploration and Presentation
phases. Taher et al’s [64] codebook was used to generate results for
consistency, e.g. hand/arm gestures that do not trigger the device;
hand/arm gestures that do trigger the device; body/head movements
that change a users’ view. We also recorded failed or impossible ac-
tions, and unusual actions, these two categories were not reported
in Taher et al., but were of particular interest for our co-located
study. All videos were coded for physical interactions, 15% of the
data was interpreted by both coders, giving a Cohen’s Kappa [13]
of 0.58, indicating moderate agreement. Vocalisations and inter-
personal reactions were recorded via field notes taken during the
sessions [67], and these were used alongside the video coding for
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| am familiar with reading bar charts

I am familiar with creating bar charts to visualise data

I'am familiar with interacting with dynamic bar charts

I normally find bar charts easy to interpret

I find it easy to give presentations that use bar charts

| am familiar with shape-changing displays

I am familiar with working in groups to produce outputs

| found it easy to use the EMERGE system

| could control the data how | wanted

| could interpret the data that EMERGE showed

| found it easy to collaborate when using the system

n “ B Likert Ratings

Figure 3: Participant Likert responses from pre & post ques-
tionnaires. 1 = strongly disagree, 5 = strongly agree

full analysis. The vocalisation data was used to compare and con-
trast the co-located study to related work on tabletop surfaces
[49, 67].

4.2 LogData

The EMERGE system logs were analysed to identify which bars
and areas of the dataset were interacted with during the session.
Each tablet produced a separate record so that interactions could
be connected to specific individuals (Figure 6).

5 RESULTS

We start with a comparative overview of high-level findings, before
looking at the Exploration and Presentation phases in turn. The
average times for both phases can be seen in Table 1.

5.1 General Findings

Participants were offered an open-ended session for both phases: Ex-
ploration was consistent at around 18.5 minutes across both session
types, but the pair setting resulted in a slightly longer Presentation
time (around 3/4 of a minute longer). It was expected that dur-
ing the Presentation phase that our participants would use hand
gestures to communicate concepts to the researcher, which was
observed, but it was also observed that participants made use of
these in non-communicative settings, although not extensively, or
consistently.
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Table 1: Average session times in minutes.

Combined Group Pair
Exploration 18.61 18.56  18.66
Presentation 3.67 3.25 4.09

To look at content navigation between studies we analysed the
logs to create comparative visuals (more than the visible 10 x 10
data points were available) see Figure 4. We used a logarithmic
colour scale to show time spent on areas of the dataset within the
10 % 10 grid (threshold of less than 3 seconds). The black square
outline in the top left of the images reflects the start/reset point
for the data. Blue represents the Exploration phase, and purple, the
Presentation phase, with the darker shading relating to a longer time
on the display. For example, you can see that group four (G4) only
explored a third of the dataset, in comparison to groups one and two
(G1/G2), who covered nearly all of total dataset. Whereas Taher et al.
[64] stated that during their study there was a considerable variance
in terms of the amount of the dataset explored, the coverage patterns
for exploring the dataset within the co-located settings appeared
to relatively similar to each other. The difference in the total area
explored is down to the freedom of navigation the groups and
pairs were given — the task was open ended and focused on items
of interest to the participants, who took different approaches to
exploration and discussion. No participant groups or pairs stayed
on the initial view, which is evidenced by coloured areas outside of
the black starting point outline in Figure 4.

5.2 System Interaction Behaviours

Overall, co-located participants were found to make sustained use of
the interactive qualities of the EMERGE system, for example, locking
rows and continuing to scroll, reorganisation in order to group
items of interest, hiding irrelevant data, and taking snapshots before
resetting, or starting a new investigation (Figure 5.2 & 5.3). Also of
interest is the between-participant interaction, and corresponding
dialogue — participants had to communicate to take turns or to
highlight points of interest.

5.2.1 Movement Behaviour. Within our co-located study, move-
ments were subject to group dynamics: e.g. examining user incur-
sions into space that is already in use, such as reaching over to
another tablet, or the far side of the platform (more than 2 actions
per minute for pairs, around 1.5 per minute for groups, Figure 5.4).
Although participants did not often reach over to the far side of
the platform, they still covered a lot of the dataset — there were
not many “cold” spots (areas of non interaction) on the bars over
the session despite some participants being less active than others.
Most participants tended to interact with those sections that were
directly in front of them, producing a complete coverage of the
physical bars — meaning no participants appeared compelled to
walk around the platform. We noted that some participants utilised
another participant’s tablet which was interesting as it appears to
contradict findings that participants around tabletop displays prefer
to have discrete “ownership” of a section [52, 57].

