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Physical ambient visualizations

Figure 1. Physikit consists of four physical ambient visualizations (right), and a web-based configuration tool (center) to map
the sensed data to the cubes to visualize sensor data, such as the SmartCitizen [10] sensor kit (left).

ABSTRACT

Internet of things (IoT) devices and sensor kits have the po-
tential to democratize the access, use, and appropriation of
data. Despite the increased availability of low cost sensors,
most of the produced data is ‘black box’ in nature: users of-
ten do not know how to access or interpret data. We propose
a ‘human-data design’ approach in which end-users are given
tools to create, share, and use data through tangible and phys-
ical visualizations. This paper introduces Physikit, a system
designed to allow users to explore and engage with environ-
mental data through physical ambient visualizations. We re-
port on the design and implementation of Physikit, and pre-
sent a two-week field study which showed that participants
got an increased sense of the meaning of data, embellished
and appropriated the basic visualizations to make them blend
into their homes, and used the visualizations as a probe for
community engagement and social behavior.
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INTRODUCTION

We are in the midst of a data revolution where large amounts
of data are being collected about our behavior, bodies, social
relations with others and environment. The increased availa-
bility of Internet Of Things (IoT) devices that are used for
community driven data collection offers the potential to al-
low local organizations, councils, and the public at large to
discover more about themselves and their environments.
Community driven sensor kits [10] provide rich information
about the environment and include data such as noise, air
quality, temperature, or traffic. They have the potential to
make users more aware about their lives, the cities they live
in, and their relation with the environment. While these sen-
sor kits democratize urban sensing, data is often only availa-
ble through websites or public datasheets with little support
on how to use or interpret it. Furthermore, for non-expert us-
ers, direct representations of urban data in classic visualiza-
tions carry little meaning without proper context and framing
[2, 3]. Users often do not know how and when to interpret,
relate, and organize data. As a result, it is difficult for users
to make sense of, and appropriate the data they are collecting.

To empower and provide users with better ways to interact
with data, we propose a ‘human-data design’ approach that
bridges the gap between non-expert users and their data. Re-
search has shown that physical and tangible interfaces can
increase awareness and participation through their physical
properties and affordances [16, 19, 23]. Based on this work,
we argue that providing physical, tangible and reconfigura-
ble “physicalizations” [23] that match people’s own needs
and interests, will encourage them to discover and under-
stand the meaning of the data they collect and decide for
themselves how to best use and share it. This approach does
not replace existing visualization techniques since physical
forms and shapes cannot provide the same level of detail and



precision. Rather, it aims at providing a hybrid expressive
representation [16] of data by providing physical ambient
cues, signals and alerts that present socially meaningful
events in the data as changes in the physical environment.
These changes in the environment can provide enough detail
to understand the data or entice the user to further explore
and act upon the data using traditional visualizations.

To this end, we developed Physikit as a toolkit and technol-
ogy probe [18] that makes users’ data visible and tangible
through physical and embedded data visualizations called
PhysiCubes (Figure 1, right). Physikit consists of (i) a num-
ber of PhysiCubes that each provide one unique physical vis-
ualization such as movement, light, air or vibration, and (ii)
a web-based end-user configuration tool that allows users to
quickly and easily connect data sources (Figure 1, left) to the
PhysiCubes using a touch-enabled interface (Figure 1, cen-
ter). Users can explore, interpret and engage with different
kinds of data by creating simple rules for a variety of physi-
cal ambient visualizations. A key research question this
raises is: whether allowing users to program the mapping
and relation between data and physical visualizations em-
powers them to explore, use and engage with data.

Below, we first present related work, and the design and con-
ceptual background of Physikit. We proceed with a detailed
description of the technical design of the software and hard-
ware. Next, we describe the results of a field study that ex-
plores the use and appropriation of Physikit by five house-
holds. We conclude this paper with reflections and discus-
sion of the design and use of Physikit.

RELATED WORK

Physikit builds on four strands of related work: (i) tangible
user interfaces (TUI), (ii) ambient information systems, (iii)
physical visualizations, and (iv) end-user programming.

Tangible Interfaces

Since the early work by Ishii and Ulmer [19] Tangible User
Interfaces (TUIs) have been introduced in various domains,
such as problem solving, programming, music, social com-
munication and education [34]. Tangibles have been used as
remote control units for media [7, 12], in which interaction
with the physical artifact is leveraged to control a remote in-
stallation. A second class of TUIs such as AutoHan [5], Cog-
nitive cubes [35] and AudioCubes [33] use tangible bits as
programming or control input to construct objects on a com-
puter device. They use physical shape, form, and flexible
connections between the cubes as buildings blocks to create
a rudimentary vocabulary for designing new objects. Be-
cause physical cubical building blocks are compelling em-
bodiments of more complex abstractions, they have been fre-
quently leveraged as a learning and exploration tool. For in-
stance, Rinott et al. [32] introduced a suite of cubes with sen-
sors and actuators that were used for tangible interactions.
Similarly, “The Cubes” [26] uses a set of networked tangi-
bles that can be connected for a game-based learning system.
Also, Cube-In [28], uses a base tangible and a set of smaller

cubes to allow students to explore electronics through tangi-
ble interactions. More recently, Chung et al. [8] introduced
Cubement, a tool consisting of connected cubes used to cre-
ate moving physical computing interfaces. Many of these
systems adhere to the original vision of Ishii and Ulmer [19]
that focused on interaction with tangibles through direct in-
put. However, the input bandwidth provided by tangibles
alone is limited compared to traditional or sensor input. Alt-
hough their physicality helps in transforming data from the
digital into the physical world, tangibles alone often cannot
provide users with all the tools needed to effectively explore
and use diverse data streams. However, by building on the
principles and ideas of reconfigurable tangibles in data rep-
resentation, we can revise physical tangible artifacts to pri-
marily function as output devices for data.

