The MADE-Axis: A Modular Actuated Device to Embody
the Axis of a Data Dimension

JIM SMILEY, BENJAMIN LEE, SIDDHANT TANDON, MAXIME CORDEIL, and
LONNI BESANCON, Monash University, Australia

JARROD KNIBBE, University of Melbourne, Australia

BERNHARD JENNY and TIM DWYER, Monash University, Australia

Tangible controls—especially sliders and rotary knobs—have been explored in a wide range of interactive
applications for desktop and immersive environments. Studies have shown that they support greater precision
and provide proprioceptive benefits, such as support for eyes-free interaction. However, such controls tend to be
expressly designed for specific applications. We draw inspiration from a bespoke controller for immersive data
visualisation, but decompose this design into a simple, wireless, composable unit featuring two actuated sliders
and a rotary encoder. Through these controller units, we explore the interaction opportunities around actuated
sliders; supporting precise selection, infinite scrolling, adaptive data representations, and rich haptic feedback;
all within a mode-less interaction space. We demonstrate the controllers’ use for simple, ad hoc desktop
interaction, before moving on to more complex, multi-dimensional interactions in VR and AR. We show that
the flexibility and composability of these actuated controllers provides an emergent design space which covers
the range of interactive dynamics for visual analysis. In a user study involving pairs performing collaborative
visual analysis tasks in mixed-reality, our participants were able to easily compose rich visualisations, make
insights and discuss their findings.
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1 INTRODUCTION

The rapid advance of computers has seen more and more data manipulation disappear into circuits
and software. Traditional data visualisation has, at best, given us a window into this electronic
realm. Immersive display technologies, such as augmented and virtual reality, offer to bring images
of data back out of the computer and “into the world around us". Making it possible to touch and
feel these representations of data is a difficult design challenge, yet it is important to address if we
are to properly use our full human sensory abilities to explore data.
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Quantitative data visualisation revolves around the concept of mapping quantitative data dimen-
sions to a spatial axis. In this paper we introduce the MADE-Axis, a Modular Actuated Device to
Embody an Axis. The lightweight, hand-sized, cordless device features actuated sliders, a rotary
encoder and button for spatio-data coordinated interaction [12]. Past research has demonstrated
benefits of tangible, mixed-reality systems to enable new pathways in our understanding of complex
data. As sophisticated as some of these past systems have been they are yet to find widespread
application outside of research labs and challenges remain to create devices for data manipulation
that are practical.

Compared to past devices for interacting with data visualisations (Sec. 2), we contribute a
novel device with a set of interaction affordances that are particularly supportive of the practical
interactive dynamics of visual analysis (Sec. 4). In particular, the MADE-Axes are: (1) easy and
affordable enough to build that many units may be constructed and used in powerful combination
(Sec. 3); (2) flexible enough to support a variety of use cases (Sec. 5); and (3) robust, small and light
enough to support hand-held use in mixed-reality scenarios, where (4) it has a particular strength
as an embodied affordance for visualisation control, which can be physically shared in collaborative
scenarios, as demonstrated in a qualitative user study (Sec. 6).

2 RELATED WORK

Our work is directly related to immersive analytics research [51]. We build on multidimensional
data visualisation authoring and exploration by leveraging tangible interaction, actuation and
composability.

2.1 Tangible interaction in visualisation

Tangible interaction aims at leveraging and mimicking natural human manipulation of objects
in their 3D environment [20, 33]. Past research demonstrates that tangible interaction is useful
to provide fast and precise 3D manipulations [3], to foster collaboration [52, 53], and to provide
engaging immersive experiences [3, 70]. Such results make tangibility an interesting candidate for
visualisation research projects and tangible interfaces have been one of the most studied interaction
paradigms for interaction with 3D spatial data in visualisation [5].