User placement was of particular interest. In the group and pair
conditions, verbal explanations and pointers were given to elucidate
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Figure 4: Participant navigation across the dataset in groups/pairs (aggregated). Blue indicates the Exploration phase, and purple
(displayed as overlay) indicates the Presentation phase. The darker the colour, the more times that particular area of the dataset
was viewed. The purple, when overlaid on the lighter blue exploration, appears as a richer, darker blue — a ’hot spot’. White

areas indicate parts of the data set that were not explored.

information that was occluded from view for others. Participants
rarely swapped position in the groups of four, (only two groups
made an effort to change places to allow a change of perspective)
and then only moved to the adjacent side so as to view the dataset
from an alternate axis. Pairs, in comparison, always started opposite
each other, and tended to reach across to the adjacent axis whilst
maintaining a static position instead of physically moving. This is
similar to settled formations observed in Azad et al’s territoriality
study conducted with a vertical display [8], and in contrast to the
pair position changes witnessed by Klinkhammer et al. in their
tabletop study [34]. — however, the area in front of a participant
became their ’territory’ during that placement (see also Section
5.5.2).

For body movement from a fixed position, leaning over the sur-
face was completely absent for both group and pair conditions,
though head tilting was frequent, and participants also made use
of crouching to change view. Participants did not lean and or tilt
their heads much, perhaps due to the close proximity of other par-
ticipants, and the risk of connecting heads, or blocking the view
of others — one of the interesting interactions seen during the
sessions was collisions, e.g. accidentally knocking hands. It is also
possible that there was no need for these types of movements to
gather different viewpoints of the data, because another participant
could relay that information. Finally, in some cases, participants
appeared to actively “disengage” from the platform by folding their
arms (similar to Klinkhammer et al’s passive observers [34]. This
happened only in the group condition (rather than the pair), and
could be attributed to the fact that only one person at a time can
actively engage with the platform, and even with turn taking there
was waiting time between participants.

5.2.2  Gesturing, Pointing, and Physical Interactions. The range of
hand gestures and interactions during the study largely tracked
those seen in Taher et al. [64], with the exception of those we
present in Figure 5.4. Most of the novel actions (those that the
earlier study did not elicit) we discovered involved two hands si-
multaneously rather than one hand to complete an action or make
a gesture. The only two-handed gesture seen in the previous study
was the “two hand consecutive bar press”. The prevalence of two-
handed gestures and interactions in both conditions could have
been due to increased confidence in using the platform over the
duration of the session. With a solo participant there is obviously
no external encouragement to complete an action, whereas hav-
ing peers to guide and assist may have meant that participants
felt able to be “hands on” by way of peer support. Of particular
note is the incidence of using hand movements to demonstrate, e.g.
showing a wave motion, or comparing heights using both hands.
Although using the hands to emphasise points during speech is
a common occurrence during general conversation, the nature of
those used here directly related to the physical data. This makes
sense from the perspective that the hands are already required
to make physical movement to interact with the platform (above
and beyond that used for planar displays), so further information
about physicality can also be conveyed using shape, height and
movement—mirroring attributes of the shape-changing interface.
Figure 5.1, top-left, shows the number of all non-interactive hand
movements in the group and pair condition. The most pronounced
finding for gestures is pointing with a single finger. This not only
served to communicate to other participants, or interrogate data,
but also may have been used to focus other participants on a partic-
ular point, and/or halting interactions momentarily. The groups and
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Figure 5: Average actions per minute for co-located groups and pairs, for direct interactions with physical data. Longer bars
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graph has an adjusted x-axis in order to show a larger number of interactions.

pairs used the reset and undo functions extensively, which could 5.3 Presentation Phase
be due to conflicting interactions and multiple users attempting to
interact at the same time, leading to mistakes or unwanted changes
to the data.

All participants were able to gather and make inferences about the
data in the European Values Survey. Participants were allowed to
present their thoughts in an unstructured way, but the experimenter
occasionally asked questions or asked for elaboration on points.
In the group setting, one participant usually led the presentation,
with others interjecting with minor points, or waiting until the
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first presenter had finished talking to add their part. In the pair
condition the presentations took a more conversational style, and
there was more turn taking.