Ambient Displays

Parallel to TUIs, ambient information systems were intro-
duced as systems that visualize abstract interpretations of
data in the environment or the user’s periphery of attention
[6, 30]. Ambient systems “present information within a
space through subtle changes in light, sound, and movement,
which can be processed in the background of awareness”
[39][p. 1]. There has been a growing body of research that
explores the design space of ambient displays and artefacts
[29]. Early ambient systems, such as ambientRoom [20], Au-
dio Aura [27] and “The Information Percolator” [15] focused
primarily on showing digital information through output mo-
dalities that integrate into the environment. They leverage
ambient light, auditory sound cues and output, such as water
fountains, to visualize and provide peripheral awareness on
peoples’ activities, information or social connections. A
number of other ambient systems propose specialized arti-
facts that allow users to use the ambient system in their en-
vironment. Cubble [25], for example, uses a cube that lights
up, vibrates or heats up to allow people in a long-distance
relationship to communicate. Similar moveable artifacts are
the moving post-it notes by Probst et al. [31] that can be
placed in the periphery and can be activated to draw people’s
attention when needed. Often, these ambient systems rely on
ephemeral interfaces [11] that have a strong temporal focus
and use tangible output that appeals to human senses, e.g.,
sound, air, light, or water. These examples demonstrate how
information can be visualized in the user’s periphery of at-
tention using output mechanisms that appeal to human senses
and blend into the everyday work or home environment.
Similar to TUISs, using physical space shapes awareness and
allows users to move their attention into the periphery based
on external stimuli. However, ambient displays are fre-
quently used as passive portals into the digital space that do
not encode complex data that can be tailored and appropri-
ated by end-users as part of a data exploration.

Physical Visualizations

Although physical visualizations of data have been in use for
many centuries, recent innovations in low-cost fabrication
and embedded physical computing has sparked new interest
in how physical interactive artifacts can visualize digital



data. Such a data physicalization encodes data in its geome-
try or material properties [23]. As summarized by Jansen et
al. [23], physicalizations hold many benefits over classic vis-
ualizations as they allow for active perception, can leverage
non-visual senses and make data easily accessible. Many
physical visualizations focus on a direct mapping between
the data and representations. Such static physical visualiza-
tions have been used for centuries [23, 41], but more recent
examples include the use of static 3D histograms [22]. Stusak
et al. [37] similarly studied the use of static physical bar
charts. Khot et al. [24] visualized physical activity through
static material representations, such as graphs, flowers and
rings. Recent technological advances, such as ShapeClip
[14] or inFORM [13], are now allowing for dynamic and in-
teractive physical histogram representations of data [38]. A
second class of physical visualizations are data sculptures
[41], which encode data using aesthetic features that push the
physicalization beyond a mere representation of the data, to
an artifact with sociocultural significance. An example of a
data sculpture is the Water Lamp [9], which encodes physical
bits as light-based water ripples. The activity sculptures by
Stusak et al. [36] use candles, lamps, figures and necklaces
to encode running activity in socially meaningful representa-
tions. Ananthanarayan et al. [1] have also proposed visualiz-
ing health technology through personalized visualizations,
such as using paper cherry blossom leaves, flowers, or felt
and velcro stick-objects on backpacks. Finally, Yao et al.
[40] have used biological cells in everyday objects to create
natural actuators that react to thermal changes. All of these
examples show the potential for mapping everyday objects
onto socially meaningful events. Physical visualizations also
have much potential to leverage active perception, become
interactive, and integrate into the physical world of the user
in order to make data accessible. However, existing visuali-
zations either focus on personal abstract representations that
are not necessarily connected to the original data (data sculp-
tures), or move the data sense-making problem into the real
world (physicalizations). More research is needed to deter-
mine how physical visualizations can be used to (i) enable
users to explore and interrogate data themselves, and (ii)
elicit interest to spawn actionable insights about data.

Pipe-Based End-User Configuration

Previous work has proposed ‘pipe-based’ end-user program-
ming to configure or program interfaces through a visual ed-
itor that allows users to connect object by drawing pipes.
Many ‘pipe-based’ editors, such as Max/MSP [43], Quartz
[46], LabView [42], SamLabs [45] and NodeRed [44], have
been used in industry to allow users to create logical config-
urable relations between an input and output space. This ap-
proach has also been applied to programming IoT /smart
space environments [4, 21]. Physikit decouples the input
from the tangible cubes and adopts this pipe-based configu-
ration concept to allow users to connect the sensor data to the
cubes and configure the visualization from their mobile de-
vice. The pipe-based approach was chosen because of the
clearly defined input and output space of the toolkit.

AIMS AND OBJECTIVES

The aim of our research is to explore how configurable phys-
ical ambient visualizations can be mapped onto sensed data
to become ambient data objects. The proposed benefits of
this hybrid approach is to make the interaction with data
more accessible by placing data, in the form of configurable
physical visualizations, into people’s environment (e.g., their
homes). The goal is to create an awareness and presence that
can prime people to explore and use the data based on their
own goals, interests, needs and preferences.

The Physikit toolkit is designed to work with any data, in-
cluding environmental, personal, or health data. For the
study reported here, we chose to investigate how households
would explore and understand environmental data collected
in their homes using Smart Citizen [10]. This is an open hard-
ware sensor kit based on the Arduino platform that allows for
decentralized urban sensing of pollution through a participa-
tory online platform. Citizens deploy their own kit and con-
nect their geotagged hardware over WiFi to an online plat-
form on which the data from the sensors that sense aspects
of their home are shared and visualized on a public website.
The sensors include nitrogen dioxide (NO>) and carbon mon-
oxide (CO) gases, sunlight, noise pollution, temperature and
humidity. The data collected is added to a publically availa-
ble website for all to see — enabling users to compare their
data with others. Each stream of data is visualized on a basic
timeline, showing the trends in the past day, week or month.
The sensors produce time series interval data that is updated
once every minute.

