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Abstract

Composite wearable computers consist of multiple wear-
able devices connected together and working as a cohesive
whole. These composite wearable computers are promis-
ing for augmenting our interaction with the physical, virtual,
and mixed play spaces (e.g., mixed reality games). Yet lit-
tle research has directly addressed how mixed reality sys-
tem designers can select wearable input devices and how
these devices can be assembled together to form a cohe-
sive wearable computer. We present an initial taxonomy of
wearable input devices to aid designers in deciding which
devices to select and assemble together to support differ-
ent mixed reality systems. We undertook a grounded theory
analysis of 84 different wearable input devices resulting in

a design taxonomy for composite wearable computers. The
taxonomy consists of two axes: TYPE OF INTERACTIVITY
and BODY LOCATION. These axes enable designers to iden-
tify which devices fill particular needs in the system devel-
opment process and how these devices can be assembled
together to form a cohesive wearable computer.
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Introduction & Background

Recent advances in mobile and ubiquitous technologies
have opened countless possibilities for the growth of wear-
able computers, which are often purpose-built individual
devices [8, 13, 19]. The present research is concerned with
composite wearable computers — a combination of multiple
wearables that are integrated together for a particular pur-
pose and that must be assembled from multiple technolo-
gies. Composite wearable computers generally represent
a space for research, aiming to support new use cases in
existing activities and which could then lead to more com-
mercial devices. Examples of composite wearable comput-
ers from the literature include [3, 11, 16, 17]. The present
research contributes an initial taxonomy of wearable input
devices to aid designers in deciding on which devices to
assemble for mixed reality systems [12].

Wearable devices have become a part of everyday life for
many, as they enhance individuals’ security and comfort.
One of the main characteristics of wearable computers is
the ability to integrate into daily activities, often function-
ing as a secondary interface to support a wearer’s pri-
mary task, requiring minimal attention [2].Prior research
has proposed classifications of wearable based on ap-
plication [1, 14] or identify design principles for wearable
user interfaces that support ergonomics and interface de-
sign [5, 10, 19].Yet little research has addressed how mixed
reality system designers can select wearable input devices
and how these devices can be assembled together to form
a cohesive wearable computer.

Systems that connect virtual and physical reality in some
meaningful way through the use of networks, sensors, and
databases are mixed realities [9]. These range from aug-
mented reality, in which conformal 3D imagery is integrated
with a perspective on the physical world to augmented vir-
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tuality, in which physical-world artifacts and spaces are inte-
grated into a virtual world [12].

Wearables offer a range of input modalities, including speech
commands, touch screens and pads, air-based gestures,
hand-signals, movement tracking, and various forms of con-
text capture [4], which maximize usability and mobility. For
example, some wearable devices allow for hands-free inter-
action through the use of speech interfaces and voice-to-
text conversion (e.g., Sony SmartEyeglass [15]). Alterna-
tively, several wearable devices use gestural interaction as
an input method; some of these devices allow finger-based
and hand-based gesture interactions [7], while others rely
on clicking buttons and manual entry of commands [18].

In the present research, we focus on wearable input de-
vices and investigate the best way they can be selected and
composed for wearable computing systems. When care-
fully selected, these input devices have the potential to offer
substantial performance improvements in a number of fields
without impairing human mobility.

In this work, we focus on input devices; feedback devices
(e.g., displays, haptics) are beyond the scope of the current
work. The purposed taxonomy is intended to guide mixed
reality system designers through the process of selecting

a wearable device or a set of wearable devices upon which
they can build their systems. Based on these motivations
we posed the following research questions:

RQ1: What range of wearable input devices are presently
available?

RQ2: What capabilities do these existing wearable input
devices have?

RQ3: What devices are compatible with each other on the
body of a single user?
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Source Description

PNNL out of nine issues
of Responder
Technology Alert
journal (2015-
2016), we found
36 wearable input
devices.

ACM out of 37 studies

(CHI)  from CHI confer-
ence (1997-2017),
we found 15 wear-
able input devices

ACM  out of 18 studies

(Ubi-  from UbiComp

Comp) conference (2014-
2016), we found 7
devices

-~

IEEE out of 15 studies

(ISWC) from ISWC confer-
ence (1997-2012),
we found 9 devices

Others 17 devices were
selected based on
our prior knowl-
edge of wearables,
or was found while
looking for data
for other wearable
devices.

Table 1: Sources of selected
wearable input devices

To answer these questions, we analyze wearable devices,

their documentation, and prior user studies using them, to

create a prescriptive taxonomy for selecting wearable input
devices for mixed reality systems using a grounded theory
approach.

Grounded Theory Methodology

We conduct a qualitative study of wearable input devices

to identify the characteristics of each type and propose a
taxonomy to guide the selection and composition of such
devices. In this work, we employed a grounded theory ap-
proach [6], which is a set of research practices for exploring
and characterizing a new domain [6].

Process Overview

We started with an iterative process of finding and selecting
wearable input devices and collecting data from multiple
sources for each wearable device; then performing open
coding to identify the initial concepts, categories, and their
features; then gradually building these up into a set of axial
codes that form a taxonomy.