5.3.1 Presentation Style & Strategies. Taher et al. [64] identified
four key presentation styles — although not all of these were mir-
rored in our study: 1) Snapshot-centric presentation; 2) Single-
view presentation; 3) Interactive presentation (participants inter-
acted with the data); 4) Non-interactive presentation without data.
Snapshot-centric presentations were seen in 3 cases (2 group/1
pair) whilst the rest of the presentations were interactive (involving
scrolling, highlighting, filtering and so on), although one started
with snapshots before extending the discussion and utilising the
platform to do so. Being co-located appeared to produce high levels
of engagement within presenting style.

5.3.2  Themes of Presentations. Participants were able to identify
and discuss high level and complex issues from the data. Com-
plex themes such as attendance of demonstrations in Eastern block
countries and high national pride, or views on abortion and atti-
tudes toward single unmarried mothers were discovered. Partici-
pants seemed to focus on themes where there were results which
went against expectation. Choices of data to discuss either emerged
organically when participants identified particularly prominent
points, or because of existing relationships toward particular coun-
tries, or interests (e.g. one participant was from Cyprus and wished
to look at Greek values). This relationship between participant and
data was also found in the previous work [64]. Another similarity
was that participants were able to make high level inferences about
the relationship between data points, several of whom stated that
having the extra axis enabled them to “see more at the same time”
and make judgements.

5.3.3 Difficulties. Participants had trouble remembering what data
was in each snapshot. The suggestion was made that the UI should
have the snapshots numbered to ease recall. This lapse in memory
led to some participants cycling through several snapshots to find
the one they wanted. A further difficulty was remembering the
interesting points in the presentations where no snapshots had
been saved, this sometimes led to several minutes of scrolling action
(as indicated by the logs) to try and reproduce findings or jog the
memories of the participants.

5.4 Comparison to Prior EMERGE Study

Our work used an almost identical procedure to the work by Taher
etal. [64], and as such we have utilised the same analysis techniques.
This enables us to suggest comparisons to a single participant con-
dition, for example, the earlier work recorded average times of
16 minutes and 5 minutes across phases, although comparatively
the combination times for both phases is similar for our study. Re-
garding non-interactive hand gestures, in comparison to the single
person study, the group and pair setting elicited many more of
these gestures during Exploration (e.g. single finger pointing at
bars/labels) — except in the case of multiple finger gestures, where
there is less difference (Figure 5.1). One reason for this might be
that there is less physical space for multiple participants to reach
over the system, or perhaps that double handed gestures may relate
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to “thinking through” and using both hands to create reference
points or comparative heights.

A point of similarity between the two studies is that partici-
pants rarely made use of the interactive features of EMERGE during
the presentation phase (e.g. scrolling, highlighting bars), instead
relying on the snapshot feature to create a succinct overview of
points of interest — except in a couple of cases where no snapshots
were used, even if they had been prepared previously. What is
markedly different is the comparison between dataset exploration:
co-located participants explored much less of the dataset, and spent
longer on single 10 X 10 views than single participants. This could
be attributed to the addition of verbal reasoning and negotiation—
participants having to take turns, discuss, and make decisions as a
group or pair. In the Presentation phase, a longer time was spent
on smaller areas of the dataset to describe findings of interest, in
comparison to the previous study.

In terms of position change, in the single participant study by
Taher et al. [64] individuals were more likely to walk around to
the other side rather than reaching, spending time moving around
the platform to view the data from different perspectives (walking
around the platform was not observed in our study — Figure 5.1).
By comparing our study data, we also note that tilting of the head
was more common with single participants. The digitally logged
interactions also show some differences between the studies: Single
participants spent more time swapping labels (8 actions per minute
compared to less than 0.5 per minute), and highlighting bars (over
1.5 actions per minute compared to less than 0.5 per minute).

5.5 Comparison to Tabletop Studies

This work generated some interesting comparisons with existing
research on collaboration over tabletop displays or interfaces. There
are possible comparisons to tabletop interfaces as they are an envi-
ronment conducive to cohesive group interactions with data [50].
When multiple users interact with the same interface, there becomes
a dichotomy between personal and shared group spaces, sometimes
with territoriality for objects and files [10, 57]. Some tabletop in-
terfaces allow for this need to separate personal and group space,
by making discrete workspaces on which users can conduct data
transfers [66], by providing tablets for individual interactions [71],
or even additional “tangible views” [61]. In public settings, the need
for privacy alongside multiple user support becomes important
[73], creating personal and private spaces simultaneously. Further
work has explored the ways in which pairs interact around tabletop
displays and across tasks, describing discrete states and positions,
and making recommendations for the development of these de-
vices [67]. Tabletop studies often focus on a specific problem or
task (grouping data [52]), whereas the task here was open ended
— i.e. identify and describe interesting trends in the data. However,
many of the interpersonal interactions can be seen in both this
work and existing tabletops studies: this relation means that we
may be able to use tabletop work to further inform the design of
data-physicalizations.