One of the problems with the way Smart Citizen is currently
set up is that many people find it difficult to understand the
data. Balestrini et al. [2, 3], e.g., found that users often strug-
gled to make sense of the provided data in its default graph-
ical form. Users also reported that the kit itself became invis-
ible after a while, resulting in people losing interest in the
data and the kit. This provided us with an opportunity to ex-
plore how to make the data more meaningful. By providing
another layer of physical ambient visualizations — that users
themselves program to map onto the visualized data — we ar-
gue that it can open up a new kind of physical entry point
that can help users become interested in, and understand the
data streams more in the context of their own lives.

PHYSIKIT

The central goal of Physikit is to represent data via physical
ambient artifacts that can be programmed and configured by
a non-expert user. In doing so, it allows users to discover
more about what lies behind the data and decide based on
their emerging understanding how they can act upon the data.

Physical Visualization

Physikit provides physical and embedded ambient data visu-
alizations (PhysiCubes), which visualize one unique data
source through physical dynamic output. A PhysiCube is a
cubical interconnected artifact that has exactly one type of
output visualization that can be linked by the user to a data
input. This notion of an atomic visualization ensures that the



cube communicates the data source in an unambiguous out-
put format as set up by the user. Each PhysiCube visualiza-
tion has an output range from 0 to the maximum value of the
output visualization. Sensed input data is mapped to the out-
put range of the visualization.

Figure 2. PhysiCubes are physical ambient visualizations that

encode sensed data in dynamic physical changes. These visual-

izations can include different types of physical manifestations
including movement, thermal effects, air or vibrations.

As depicted in Figure 2, PhysiCubes can include different
types of output such as movement, thermal changes, air flow,
vibrations, or light. PhysiCubes can stimulate the visual, au-
ditory and somatosensory systems. They are meant to be
seen, heard, touched and experienced by users in order to
elicit them to become interested in the underlying data set.

Visualization

Independent of the physical visualization that is built into the
PhysiCube, each cube has the ability to visualize the data
through three different input-to-output mappings:

1. Continuous: the sensed data is mapped linearly and con-
tinuously to the output of the visualization.

2. Relative: the output of the cube shows relative changes
in the data. Relative changes occur in both positive and
negative directions, signaling changing trends in data.

3. Alert: the configured output of the PhysiCube visualizes
an event when a threshold value that is set by the user is
reached by the data.

Using these three mapping types as the vocabulary of all
PhysiCubes ensures an operation consistency across physi-
cal visualizations. Independent from the data or output visu-
alization, each cube will respond in the same way when new
data is visualized. Independent of mapping type, the visuali-
zation will be run once when new data is visualized. This
consistency gives users a stable concept for the exploration
of combinations of input and output to build a mental model
of the relation between the data and the output of the
PhysiCubes. To decouple the input and output space, the cu-
bes do not provide tangible physical input to modify the vis-
uvalization. The PhysiCube output only changes through
modifying the source or the values of the input space or data
set. Physikit, thus, allows only for system- or synthetic inter-
actions, but not for physical interaction [23].

Appropriation

Once a cube is connected to a data source, it can be placed in
the environment to function as an ambient visualization that
provides cues, alerts or signals to signify changes in the data.
These changes are pushed to the physical visualizations to
allow users to become aware of the changes in the data.

Physikit provides users with a platform and form factor to
craft their own physical ambient visualizations. The base de-
sign of all PhysiCubes is a cubical artifact that is equipped
with brackets and hooks that can be used to attach other arti-
facts, materials or objects, or to attach the PhysiCube to the
environment. The cube can be embellished, covered or even
extended to blend more into the home environment of users,
or to amplify the visibility of the visualizations to extend be-
yond the basic output modality. For instance, strings, wires,
fabric, or cloths can be attached to moving parts to extend
the movement; shreds of paper can be placed before an air
blowing cube to spread the visualization; or a heat cube can
be sewn into a cushion or blanket so that users feel the tem-
perature. A cube can also be placed in a cupboard to allow it
to open the door through its moving parts when data changes.

Figure 3. Data is visualized through four cubes: PhysiLight
(A), PhysiBuzz (B), PhysiMove (C) or PhysiAir (D).

PhysiCubes

Physikit in its current implementation provides four cubes:
PhysiLight, PhysiBuzz, PhysiMove and PhysiAir (Figure 3
and Figure 1, right). We chose to provide four cubes in the
first instance in order to constrain the configurability space
of possible mappings and make it manageable by users on
their first use of the kit [34]. Each PhysiCube visualizes the
data in a distinct way: through light, vibrations, movement,
or air flow. All cubes can visualize data through a continuous
mapping, visualize an alert whenever a configured threshold
value is reached, or notify users whenever relative sensor
data changes in positive or negative directions occur. Con-
tinuous and relative changes are visualized constantly, while
alerts are only triggered one time when new data arrives.

PhysiLight (Figure 3A) visualizes data through a matrix of
RGB LEDs. In continuous mode, it can visualize data
through the number of lights shown, their brightness, or type
of color. When showing relative changes, the cube visualizes
positive, negative or no changes of the data through arrows
and equal signs on the LED matrix, or through colored output
that uses three configured colors to show relative change.
When a certain user-defined threshold is reached, the cube
can 'alert' by visualizing a rainbow pattern or by blinking all
lights exactly five times.