A pioneering example by Hinckley et al. [28] used tracked props for neurosurgeons to explore
the internal structure of their dataset by manipulating cutting planes. Following this example, many
research projects have created tangible props for a specific purpose. For example, Schkolne et al.
[57] used custom tangible devices, such as a gun, to explore and manipulate DNA datasets in VR.
Jackson et al. [35] used a paper roll to create a tangible prop to select thin fiber structures. Gomez
et al. [24] combined two tracked devices: a pen-like probe to brush in a 3D volume and a cube to
manipulate the data, while De Haan et al. [16] combined a pen-probe and a transparent acrylic
plane to help select regions of interest in 3D data. Issartel et al. [34] created a ‘cuboctahedron’
to manipulate fluid dynamics data with 6DoF in handheld AR, providing additional props (e.g., a
stylus) to manipulate a cutting plane or place seed points in 3D.

Other researchers have tried to use pre-existing devices (some with built-in tracking solutions) to
increase their versatility. Cassinelly and Matasoshi [8] used a tracked screen to facilitate exploration
and annotation of medical data. Song et al. [60] and Lopez et al. [48] used a similar approach,
combining a smartphone/tablet with a large vertical display. Besancon et al. leveraged the built-in
tracking of the Google Tango tablet combined with its tactile screen to propose data and cutting
plane manipulation or seeding point placement [2] as well as 3D extrusions of 2D lasso shapes
for 3D selection of spatial data [4]. Spindler et al. [61, 62] made use of tracked props to support
a variety of visualisation tasks ranging from augmenting an existing visual representation with
colours to providing different levels of abstraction.
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On the spectrum between specialised and generic devices, the work of Cextdsil[ 11] stands
out. Their work highlighted a novel approach to controller design with the conceptsphtio-
data coordinatiofi3. Where most specialised controllers use novel mechanisms to achieve a
speci ¢ goal (i.e., simulating weight or momentum), thdtmbodied Axesxplored the application
of a standard, common component the actuated slider. Paired sliders were mounted on three
orthogonal axes, to create a volumetric range selector. In this paper we generaligentibedied
Axesconcept from a specialised 3D interaction device, to universal controllers not only for spatial
data with three orthogonal dimensions, but to any number and spatial or non-spatial con guration
of quantitative and categorical data dimensions. While Cordeil's Embodied Axes system had three
table-mounted axes xed orthogonally to provide a 3D interaction space, we explore the value of
decoupled (wireless and modular) axes controls that can be handheld or placed in various combined
con gurations to cater to a variety of applications.

2.2 Actuated visualisations and devices

Haptic feedback has been explored in visualisation using speci c commercial devices (e.g., PHAN-
ToM [49 50, 66 67]) or lab prototypes (e.g.47). While most physical visualisations are inert,
actuation can make them dynamic and interactive (see e3f]) [Actuated systems can represent
physical pixels" representing binary values or a range of di erent values. Many of these systems
rely on arrays of motorised barp, 45 54, 64, while some provide a more continuous control

of the nal shape R1, 55. The physical pixels of these systems can be mapped to data values in
order to allow physical visualisation to represent non static dag2,[44, 64. The primary focus of

these systems is to provide some control over a speci ¢ topology or geometry. Yet, only a handful
of these systems facilitate interaction (see e.g4). It must be said that these systems are also
typically expensive to manufacture, large and unwieldy.

To provide a more versatile control of geometry and interaction techniques, Le&at[40 41]
introduced Zooids: small robots that can rearrange themselves on a table in order to provide several
visual representations and adapt to the data. In addition to the versatile output they produce,
they can also be used as exible controllers to interact with the data with Itering, picking, and
dimension selections. Our work directly takes inspiration from these, but rather than aiming to
provide actuation per data point, we target an axis as an embodiment of an entire data dimension
and as the primary a ordance for interaction (inspired by the work by Lisch&eal.[47] and
Cordeilet al.[14]).

2.3 Composability in visualisation

The concept of interactive composition of visualisation elements to allow users to create rich
displays has become fairly standard for data visualisation softw&@. [Classen and Van Wijk
[1( demonstrated the use aixeg(linear representations of data dimensions) as the elements of
composition. Several systems have drawn inspiration from this work since tl&nhgg and have
all been designed for 2D, desktop-style non immersive and non embodied setups.