5.5.1 Planar Vertical & Horizontal Displays. Rogers and Lindley
documented that users interacting with a large vertical display for
group work found having to stand all the time “unnatural and so-
cially awkward” [50], however, we did not find any similar effects
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Figure 6: Percentage participant actions per group/pair, against relative positions. Participant placement was organic (self-
selected). Diameter of circle (pixels) represents percentage and all are relative to each other, exact percentage figures added for

clarity.

with participants standing around EMERGE. This is possibly be-
cause the platform allowed for participants to support themselves
on the non-interactive areas whilst taking part in the study, or
because the platform surface was small enough to focus on and
work on with minimal exertion — similar to tailoring a display to
the ‘average group height’ and ensuring interaction always occurs
above the waist [8]. The relatively short length of the study may
also mean that participants were less fatigued, although Rogers and
Lindley’s study took place over a similar timescale (20 minutes).
Due to EMERGE having dynamic data height, it could be seen as
encompassing both horizontal and vertical display attributes, thus
combining the advantages of both [50, 52, 71].

5.5.2  Territoriality. Preferences for maintaining personal space
and individual access to data can be seen in group work with table-
top surfaces [57], and in other group-compatible interfaces, such
as spherical displays [10]. Scott et al. [57] discovered three types
of territorial attitudes toward tabletop displays: personal, group
and storage. It is not possible to store individual representations
on EMERGE, but we can look at personal and group strategies. Re-
search suggests participants usually see the area directly in front of
them as their personal space [35, 57, 68], and in this case, the tablet
Uls in front of the participants fulfil this role, with the dynamic
bars comprising the group space. However, due to the paired Uls
by axis, this prescribed personal area is already being shared by
one other in the groups of four, and the observed behaviour of
reaching across to another participants tablet could be seen as an
acknowledgement of that fact — this ‘reaching’ behaviour is also
seen in vertical displays [8]. Additionally, the axis controls being
shared meant that one or more participants had to assume a passive
role whilst another was operating the controls, which is similar
to observations by Piper and Hollan in their tabletop study using

physical and digital materials [47]. This also reflects a lack of data
ownership, so the lack of territoriality may be a remnant of this [67].
Another tabletop study of note suggests that this turn-taking is part
of the flow-and-ebb of tabletop interaction and territoriality, and
that whilst having personal tablets [34] is useful for group commu-
nication (and ideation), it does not assist with group coordination.
This connects with our findings, as participants enjoyed shared
and personal space, yet also had to negotiate the flow of the main
tabletop.

In both the pair and group condition, participants were generally
seen to interact with those bars closest to them, but would reach
across when invited to do so, or if they needed to make a point. The
small size of the EMERGE platform also may more readily invite this
sharing of space, as if all of the platform is “at arm’s length” [21],
then the nature of the activity may become automatically shared.
Ryall et al. identified territorial behaviours in two sizes of tabletop,
but noted that where a task is focused on co-design, and is not divis-
ible, this effect may be confounded [11, 52]. Further discussion by
Ryall et al. also points out that close proximity may support group
work and coordination [52, 60], and as EMERGE only supported
single physical or Ul interactions at a time, coordination is essen-
tial in order to produce meaningful output. Despite this reasoning
around the perceived lack of territorial behaviour, the novel nature
of the platform, and the concept of data physicalization, may also
be responsible for breaking down the boundaries between personal
and group space. In the related work, we mention a possible issue
in lack of privacy when using physical data — conversely, it may
be that physical data invites sharing and openness.