PhysiBuzz (Figure 3B) visualizes data through vibro-tactile
feedback provided by six vibration motors. Continuous data
can be represented through the number of motors or the pulse
speed of all motors. Relative changes are visualized through
a fast pattern of vibrations when the value is higher, slow
vibrations when the value is lower, and no action when the
value is the same. Finally, the cube visualizes alerts by buzz-
ing in different intensities from small to huge vibrations.



PhysiMove (Figure 3C) visualizes data through movement
of a disk at the top plane of the cube. In its current form it is
shaped like a star. Continuously mapped data can be visual-
ized through the speed of the rotation in clockwise or coun-
terclockwise directions. Relative changes are visualized by a
counterclockwise movement when the value is lower, clock-
wise movement when the value increases, and no movement
when the value is the same. Alerts are shown by moving the
rotation plate 5 times 90°, or by one full clockwise rotation.

PhysiAir (Figure 3D) visualizes data through airflows pro-
duced by a small and large fan. Continuous data is visualized
through the intensity of the big or small fan, or both fans.
Relative changes in the data can be visualized through turn-
ing one fan on when the value is higher, and the other fan
when the value is lower. When there are no changes, no fans
are turned on. Alerts are visualized by 5 pulses from the fans.
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Figure 4. After connecting the sensor to a cube (A), the user
can select the type of mapping (B) and configure the output
visualization (C) through two touch-enabled dialogs.

Configurability and Guided Exploration

A key challenge is how to make the configuring and pro-
gramming of the ‘rules’ and mappings between input and
output easy, understandable and memorable to users. To ex-
plore the relation between data and output visualizations,
Physikit provides a user interface that allows users to config-
ure the relation between data and cubes on two levels:

1. Input-Output Connection: users can create pipeline con-
nections between data input and visualizations on the
PhysiCubes to define a relation between in- and output.

2. Input-Output Mapping: once the user defines a connec-
tion between an input data set and visualization, they can
determine the mapping (continuous, relative or alert)
and behaviors (type of output) of the cubes.

Together, the connection and mapping form a data rule that
describes how the cubes visualize the data input. Data rules
can be created, updated, or removed. PhysiCubes can be con-
figured and connected to data in order to explore output mo-
dalities and data connections. Using an end-user program-
ming interface (Figure 4), users create data rules to help them
explore the underlying data source. Although a full input-
output space allows advanced mappings and relations be-
tween the Smart Citizen data and the PhysiCubes, the system
supports constraints and guidance metrics to provide users

with limitations and a path of least resistance in data explo-
rations. To support users in understanding how to create data
rules for particular data sets, Physikit provides abstractions,
thresholds and benchmark values. These values guide users
in creating data rules that help them build a perception of the
Smart Citizen data. The type of abstractions include:

1. Input and Output limitations: which mediate and limit
input and output values that lie beyond the range of the
PhysiCube output modality and input data set.

2. Pipeline limitations: that constrain the amount of con-
nections made between input data and physical visuali-
zations to ensure unambiguous visualization of data.

3. Abstract representations: rather than presenting the user
with raw data, the toolkit provides abstract representa-
tions of value ranges in the form of symbols, concepts
or other understandable representations.

End-User Programming Interface

To enable users to create and visually explore the connec-
tions between input (Smart Citizen sensors) and output (the
PhysiCubes), a web-based cross-platform end-user program-
ming tool was developed (Figure 4). This web application
allows users to add, remove, or change data rules through a
touch-enabled interface. Through a set of steps, users create
data rules that define how Physikit visualizes the input data
on the PhysiCubes. After logging in, the application shows
existing data rules and visualizes them as connected pipes
from the input to the output space. Users initiate a new data
pipe by touching data sources and dragging the pipe to a
PhysiCube (Figure 4A). Connections can be removed by
dragging the pipe away from the cube. When a new connec-
tion is made, the tool shows the users three input boxes that
ask the user for details to help them configure the rule. The
first input screen provides the user with the option to select
the type of mapping (continuous, relative or alert) between
input and output (Figure 4B). After confirming the mapping
type, the user is prompted with a second screen allowing
them to configure the mapping. Only for the “alert” mapping
users can provide specific trigger conditions. For example,
when the user selects the “alert” mapping for the CO sensor
value, they select the condition by choosing whether they
want to be alerted in case the value of the sensor is lesser,
greater or equal to a specific threshold. To guide users in
making informed decisions when setting thresholds, the in-
terface provides familiar relative terms to select from (e.g.,
less than inside a chimney, greater than smoker exhaling) ra-
ther than absolute numerical values. After selecting and con-
figuring the mapping, users decide in a final input screen
(Figure 4C) how the mapping is visualized on the output
cube. For each PhysiCube, the interface provides iconized
options of all the possible output visualizations based on the
selected data source and threshold values. To enable users to
explore what data other Smart Citizen users are collecting,
users can also connect those sensors to their own cubes. This
means they can use the PhysiCubes to visualize both their
own and other peoples’ data to allow them to compare data,
e.g., to check if their neighbors are noisier than they are.



Implementation

The cubes are the same handheld-size (11x11x11cm) and
come in different colors to make them distinguishable. They
are laser-cut from 3mm semi-translucent acrylic. Cubes with
moving parts have protection mechanisms for users. Each
cube is equipped with a 5V mini USB connector and power
switch and can run on battery or power supply and has a cus-
tomized printed circuit board (PCB) that is powered by a
3.3V Particle Core WIFI-enabled microprocessor. Physikit
uses a Node.js website that provides user- and data rule man-
agement through a web-socket connection. It connects to the
Smart Citizen API and processes and cleans sensor data be-
fore pushing it to a rule engine that calculates the input-out-
put mapping that controls the individual cubes via the web.