In contrast, our work focuses on data visualisation composability with embodied interaction
in mind [17 the MADE-Axes are designed to embody a data dimension with a device that
can be manipulated and positioned in the user's space to compose visualisations. Previous work
has investigated how embodied interaction helps users organise and compose their workspace
with tangible representations of data (e.g., air tra c controllers compose paper strif§ 56
representing ight data). Huroret al.[30 31] explored the use of simple building blocks to build
data physicalisations.

We also see MADE-Axes as composable building blocks for interacting with data. One inspiration
for this work is parameter barby Ullmeret al.[65. They combined sliders and a display into a
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device that could lter attributes along a data dimensioRarameter barsere combined to interact
with multiple dimensions: when the bars are adjacent a Boolean AND operation is applied, and
when they are spatially separated a Boolean "OR" operation is applied. However, the combination
of these devices was through attaching them to a slotted rail rather than free-form position (as we
explore in this work). Further, they did not explore the possibilities of actuation of the sliders. With
ImAxes Cordeilet al.[ 14 explored the construction of multivariate visualisations with data axes as
building blocks in virtual reality, but using standard VR controllers. Batch et &) .flirther studied
how data scientists leverage the 3D space to compose, organise and explore their visualisations
with ImAxes Strongly related to these approaches, Khaakal.[38] proposed the use of discs to
represent slices of a dataset that can be spatially rearranged and even worn by users.
MADE-Axes physicalises the virtual axes composition exploredhm\xeg[14]. and the com-
posable tokens explored tparameter barg65, but with greater possibility for tracked control,
actuated haptics, and application to a greater variety of visualisation types and Use Cases including
mixed-reality (Sec. 5).

2.4 Immersive Analytics

Immersive Analytics aims at combining several research elds to better support data analysis with
immersive technologiesld 51. As an emerging eld, it currently faces a number of key research
challenges 19. We focus here on two of these key challenges. The rst, "Supporting transitions
around immersive environments 19, pertains to the inherent need of analysts to combine several
working environments, such as a desktop station (for its powerful computing power and variety
of software tools) and an immersive context (for its ease of use). To address this challenge, past
research has looked into using classical desktop input devices (mouse and keyboard) or touch
devices in immersive setting®$[23 26 69. In contrast, with MADE-Axes we create a device for
immersive setting that also present some a ordances for classical desktop workstations with its
two sliders.

The second challenge pertains to "supporting behaviour with collaborators in immersive settings
[19. Collaboration scenarii are rarely explored in augmented realig[ In most cases, they
involve a singular shared visualization between all uset§[ while some approaches relied on
mobile devices with touch screens in immersive context to allow for collaborative analysi P9.

In our work, however, we propose to use multiple MADE-Axes devices: they can be used by several
users independently, combined and collectively manipulated, and their inherent tangible properties
a ord for more natural collaboration patterns [52, 53] between users.

3 THE MADE-AXIS

Our initial motivation was to deconstruct our Embodied Axe%]] device in order to make it
modular , wireless, andre-con gurable for di erent data visualisation scenarios. To reach this
goal we designed and built individual axes controllers that could then be arranged in di erent
layouts, or used as controllers for visualisation applications. This form factor suits visualisation
applications particularly well since most visual representations rely on a Cartesian coordinate
system.

The MADE-Axis is designed to o er six key a ordances for data interaction in termsmgbut,
output andcomposabilityas follows:
Input:

Poseposition and orientation for spatio-data coordination.

Data-type appropriate physical controls (linear and rotational) as well as a button for selec-
tion or mode switching.
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Output:

Synchronised visuals via coordinated screen display or in-situ to the device through augmented
or virtual reality.

Actuated sliders for automated movement of the controls to data-determined positions or data
haptics.
Composability:

Multiple MADE-Axes to embody a multidimensional data space.