5.5.3  “Fingertalk”. Participant interaction with the platform high-
lighted similarities in behaviour with Rogers et al. [49] who found
that fingertip interactions with a tabletop display were supported
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by speech — fingertalk. This fingertalk is expanded by the physical
nature of our display, and also involves handtalk, both in direct
interaction with qualifying speech acts, but also in explanation and
mirroring of the dynamic data visualisations. The gestural support
of the finger movements was seen to support sequential interaction
(Roger et al. platform allowed for both simultaneous and sequential
interaction) except when participants were initially exploring the
capabilities of the platform. The difference between our study and
the Fingertalk study however is that our platform does not support
dual interaction, although Rogers findings suggest that the group
did not make use of this feature. Fingertalk was also seen to be inte-
gral to decision-making during table interactions, and supporting
turn-taking, usually in conjunction with speech acts.

This mirrors our findings, as we found groups and pairs actively
used paired speech and gesture, the following are taken from Rogers
et al. and presented alongside examples: 1) Ask a question (“Can
you see anything interesting on your side?”; 2) Instructing another
(“T can’t reach that bit, could you do it?”; 3) Making a suggestion and
inviting (“How about we look at Slovenia? You could highlight it”; 4)
Requesting confirmation and inviting (“Did that label swap work?
could you try again?”); 5) Offering and inviting (“Would you like to
have a go? You haven’t had a turn yet”); and, 6) Encouragement of
contributions (“Can anyone else see anything interesting in that sec-
tion?”). Additional hand and fingertalk also occurred when making
statements about the data-physicalization, for example, participants
used terminology consistent with physical descriptions, “look, this
one is the highest”.

5.5.4 “Collaborative Coupling”. Collaborative coupling suggests
that participants carrying out a task using a tabletop display ac-
tively and fluidly engage/disengage during the session [67]. Figure
6 shows that distinct “couples” emerged during our study. In the
group condition, pairs on adjacent axes took either a lead or passive
role, whereas in the paired condition coupling occurred over one
axis, although interaction still occurred on the adjacent axis via
a sharing strategy. This pattern was also observed by Ryall et al.
[52] who found that pairs tended to distribute tasks more evenly,
whereas groups were more likely to have “leader” roles. In our
study, the pairs had a “leader” in 3/4 cases. Uneven distribution of
interaction can be partially attributed to the duplication of tablet
Uls, and competition for interaction—as the platform only supports
sequential interaction. As above, participants frequently invited and
encouraged others to actively take part in the data interrogation.
Further, some participants quickly became familiar and confident
in their interactions, whereas other did not feel they could get the
platform to work how they wished. Tang et al. identified several
styles of working, which are partially reflected here—due to the
sequential nature of the platform interactions there were always
participants taking the passive role, hence we identified SPSA (Same
Problem Same Area) which meant that two participants were work-
ing together on the same problem in a collaborative manner, or VE
(View Engaged) where one participant was working but the others
were actively watching. Occasionally, we also saw D (Disengaged),
which was usually accompanied by folded arms.
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6 DISCUSSION

Data-physicalizations lend themselves readily to co-located interac-
tions due to their physical nature—it is easier to share data with a
group where screen angle is not an inhibiting factor in understand-
ing [75] - although this is less of an issue with more recent planar
displays. This type of data representation may also elicit novel find-
ings: representing data in alternative formats has been proven to
offer alternative perspectives [7]. The tabletop size of EMERGE also
promotes sharing behaviours, although it is also small enough to
encourage collaboration rather than discrete ownership of space or
tasks. There is also the possibility that by making data physical, we
encourage the “fluidity” of collaborating around a table using tradi-
tional media [58]. We also found that the novelty of the platform
meant that participants enjoyed the experience, although many
said they could see the potential of physical data for business and
research use, where interrogation is a dynamic process, rather than
looking at a screen while another person presents. The study was
seen as a positive experience by all participants, which is encourag-
ing for the continued development of this type of shape-changing
data-physicalization.

The disadvantages of data-physicalizations must also be con-
sidered however: whereas there are methods to create personal
space in public ambient displays [73], it is more difficult to pro-
duce discrete physical data. Planar displays can be made private
by user proximity (such as when a person uses a cashpoint and
shields their information), but physical data is multi-directional,
which lends itself to multiple users — in order to make physical
data private, one must contain it within a shell, or use it in a solitary
setting. Another disadvantage is that physical data can be occluded,
and viewing angles can distort or hide parts of the data from the
user. With EMERGE this was solved by individual participants mov-
ing around the data, but the grouped and paired did not have this
advantage. Even though it was possible to gain information and per-
spective from co-located participants, some individuals expressed
a preference to view the data for themselves. Despite this, there is
the potential for dynamic data-physicalizations to be reconfigured
to support other viewpoints, which would not occur with static
representations.