FIELD STUDY

To study the usefulness, user experiences, usage patterns,
and appropriation of Physikit, we conducted a two-week
field study in which it was deployed in five households as a
technology probe [18]. The goal of the field study was to in-
vestigate (i) which input-output connections participants
would make, (ii) how they leveraged the cubes to explore,
use and understand the Smart Citizen kit (SCK) data, and (iii)
how they would appropriate, embellish and craft experiences
to integrate the cubes into their homes and everyday routines.

# | Members Housing
hy Family (f:40, m:44) with two kids (f:5, m:8). Mother is an House
administration manager, father is an operations program
manager.

h: | Family (f:37, m:38) with two kids (f:4 months, m:2). Mother House
is police staff; father is insurance executive.

hs | Co-living room-mates (f:26, m:28). Both are students at a | Apartment
university.

hy Family (f:28, m:28) with two kids (f:1, m:3). Mother is a re- House
search associate, father is an IT manager.

hs Couple (f:34, £:39). Work as concierge team leader and ac- House

count manager.

Table 1. The demographics of the households.

Participants

Five households from London and South East UK partici-
pated in a two-week field deployment. These comprised
three families with children, one couple living together and
one co-operative living setup with non-related roommates
(see Table 1). Each household was given shopping vouchers
for £50 for their participation.

Apparatus

Each participating household was given a set of four cubes
(Light, Buzz, Move and Air) and a Smart Citizen kit (SCK).
They were told they could place them anywhere in the house.
They were also given an iPad for access to the Physikit web
application, and a WiFi base station that was used to connect
the SCK and the PhysiCubes to the Physikit web platform.
Participants were allowed to use their own devices to access
the web app for the smart citizen data and Physikit app.

Method

The field study consisted of two phases. First, after an induc-
tion to the study, signing an informed consent, and collecting
demographics, the households were interviewed about their
current knowledge and perspective on sensor data. Next, the

households were given a SCK to deploy in their house. Par-
ticipants did not receive the PhysiCubes at this stage because
we wanted them initially to get accustomed to the sensors in
the kit. Second, after 4 to 5 days, the families were inter-
viewed to probe their insights on the sensor data of the SCK.
After this second interview, we demonstrated the Physikit
toolkit to the households until they were familiar with its
basic operation. They were asked to use Physikit for 10 days
(240 hours from the start date/time). During these 10 days,
we performed one phone interview after 2 days to ensure the
system was technically working, and a home visit after 5
days to perform a contextual inquiry of the setup. After 10
days we conducted a final interview in situ to elicit their re-
flections on the usage of the cubes, as well as their insights
and usefulness of the data produced by SCKs. Interactions
on the application and all SCK data were logged. We col-
lected qualitative data using (i) experience sampling via dia-
ries, and (i) interviews and contextual inquiries at the partic-
ipants’ homes. Throughout the study, all households were
asked to maintain a diary in which they could write reflec-
tions, ideas, insights and thoughts about Physikit, the SCK
and the study. Using the iPad, they could also take pictures
and add comments.

RESULTS

Overall, the findings suggest that all households were en-
gaged with the PhysiCubes and created a large number of
rules to explore the data in a range of creative ways. The
physical cubes provided a powerful way of enabling people
to connect with their own and to some degree to others peo-
ple’s data. The understandability and memorability of the
mappings between what was being sensed and what it meant
was sometimes ambiguous requiring them to physically an-
notate and appropriate the cubes. We also found that mem-
bers of the household had different interests in what was be-
ing sensed, which was reflected in the location and position-
ing of the PhysiCubes. All households engaged with the data.

Use Patterns

The households could only create rules for the PhysiCubes
during the second 10 day phase, so usage patterns only re-
flect phase 2. Together, all households created 161 data rules
(X: 32.2, min: 9, max: 46, ¢ = 17.44) during 191 unique visits
(X: 38.2, min: 10, max: 57, o = 20.24) to the Physikit web
application. The Physikit web platform received 91,956 up-
dates from the 5 SCKs, resulting in 299,924 rule executions.
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Figure 5. Normalized plot of all rules created during the study.

As seen in Figure 5, about 50% of all rules were created in
the first 2 days of the second phase. During these 2 days, all
households together created 77 rules to explore the connec-
tions between the sensors and the cubes. After 2 days, rule
creations stabilized to around 10 new rules per day.
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Figure 6. The total number of rules for all five cubes.

In total, most rules were created for the Physilight cube (f
(frequency) = 64; 39.7%) and an almost equal number of
rules were created for the other three cubes (f = 32; 19.8%
for PhysiAir; f=30; 18.6% for PhysiMove, and f=35;21.7%
for PhysiBuzz). The data shows that the light cube was
clearly the most popular visualization. However, overall the
light cube did not substantially outweigh other cubes, as the
use depended greatly on what sensor data people were inter-
ested in. As seen in Figure 6, the PhysiLight cube was most
often connected to the light sensor (f = 24; 37.5%) and the
humidity sensor (f=16; 25%) and much less to other sensors.
For the PhysiAir cube, most connections were made to the
humidity sensor (f = 11; 34.4%) and the NO2 sensor (f = 8;
25%). The PhysiMove cube was most often connected to the
temperature (f = 12; 40%), and the noise sensors (f = 7;
23.3%). The PhysiBuzz was mostly used with the noise (f =
13; 37.1%) and temperature data (f= 11; 31.4%). For 43,3%
of the data mappings there was a relation between the output
of the visualization and the data (e.g., PhysiLight represents
light data, or PhysiAir visualizing air pollution). However,
the other 56.7% of the data mappings did not show any clear
relation between input and output.
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Figure 7. The number of rules created by each households.