With other devices such as screens, headsets, motion tracking, etc.

To achieve these capabilities the controllers must be lightweight and handheld. Further, to
support recon gurability, the devices should be easy to place laying down or standing on a range
of surfaces.

3.1 Hardware Design Details

We fabricated an aluminium case to host two sliders, push button and push rotary knob. The push
button was an addition to the previouEmbodied Axedesign [L]], to better support switching
between interaction modes. Additionally, we moved the rotary knob to the the front face of the
controller, to axis-align its input - for example, allowing the knob rotation to be congruent with
rotation of 3D volumes around the axis.

Each device consists of two 100mm actuated slide potentiometers (Bourns PSM series), a rotary
encoder with push switch (Alps EC11E series), a momentary push button with integrated LED,
and an ESP32 based micro controller development board with onboard Bluetooth. Each device also
houses a 1200mAh Li-ion battery and four custom printed circuit boards - a slider board (one per
slider), a distribution board, and an encoder mounting/ Iter board. Current draw is around 160mA
at 3.7v during bluetooth transmission.

Each slider motor is controlled via pulse width modulation, with a frequency of 25kHz in order
to prevent the motors becoming audible. The motors can be controlled to provide haptic feedback.
This is achieved by activating the motor in both directions sequentially for a time period of 2ms in
each direction, with the force controlled by pulse width.

The MADE-AXis is also designed to support a spatio-data coordinated input space. To this end,
we track the spatial orientation of the device in 3D space. This allows the devices' orientation to be
used to infer relationships to both axes and data points. To achieve 3D tracking of the controller,
we attach a unique pattern of 3-5 passive IR markers onto the ends of the device and track it using
an 8-camera Vicon motion capture rig. This enables sub-millimeter-level tracking precision. Each
MADE-AXis is connected via a standard bluetooth serial COM port.

We reused the same minimal API that we developed for the Embodied Ak#<1q create high-
level applications. The Windows MADE-AXxis driver allows the programmerRuive each slider
knob along their axis to match a given positioRulse each slider knob for haptic feedbadRead
the current slider knob positionRead the state of the push buttorRRead the rotation steps and
the push state of the rotary button; anfletthe brightness of the LED via pwm. This minimal set of
low level commands was used to build all the higher level applications presented later in this paper.

We provide all design les, component information, and driver code at github (anonymised - see
appendix for submission).

3.2 Interacting with MADE-Axes: Basic Behaviours

In this section we brie y describe how the MADE-Axis hardware design supports a variety of
modes of interaction with data visualisations, with forward references to the use-cases (Section 5)
that illustrate their use in greater detail. The mappings of MADE-AXis interaction a ordances to
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Fig. 1. Basic operations (le ) and slider actuation (right).

visualisation operations listed here is intended to be illustrative, not complete. In Section 4 we more
thoroughly explore the possibilities of MADE-Axes to support the full range of data visualisation
interactions.

Each MADE-AXxis a ords 11 degrees of freedom (DoF)rgdut: Sliders (2 DoF), Push Button (1
DoF), rotary click button (2 DoF), and (optionally) their spatial orientation (6 DoF).

Without spatial tracking the controllers can be manually placed to align with the corresponding
visualisation dimensions. With spatial tracking their data binding can be inferred from position,
making it ideal as a hand-held controller in immersive (VR or AR) data visualisation (Use Case
5.2.1) or as a direct physical embodiment of an axis in mixed-reality scenarios (Use Case 5.2.2).
Actuation of the sliders also gives them &uwutputa ordance, providing a myriad of data-informed
interaction possibilities.

Finally, when multiple MADE-Axes are combined, or individual MADE-AXxis are combined with
an additional display, further interaction opportunities emerge, $e@mposability3.2.1.