We started with searching for and selecting wearable input
devices from three different sources: Pacific Northwest Na-
tional Laboratory (PNNL) reports', the ACM Digital Library,
2, and IEEE Xplore Digital Library, ° (see table 1), followed
by collecting data on each of the discovered wearable de-
vices. Our focus is on devices that enable the user to input
data directly, not those that sample activities, because our
interest is in how people build mixed reality systems.

Selecting Wearable Input Devices
To find existing wearable input devices, addressing RQ1,
we searched for specialized journals and conferences that

"Pacific Northwest National Laboratory: http:/www.pnnl.gov
2ACM Digital Library: http://dl.acm.org
3|EEE Xplore Digital Library: http://ieeexplore.ieee.org
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focus on wearable devices and sought out research pa-
pers on the subject ((see Table 1). The resulting search
from these different journals and conferences identified 70
total research papers. Also, we added 17 wearable input
devices to our list. These devices are selected based on
our prior knowledge of wearables, or was found while look-
ing for data for other wearable devices. By the end of this
process, we identified 84 unique wearable input devices to
include in the analysis.

Analysis Procedure
Our analysis involved several phases which served to char-
acterize the device space and address RQ2 and RQ3:

Phase 1: Initial Observations of Device Features

The primary goal of this phase was to identify the capabili-
ties of each device, its range of expressiveness, and what it
might be used for. For each device, we identified the tech-
nologies with which it was constructed; the form factor of
the device and where it is worn; and the application domain
of the device.

Phase 2: Open Coding on Collected Data

In this step, we began developing codes to classify devices.
Two researchers participated in this process, independently
reading through the device network in ATLAS.ti and identify-
ing keywords in device descriptions and data sources.

Phase 3: Axial and Selective Coding

During this phase, we engaged in multiple iterative dis-
cussion sessions to explore the relationship between the
codes, the emergent concepts, and the initial categories.

All these phases together resulted in a taxonomy for select-
ing wearable input devices for mixed reality systems. In the
following, we provide an overview of the taxonomy and its
axes, and discuss future work.
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axes components examples
mid-air gesture ~——» Leap Motion; Fin Ring
head movement ———» Sony Smarteyeglass
foot movement ——» ShoeSoleSens
clicking — Xbox controller
interactivity type touch —> Cicret Bracelet
voice —> Google glass
eye tracking —> Tobii
location tracking ——» Apple Watch
other —> DeformWear

body location

dy —> ShoeSense

upper body — > HIRIS; Gest
<E lower bo
free form —> Cyclops; Intel RealSense

Figure 1: A thematic tree describing the taxonomy to support composite wearable computers.

Taxonomy Overview

Our taxonomy of wearable input devices contains two axes:
TYPE OF INTERACTIVITY, and BODY LOCATION (Figure 1).
The axes provide significant information about each wear-
able device, including: what type of interactivity the device
allows, and where the device can be worn.This information
about each device then provides designers with the needed
details to build composite wearable computers.

TYPE OF INTERACTIVITY Axis

We define the interactivity axis as the input modality or
modalities through which the user expresses their intentions
using the wearable device. TYPE OF INTERACTIVITY con-
siders how a user may invoke actions with a device (e.g.,
voice, gesture interaction, clicking, touching). For the TYPE
OF INTERACTIVITY axis a device may have multiple modal-

ities (e.g., a device that enables both voice interaction and
gesture interaction) and so may exist at multiple points on
the axis. We expect that as developers consider composing
together devices they will identify which types of interactivity
they need to support in their applications. They can then
consult the taxonomy to identify which device, or combina-
tion of devices, is necessary.

BoDY LOCATION Axis

Wearable devices come in many forms and fit different
parts of the body: for example, devices worn on the head
(glasses), hand(s) (gloves or rings), and wrist(s) (watches).
While we expect users to equip multiple wearables for a
single composite wearable computer, certain combinations
are not comfortable or not possible (e.g., wearing a ring and
a glove on the same hand). The BODY LOCATION axis ad-
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dresses the position of the body on which the device may
be worn, enabling the designer to identify which combi-
nations of devices can be composed together (and which
might be mutually exclusive). Again, devices may cover
multiple positions on the axis.

All of these different factors that may influence how a wear-
able device can be selected show how such selection poses
significant challenges to designers. The purposed taxon-
omy provides a palette for mixed reality system designers to
select wearable devices and a starting point for understand-
ing how these devices can be assembled together to form a
cohesive wearable computer.

Conclusion & Future Work

This work-in-progress presents an initial taxonomy for se-
lecting wearable input devices for mixed reality systems.
We expect our complete taxonomy to be of value to mixed
reality system designers and researchers, and hope that,
through this work, we discover new ways for selecting and
assembling wearable computers that can support different
mixed reality systems and experiences.

For future work, we will continue improving and refining the
taxonomy. Extending the taxonomy to also include output
devices. Also, we will validate the taxonomy through de-
signing different composed wearable computer for mixed
reality systems, and investigative different aspects of the
wearable taxonomy through future user studies with design-
ers and players.
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