In general, users were most interested in noise data (f = 36;
22.3%), followed by humidity (f = 35; 21.7%), temperature
(f=33;20.4%) and light (f= 32;19.8%). Surprisingly, the air
pollution data (NO2 and CO) were used less than other data
(f=15;9.3% and f=10; 6.2%). However, within the 5 house-
holds, there were different preferences on how the
PhysiCubes were set up. As seen in Figure 7, h; (X =4.5; ¢
=22),hh(Xx=22;6=0.8),hs(Xx=10.5;6=0.8) and hs (X =
11,5; o = 2.1) have an even distribution of rules across all
cubes. Only h; had a peak in the amount of rules for the
PhysiLight (x =11.5; 6 =9.5).

Looking at the type of mapping (alert, continuous or rela-
tive), there are clear differences between the cubes. For
PhysiLight, almost all the data rules used a continuous map-
ping (f=31; 48.2%) or alerts (f=27; 42.1%) while very few
data rules were set up for relative changes (f = 6; 9.3%).
PhysiAir was mostly set up for alerts (f = 23; 71.8%) with
fewer continuous mappings (f = 8; 25%) and only one rela-
tive mapping (f= 1; 3.1%). For PhysiMove, there was a more
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Figure 8. Normalized overview of all data rules created by the
five households during the deployment.

even distribution with almost equal amounts of continuous (f
= 11; 36.6%) and relative (f = 12; 40%) mappings, and a
lower number of alerts (f = 7; 23.3%). Finally, for the
PhysiBuzz cube, most data rules were set up for alerts (f =
19; 54.2%) and relative mappings (f = 10; 28.5%), with few
continuous mappings (f=6; 17.1%). In total, households cre-
ated 76 alerts (47.2%), 56 continuous data rules (34.7%), and
only 29 relative mappings (18%). This shows that the differ-
ent cubes have different motion and visual properties that af-
ford different types of mappings depending on the data.

As shown in Figure 8, participants created rules throughout
the deployment. The graph shows how long a rule ran on
each PhysiCube before it was changed or removed. 53.4% of
all rules (f = 86) were run less than an hour. These were ex-
ploratory mappings before households settled on one specific
rule. The graph also shows repeated connections with the
same sensor, indicating data rules with different mappings,
or values. The data shows that although the distribution in
rules across the cubes was homogenous for most households,
the duration of the rules were very different in each house-
hold. Figure 8 shows usage patterns can be categorized into
three main approaches:

1. Fixed Connection: one data rule was created and used
throughout the entire deployment (e.g., PhysiMove, hy).

2. Rapid Early Exploration: short early data rule changes
leading to a fixed and long-term data rule configuration
for the rest of the deployment (e.g., PhysiAir cube, hy).

3. Continuous Explorations: short and long iterative explo-
rations throughout the study. The data shows both ho-
mogenous explorations using the same sensor (e.g.,
PhysiLight cube, hs) and heterogeneous explorations
switching between sensors (e.g., PhysiLight cube, hy).

User Experience, Appropriation, and Use

The results of phase 1, in which only the SCK was deployed,
were in line with the results from Balestrini et al. [3] as all
households struggled with grasping the significance and



meaning of the data as they were uncertain about the correct-
ness and use cases of the sensor readings. Furthermore, the
interviews also revealed that 3 of the 5 households forgot
about the kit. The absence of benchmark data made it
difficult to make sense out the data. One member of hs noted:

“In the beginning I looked at the data at least twice a day,
but I found the data not useful, it simply does not give me
anything. I don’t understand if the data is good or bad.”

Three households reported that they also checked the sensor
data of the other households involved in the study. Since the
raw data itself did not carry much meaning, they tried to
compare their own data to the data of other households in
order to find anomalies and similarities. Two households
also mentioned that they regularly moved the SCK around in
the house to explore the sensor readings in different parts of
the house, because the kit was in the way, or to create sensor
readings that were much more similar to the other house-
holds. More general, the deployment of the SCK helped
households reflect on which types of sensors are available
and the potential effects of the pollution. However, both the
interviews and diary entries showed that none of the house-
holds fully understood the data or actively used the kit.

The quantitative data shows that the cubes were widely and
regularly used throughout the 10 days of phase 2 of the study.
The diary and photos taken by the households showed that
PhysiCubes were primarily placed in the living room and
kitchen and in only one occasion in the bedroom. The cubes
were placed on tables (kitchen counter or table) or on the
window sills, but in a few instances the more subtle cubes
were placed next to participants’ sofas or bedroom tables.
Four households mentioned during the interviews that they
regularly moved the cubes around in the rooms to explore
where the visualizations would work best, but also depend-
ing on which sensor was connected to the cube. The partici-
pants reported that these explorations about where to best
place the cubes were part of the initial data exploration,
which is supported by the data that shows 50% of the data
rules were created in the first 2 days of the second phase. In
general, our interviews showed that participants considered
the color and shape of the cubes as unobtrusive and beautiful
as they blended into all homes (as seen in Figure 9).
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Figure 9. The PhysiBuzz cube integrated into the house.