Basic operation The sliders form the core of data interaction with the MADE-AXis, a ording
direct manipulation of the slider knobs to select a range of values along a dimension, see Fig. 1a. In
typical use, the left slider selects the minimum value of the range and the right slider selects the
maximum. The controller is small to allow range selections to be performed with a single hand
(unimanually). This allows the controller to be held in one hand while the other performs the range
selection. Alternately, the controller may be placed on a surface (table or horizontal screen) and
range selection performed bimanually. The rotary encoder is used to scroll through the dimension
being visualised, see Fig. 1b. The push button switches modes to enable haptics and automation
behaviours.

Actuation  The sliders' actuation a ords a variety of enhanced interaction-feedback opportunities
and we designed a series of associated behaviours, acrosbptits(tactile force-feedback) and
automation(automatic movement of the sliders to speci c positions). These depart from those
presented in Embodied Axe&]] (which includedcoordinatiorandfollow modg For completeness,

we present the full range of behaviours, including those previously discussed in Embodied Axes.

First, the actuation can create the sensatiomaotcheslong the sliders' travel, see Fig. 1c. These
notches can be used to convey data features, navigate discrete data step by step (e.g. dates) or
present previously highlighted points to the user.

Second, the actuation supports creation of resistance (the slider knob resists push) and pulling
(the slider knob is attracted to a speci ¢ point on the slider), see Fig. 1d e ects. Combining resistance
and pulling allows to creatsnappingoehaviours, e ectively changing the linear slider between
continuous and categorical input. This is achieved by varying the resistance of the sliders' travel,
giving the sensation of being pulled toward a hard point.

Third, the resistance along the slider can be mapped to the data itself, creatingebttaeshat
the user can feel as they move along the slider (inspired by Strohmeier eé3glahd Lischke et
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Fig. 2. Filter and zoom using follow mode to pan and joystick mode to expand zoom extent

al. [47), see Fig. 1c. Moving the slider knob along the axis the user feels the clusters and the voids
of the distribution.

Finally, the actuation can enabjeystickstyle interactions, see Fig. 1f. These interactions a ord
the impression of pushing beyond the ends of the sliders, giving the haptic sensation of a 'rock-over'
interaction. This allows the user to expand the data range that the sliders represent (e.g. zoom out).
We achieve this by very quickly and repeatedly pushing back against the user as they push the
slider beyond the end of the sliders' range.

Follow mode The sliders' actuation also allows for automation of slider position - Figs. 2a-c.
We term a number of behaviours where one slider position automatically follows the position of
another slider follow mode . Basic follow mode allows for one slider to follow the other by a xed

o0 set 3. For example, in single value (rather than range) selection operations, it can be useful to set
3 = Osuch that the two sliders are tied to the same valuksgrete follow-mode?a), creating the
appearance of a single slider. Alternatively, a x8dcan be kept between the two sliders, creating
arange follow moddor example to pan a constant width window - 2b. Finally, the sliders may be
set to arbitrary positions, for example, to restore a previous range selection when remapping the
data binding of the axis, or if multiple MADE-Axes are mapped to one dimension (for example
during multiuser operation) any slider changes on one axis should be re ected on the ogterst
follow mode 2c).

Zoom Operations: The MADE-AXis sliders can represent any range of data - Figs. 2d-f. At their
most intuitive, the slider extent covers the full range of the data dimension to which it is bound
and pinching the sliders together causes the display to zoom to the selected extent, 2d. However,
the user may require more precision in performing range selections, so pressing the button causes
the sliders to jump back to their end positions, mapping the new selection range to the full travel
of the sliders without changing the visual, 2e. Upon completion, joystick-mode can enable the user
to zoom back out, past the zoomed extent, 2f.

3.2.1 Composabilitjdultiple MADE-Axes can be used simultaneously, limited only by Bluetooth
connectivity (in Use Case 5.2.2 we test with six). These may be combined in various modes of
operation, with or without tracking, in mixed-reality or in tandem with a screen.