6.1 Platform Improvements & Limitations

Using multiple participants had an unexpected benefit in that it
encouraged inter-participant discussion and critical reflection of
the platform itself and resulted in a number of helpful suggestions
for improvements that would enhance the user experience. For
example, two groups questioned the lack of a baseline and absolute
top value, which they said would allow them to make more precise
judgements about the values displayed by the physicalization. Two
solutions were proposed: the first was to incorporate a physical
indicator in the form of a static bar scale with the top and bottom
values labelled; the second was to add a simple visual display to the
sides of the rods to show textual data (numbers/labels). Another
participant felt that the pairs condition meant that it would be
more useful to have a rotated view of the tablet on the other axis,
although they conceded it would be more difficult to label the
data points. Additional suggestions match current thought in data-
physicalization, such as the ability to “save” a snapshot and print a
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3D static representation of that interpretation of the data to take
away and share. Several groups also expressed that it would be
more intuitive to have an entire dataset on display at the same
time (making comparisons whilst scrolling over large sets became
time-consuming), so future iterations of physical, animated bar
charts could consider a larger base of actuators — or adopt the
methodology of a reconfigurable base (such as with ShapeClip [22].
In terms of collaborative improvements, participants proposed to
have an indication of participant interaction on the other tablets
so as to prevent dual-purpose interactions, though others felt that
the physical components of the platform should support multiple
interactions at the same time. Another limitation of the study design
itself, was that the final part (exploration and presentation) was
open ended, so it was more difficult to make direct comparisons
between findings in that phase, although the open-ended choice
was interesting in itself. A subsequent study might give participants
a specific task in order to mitigate this, or make use of other forms
of measurement such as physiological response to collaboration (e.g.
as was used to evaluate collaborative gameplay in [41]). Finally, we
should also consider that although these findings may be mirrored
by future work, at present they are based on a single platform
- although they offer a starting point for other work looking at
shape-changing bar charts and tabletop physicalizations.

6.2 Future Work

To better consolidate the findings in this work, it would be helpful
to reproduce the findings with additional groups and on different
physicalization platforms—this would help in understanding the
generalisability of the presented study results. It would also be
beneficial to create new platforms which support larger datasets
in a single view, as participants felt it would be more intuitive,
with an additional option to have a rotating display to support all
viewpoints. To support varying datasets it may also be helpful to
have a reconfigurable grid, which could be supported by a mod-
ular platform such as ShapeClips [22]. Support for simultaneous
interaction would be beneficial, so there would be no “interrupted”
interactions, an also open up the potential for manipulation to occur
on different parts of the grid at the same time. As work progresses
in this area, it may also be beneficial to apply evaluative techniques
to data-physicalization, following guidelines from Collaborative
Usability Analysis (CUI) [45, 57].

Data-physicalization has the potential to support collaborative
work and enhance interaction by expanding the modality of data
interrogation - that is, by adding the component of physical in-
teraction, we support additional cognitive processes between in-
dividuals [31]. The technology is at a stage where it can be de-
veloped toward a groupware model, drawing on current work in
data-physicalization. We found that pairs and groups could draw
detailed insights from comparison of the physical data, even with-
out numerical data, showing the capacity of data-physicalization
to support complex processing. We also find looking at data in
this way provokes discussion, suggesting that further benefits to
data-physicalization might be evidenced as work continues. Finally,
there are recent advances in data-physicalization not from a stand-
alone perspective, but as a tool within a set which also includes
Virtual Reality (VR) and Augmented Reality (AR) [15, 51]. Both of
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these technologies have the potential to support multiple views,
collaboration with remote participants, and the way forward for
seamless, blended experiences [9]. Such blends might make use of
gestural and acoustic interactions [42] to replace the “solid” physi-
cal experiences, or even replace physical interactions with alternate
objects [59].

7 CONCLUSION

Over the course of our analysis we have provided novel and com-
parative findings which we can leverage to further develop data-
physicalization. Overarching themes such as shared and direct
access to the platform, gestural behaviours for communication and
role-forming, role allocation and understanding and communicat-
ing high-level data relationships emerged. Data-physicalizations
on shape-changing interfaces benefit from the advantages of table-
top displays, which support collaborative behaviours and support
more dynamic data-interactions than planar equivalents. This work
forms the basis for future investigations into collaborative interac-
tion with shape-changing data-physicalizations.
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