The interviews indicated that participants who spent more
time at home were able to understand changes in data directly
from the cubes. This was primarily the case for higher band-
width cubes, such as the move and light cubes. This suggests
that when people regularly observe the cubes, they can create

a deeper understanding of the input-output relations. The two
households that spent less time at home found it more diffi-
cult to understand changes in the data through the cubes and
reported to look more at the SCK website. Data rules were
primarily created by one person in each household who had
claimed ownership over the configu-
ration. When setting up the data
rules, this ‘champion’ discussed the
rules to make sure they only used
“logical” connections but also to en-
sure other members of the household
knew what the visualization meant.
- = The social externalization of data
Figure 10. Sticky Note  1jes helped users remember what
each cube was representing, especially when exploring new
configurations and sensors. In two households, creating data
rules was a shared responsibility. This introduced problems
in that others in the household did not know about the newly
created rules and, hence, did not understand the visualiza-
tion. To handle this, hs reported that they simply checked the
connections in the application. Another strategy used by hs
was to use sticky notes to share what the cube was visualiz-
ing (Figure 10). During the in-situ interviews, we also ob-
served how different members of the household had a differ-
ent understanding about the cubes. For example, in one
household, the users linked the color of the cubes to the sen-
sor they represented, so changes in the rules required them to
reconstruct the meaning of the cubes. As described by Hs:

“You linked them in a different way in your head. I linked
them color-wise. That’s one difference straightaway.”

Two households kept the cubes and SCK in the same room
as it did not make sense to them to visualize data from an-
other physical space. More generally, the diaries and inter-
views showed that households agreed that the cubes provided
a suite of possible visualizations that could be employed for
different use cases. PhysiBuzz, for example, was frequently
perceived as an extreme visualization that was too loud. As
seen in Figure 9, hs placed it on top of a towel to dampen the
noise and create a more acceptable vibration. However, mul-
tiple participants argued that the loudness and intrusiveness
would be appropriate for alerts. For example, when the CO
level is at a critical level, a loud warning would be useful.
The PhysiLight was considered one of the most useful cubes,
as it had a higher output bandwidth than the other cubes and
could signal data without the need for people to wait for
physical changes. In h;, PhysiLight was used by the parents
to show the noise levels of their children in the house. How-
ever, the strategy of using the cube to show the children how
loud they were backfired as the kids found out through the
cube that their mom was louder than them. The air cube was
considered to be abstract as it was hard to understand data,
and required monitoring. As described by the couple in hs.

“The fan is also not very intrusive. It’s all about where you
put it. I could have put it somewhere else and I wouldn’t even
have known it was going on because it’s a very subtle thing.”



One household proposed to place

i v R the PhysiAir next to the ecologi-
cal waste unit to “stink up” the
apartment when the CO level was
too high to extend the visualiza-
tion beyond the perceivable area
around the cube to the rest of the
house. PhysiMove was the cube
that was most frequently appro-
priated. For example, hs placed a
basil plant on top of the Phy-
siMove (Figure 11) next to a win-
dow. The cube was set up to rotate
if the humidity was below 60%. At the end of the day, the
household could tell by the direction of the open leaves of
the plant whether the humidity was OK. They deduced if it
was too high from whether the plant had started to lean to-
wards the window — in doing so creating a naturally growing
physical visualization that held historic data. Although
PhysiLight was perceived as the most useful cube, one
household argued that once setup, movement was a much
better visualization. As described by father in hy:

Figure 11. Basil plant

“The cog one for me was definitely the most interesting one.
[ think we put that one on the carbon monoxide... it would go
faster as it rose you could visually see the difference.”

All households reported to sometimes turn of the visualiza-
tion using the power button. Hj, for example, described how
the kids would turn off the cubes when watching TV. Two
other households turned them off when they went to bed, like
other appliances in the house.

During the final interviews it became clear that all house-
holds had an overview of the data of their SCK, and more
importantly also formed an opinion about the potential accu-
rateness and importance of the data. The cubes helped par-
ticipants understand changes in the sensed data but also trig-
gered them to investigate what was behind the change. The
cubes also helped the participants to think and reflect on the
data changes and made it more meaningful when looking at
the data provided by the SCK website. The interviews
showed how Physikit made data more visible to users, result-
ing in a change and broader interest in the different types of
data. As described by ha:

“Since having the Physikit [...] I have been more interested
in noise, humidity, temperature and light — all of which you
can perceive using your senses.”

Two households suggested that raw data could be available
on the cubes since using an iPad to visit a website was some-
times too much effort. Throughout the deployment, partici-
pants also became increasingly suspicious about the accu-
racy of the kit. As their interaction with the data through the
cubes increased, they realized by comparing their data to
other households, that some of the sensor data was wrong.
Using Physikit, all households realized issues with the NO2
and CO sensors, and even started checking other websites to

see to what degree the data was accurate. This better concep-
tualization of the data also influenced people’s behavior. Hs,
for example, started opening doors and windows more regu-
larly whenever the humidity value went up and visualized the
changes on the light cube to monitor changes over time. Two
of the households also described that although they better un-
derstood how the data “worked” and what the sensor meant,
they also felt powerless about some types of data, such as
CO, since they could not influence or change it.

DISCUSSION

Our study demonstrates how 5 households used Physikit to
explore a variety of data collected in their homes through
configuring, appropriating and integrating the physical am-
bient visualizations into their everyday life. The results indi-
cate that Physikit allows people to craft their own experi-
ences, affordances and interpretation of data to help them
build an engagement with the data set.

Understanding Data

Although evaluating the in-depth understanding of data was
not a core purpose of the deployment, the study did reveal
different ways by which the participants attempted to make
sense of data. The findings show how the households who
stayed at home during the day had more time to follow the
changes over time whereas those who went out to work and
were away for most of the day had to infer what had hap-
pened since they last looked at a cubes. The two households
that spend most time at home were able to make sense of the
data from the actuations of the cubes alone. The other house-
holds monitored the cubes and when the changes were fre-
quent enough, they used the tablet to visit the website and
look at the data represented by the cube. In these situations
the cube itself did not provide enough capabilities to repre-
sent all the data changes, but was used as a catalyst that drew
people in more to explore and understand the data. Users
were also intrigued to know how they compared with others
(e.g., were they less noisy than their neighbors or mother?).
This ability to compare their data with other’s data using the
cubes proved to be an interesting mechanism to elicit en-
gagement with data, providing in-roads to the sensed data,
via a particular form of human interest. In two households,
participants also crafted their own visualizations using the
cubes as a toolbox by, e.g., placing a basil plant on the Phy-
siMove. In doing so, they were able to create their own per-
sonal ambient device that showed at a glance, historic data
about their house. Specifically, in the example of the basil
plant, they could immediately see whether or not the humid-
ity in the house was at the right level, without the need to
dive into the underlying data. This example demonstrates a
potential for users to design and craft their own personalized
physical visualizations that can hold rich historical data.