In-situ Operation  The Embodied Axis devicel[l], which inspired MADE-AXis, involved three
sets of sliders xed in position orthogonally with respect to each other and was anchored to a
table. By contrast, MADE-Axes can be placed to align directly with the spatial dimensions of a
visualisation for use with either a conventional display device or mixed-reality. Their mapping to a
data dimension can be xed (for example, selected with the rotary control) and they can be placed
by the user in a position that makes sense (e.g. aligned to the visualisation's spatial mapping) or is
convenient or ergonomic, e.g. see Use Case 5.1.

Tracked Operation Alternately, the MADE-Axis may be spatially tracked and the data binding
can be determined from orientation (horizontal f@&axis, vertical for~-axis) or proximity (bind
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Fig. 3. Interactive Dynamics for MADE-AXis Input A ordances

to closest visual axis) relative to the visualisation, e.g. see Use Case 5.2.1. Alternately, if there are
as many MADE-Axes as dimensions in the dataset, then there is no need for remapping, and the
persistent 1:1 mapping of MADE-AXxes to data dimensions becomes a complete physical embodiment
of the dataset, e.g. see Use Case 5.2.2.

4 MAPPING MADE-AXES AFFORDANCES TO INTERACTIVE DYNAMICS FOR
VISUALISATION

Here, we explore the interaction space of MADE-Axes, in light of Heer and Shneiderman's taxonomy
of interactive dynamics for visual analysi&[]. Their taxonomy is divided into three high-level task
types:Data and View Speci catigoWiew ManipulationandProcess and Provenantfe explore how
MADE-Axes, either individually or in combination, can support each task. The goal is to re ect
on the interaction modalities proposed in earlier sections and extend these to demonstrate the
concordance of the MADE-Axis hardware design with the full range of interaction dynamics.

When considering the interaction design space of the MADE-Axes, we organise the a ordances
for interaction into three basic dimensionfput, Outputand Composabilityln particular, thelnput
dimension of MADE-AXis is well aligned to lower-level dynamicsBéta and View Speci cation
andView Manipulatiorand we give a complete summary mapping for these in Fig. 3, with each
entry described further in the text below.

4.1 Data and View Specification

Visualise (Choose Encoding) MADE-AXxis o ers multiple ways to bind its control to data
dimensions from the visualisation. Simplest is through explicit choice of encoding via rotary or slider
browsing of available data dimensions. For example, in the setup for our time series visualisation
(Use Case 5.1) the two MADE-Axes are each mapped téinheand countrydimensions by rotary
cycling through the available dimensions in the dataset and rotary click to select.

Alternately, pose may be used to automatically bind dimension by docking MADE-AXxis with
an axis of the visualisation by manual placement. Orientation may be su cient, for example given
a visualisation with two orthogonal spatial dimension&¢y a MADE-AXxis can be bound to each
by orientation (horizontal or vertical) on a at surface. A third spatial dimension could be bound by
standing the MADE-Axis upright on the table. In a visualisation with multiple spatial dimensions
(e.g. parallel coordinates), proximity of the MADE-AXxis to the axis visual may be more appropriate
(as per Use Case 5.2.1). Fine control of visual channel parameters is facilitated by MADE-AXis
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Fig. 4. Choosing colour encoding. Manipulating the colour channel in HSV space: a - le slider: Value; b -
right slider: Saturation; ¢ - rotary encoder: Hue.