Data To Cubes Mappings

The study demonstrates how participants created a diversity
of rules but also indicated what was of most interest to them.
The data shows that households were primarily interested in
the noise, light, and humidity data, and not so much in the air
pollution data (CO and NO»). The mapping data also shows



that although households created rules between sensors and
visualizations that had a clear similarity (e.g., light or air),
most of the created rules in fact did not have any apparent
relation between sensor data and output visualization. This
suggests that users are willing and able to explore alternative
mappings between the input and output space as part of the
data exploration process. Although the PhysiLight was per-
ceived as the most useful visualization because of its high
output bandwidth, it did not outweigh the other cubes. Ra-
ther, as indicated by the mapping data, different visualiza-
tions serve different purposes depending on their affordances
and output. The light and move cubes were perceived as gen-
eral purpose visualizations that could depict any data,
whereas the air and vibration cubes tended to be mapped onto
specific kinds of events, for example, to provide a warning
by buzzing loudly. Alerts and constant mappings were much
more popular than relative changes, which were not used of-
ten. Although some of the mapping configurations appeared
to be quite similar, participants were able to distinguish be-
tween them because they had created the mapping them-
selves and hence knew what they meant.

In this study, the cubes were used for urban data. However,
they can also be used in a other contexts such as social media
events (trending issues, news flashes, new messages), health
data (glucose levels, blood pressure, heart rate) or public data
(e.g., swimming pool occupancy, number of people visiting
a site). The cubes could be positioned at home, work or even
in public places. The configurable affordances make it pos-
sible for people, groups or organizations to create and decide
themselves. Future research is required to examine how well
Physikit scales up and is suited to other kinds of settings.

Flow-Based Programming

The study suggests that people are comfortable with, and un-
derstand readily a guided form of end-user programming
when configuring domestic-based IoT. A guided, abstracted
and constrained flow-based system on a screen allowed peo-
ple to quickly and effortlessly explore data connections. The
well-established pipe-based programming paradigm is an
easy to use and understandable interface for configuration of
IoT devices. The interface helped users understand how to
create, delete or change rules. It also encourages a range of
data-to-physical mappings to be explored before settling on
a stable set of connections that make sense and can easily be
remembered. Although the abstractions and path of least re-
sistance allowed for low configuration work, it also greatly
limited the options to create more complex rules. While the
back-end does support complex data aggregation, and com-
bined outputs, the interface does not provide programming
concepts and Ul components to support this. There is, thus,
an important trade-off between configurability and ease of
use that needs further research to understand the difference
between guided and free-form data exploration, but also to
explore programming of mappings through the cubes them-
selves. Another problem that emerged from the study is con-
flict during collaborative rule editing. In two of the house-
holds the data rules were created and changed by several

members, thus, creating confusion on both the output on the
visualizations but also on the correctness of the rules. Poten-
tial solutions for this could be to include awareness or own-
ership cues in the created rules, but more research into col-
laborative end-user programming is needed to understand
how people can share rule editing.

Integration and Appropriation

All households creatively integrated the cubes into their
homes to find suitable use cases for the visualization in rela-
tion to the available data. The cubes were largely used as
standalone displays. A different form factor, such as using
smaller cubes or cylindrical shapes, might afford other ways
by which people could integrate and embed them into their
homes. In general, our study indicates that using physical
tangible displays provides much scope for exploring data.
The cubes stand out and arouse curiosity [17] (e.g., compared
to digital notifications). They can be placed in the home or
other places for a group to see rather than popping up on an
individual’s smartphones (as is often the default mecha-
nism). The portability and color provided the opportunity for
each cube to have its own distinct personality that can be sit-
uated and integrated in people’s homes. They easily afford
placing on shelves, window sills, kitchen tops, tables, TV
and so on. They also readily enable adaptations and dressing
up, such as placing things on top of them (e.g., plants, ob-
jects). They can be designed to blend into a room so that they
become another household object. However, they can also
encourage individual possession. Different members of a
household might want the blue one, or the one that moves.
This can also be turned around; how to share them and decide
how to map them can be viewed as a tool to explore family
dynamics. The current study explored the use of Physikit for
a short period of time, but more studies are needed to inves-
tigate the long-term effects and sustainability of ambient
physical visualizations for various data sets.

CONCLUSION

Physikit was designed as a new kind of interface for the gen-
eral public to explore data through reconfigurable and appro-
priable physical ambient visualizations that represent data
through movement, vibrations, air and light. Our human-data
design approach shows that it is possible to provide people
with tools and mechanisms to craft their own data experi-
ences to build better data concepts. Our field study showed
how households successfully and creatively appropriated and
used the kit to integrate data into their homes. The cubes
probed participants with data changes that resulted in further
inspection of the underlying data. The study also showed
how people designed their own experiences using the cubes
as building blocks. Physikit has shown how it is possible to
democratize data to the general public in ways that are mean-
ingful, creative, and aesthetic, while opening the door for
end-user programming to be repurposed in the realm of IoT.
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