inputs. For example, Fig. 4 demonstrates remapping the colour encoding of a data series, which
works particularly well in HSV colour space mapping saturation and value to sliders and the rotary
encoder to the cyclical Hue dimension.
Filter Filtering data to a restrictedange with the sliders is the most obvious example of ltering
support. In volumetric displays, such as medical scan data, the result of such lItering is a volume
slice. However, in Use Case 5.2.2, we demonstrated more sophisticated narrowing of the data via
dynamic queries through composition of multiple MADE-Axes. That is, when multiple MADE-
Axes are brought together to create a single visualisation, the set of data shown is the logical
AND of the ranges set for eacthxis Brushing is a very light-weight example of dynamic queries
explored in Use Case 5.2.1. There, hand-held MADE-Axis may be brushed against other individual
axes, or axes composed in the environment into visualisations. As they come close visual links
appear between the axes, providing a facility to quickly explore how the values of the data points
within the selected range on the current axis align with those in the target.
Sort The physical embodiment of an axis suggests obvious natural embqubed interactions
for actions like sorting Flipping the axis, such that the end corresponding to minimum and maxi-
mum are reversed, naturally reverse the ordering. Simila8izaking an axis suggests forcefully
organising the data by the corresponding data dimension. Slidersreatrict the range of a sort,
or a slider can control gartition interaction, whereby a slider can be used to select an element
which becomes a pivot for the partitions. A more complicated sort across an ordering function
combining multiple dimensions can also be embodied by a set of MADE-Axes, where the weighting
of the dimension corresponding to each MADE-AXxis can be adjustegdmse, slider position , or
ne-tuned with the rotary encoder .
Derive  Similar to the ordering functions described above, MADE-AKiput a ordances can
be used to manipulate derived data, for example, theighting of di erent data-dimensions'
contributions to a linear or non-linear model tting of multidimensional data could be controlled
through MADE-AXis relative pose of each MADE-AXis or slider position. Similarly, relative position
can be used to combine data dimensions, e.g. we could extend Use Case 5.2.2 suctitrsgphewer
dimension could be divided byeightby placing the rst above and in contact with the latter. The
rotator knob can then be used to tune multipliers for each of these in the derived result. Actuation
is another important a ordance to support derived data or features inferred from analysis. For
examplenotchingcan be used to highlight, quantised binning, the mean and quartiles or extrema
in the data as demonstrated in Use Case 5.1.
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Fig. 5. Use with a 2D chart visualisation with a tablet display: le - range selection (min,max); middle - range
sliding to le ; right - adding a state to the selection.

4.2 View Manipulation

Select Range selection with sliders and ne rotary encoder control is discussed at length across
the use-cases in Section 5. More nuanced control of selection is provided by haptic snapping to data
features, such as extrema or value bins as describdddrive In Use Case 5.2.2 we demonstrated a
details on demand feature using follow mode on one MADE-AXis to quickly navigate the points

in the dataset and display an infobox.

Navigate Axis brushing helps to quickly nd interesting features in the dataoom and pan
operations were discussed in 3.2; the axis-aligned rotary encoders are useful for rotating volumetric
datain the axis aligned with the MADE-Axi€oordinate MADE-AXis can map to data dimensions
either 1-1 (Use Case 5.2.2 or 1-many (Use Case 5.2.1), or multiple MADE-AXis to a single dimension.
In the latter caseActuation andFollow Mode is key for coordinating activity between users
manipulating the same datasets (e.g. in a VR cont&@tyjanise With tracking visualisations may

be organised by direct hand-held controller-couple movement, or indirect "beam' manipulation.
Sliders can be used to perform axis congruent movement or scaling of visuals. Encoder can be used
to cycle views or data series (as in 5.1).

4.3 Process and Provenance

MADE-AXxis are designed primarily to support the kind of low-level data visualisation analysis
tasks described above, however, aspects of their design do support process and provenance. In
particular,actuation allows for user-controlled haptic marking of key data features discovered
during analysis. Sliders can be moved to the range selections or recorded marks of others to assist
shared data understanding. Haptic features discussed in 3.2 can also be used in guidance scenarios
to inform users of data features discovered by algorithms.

5 USE CASES

We describe three scenarios for MADE-AXis use, spanning traditional data visualisation and im-
mersive analytics setups.

5.1 Screen-based Time Series Visualisation

Our rst example demonstrates the coupling of MADE-AXxes to a standard 2D time-series visualisa-
tion (of daily COVID-19 cases in di erent US states). We use two controllers laying at in the plane
of the (external) display: one horizontal with respect to the user's point of view; and one laying
vertically (away from) the user. It is natural, then, to bind the horizontal MADE-AXis to tBaxis

of the visualisation (date), and the vertical one+eaxis.
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