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AdHocProx: Sensing mobile ad-hoc device formations
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Figure 1: AdHocProx leverages multiple inside-out sensing modalities (including dual Ultra-Wideband radios, capacitive grip
sensing, and fused inertial orientation) built into a device such as a tablet to detect presence, relative position, and device-motion
gestures towards other nearby mobile devices. AdHocProx achieves this without recourse to externally-anchored beacons,
central orchestration, or even reliance on local WiFi connectivity. This unlocks a number of cross-device interaction scenarios
for highly dynamic, ad-hoc device formations outside of infrastructure-heavy “smart room” or lab settings.

ABSTRACT

We present AdHocProx, a system that uses device-relative, inside-
out sensing to augment co-located collaboration across multiple
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devices, without recourse to externally-anchored beacons — or even
reliance on WiFi connectivity.

AdHocProx achives this via sensors including dual ultra-wideband
(UWB) radios for sensing distance and angle to other devices in
dynamic, ad-hoc arrangements; plus capacitive grip to determine
where the user’s hands hold the device, and to partially correct
for the resulting UWB signal attenuation. All spatial sensing and
communication takes place via the side-channel capability of the
UWSRB radios, suitable for small-group collaboration across up to
four devices (eight UWB radios).

Together, these sensors detect proximity and natural, socially
meaningful device movements to enable contextual interaction
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techniques. We nd that AdHocProx can obtain 95% accuracy rec-
ognizing various ad-hoc device arrangements in an o ine eval-
uation, with participants particularly appreciative of interaction
techniques that automatically leverage proximity-awareness and
relative orientation amongst multiple devices.
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Figure 2: The studies presented in this paper, conducted to
inform the design of and evaluate our system.
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1 INTRODUCTION

Natural human-human communication leverages many nonverbal

coordination between devices, as well as inside-out ranging to one
another. Leveraging dual UWB radios enables AdHocProx to track
not just proximity (i.e, the absolute value of the one-dimensional
distance between devices) but also the relative orientation (signed
distance and angle) between devices. Our device prototypes also in-
tegrate capacitive grip sensing to detect when and where the user's

and highly contextual back-channels such as social cues, body hands necessary to hold a mobile device up for use may atten-

posture, and nuanced movement of physical artifacts into and out
of the focus of joint attention. As computing devices particularly
mobile ones proliferate, they play an increasingly important role
in our everyday interactions and collaborations. For instance, while
conversing with a group, an individual may use their phone to look
up relevant information, and even pass it around to share with
others [49. Alternatively, several users might concurrently work

uate the UWB radio signal. Finally, each device's in-built inertial
measurement unit (IMU) enables embodied tilt-based interactions
in the context of the relative (device-to-device) orientation sensed
via UWB.

AdHocProx can thus realize and expand upon cross-device in-
teraction concepts presented in previous work such as GroupTo-
gether 57, AirConstellations b5, or other related techniquesl?

across shared and personal devices to contribute to a discussion, or solely via on-device, inside-out sensing techniques. For example,

to the outcome of a brainstorming session [25].

The problem is that connecting multiple devices together and
con guring their use, particularly when owned by di erent persons,
remains a tedious task that often disrupts people's work o&€.
Con guring a communication channel between devices requires
multiple steps, typically relying on IT-supported infrastructure such
as WiFi, xed Bluetooth beacons, or even round-trip communica-
tion with cloud services. And even when connected, devices typi-
cally do not self-reveal their relative proximity and corresponding
interaction options (such as sharing les or maximizing application
content across two screens) via feed-forward techniques or other
graphical interaction a ordances. These issues hinder multi-device
usage in ad-hoc situations, when the time available to make devices
work together is limited and might disrupt natural human social
dynamics.

AdHocProx contributes a system founded on peer-to-peer net-
working with relative proximity via inside-out sensing between

when the user tilts an AdHocProx device toward that of another
user, our system is aware of what device it is tilting towards. Thus,
in contrast to prior cross-device tilt gestures in the literature, our
approach does not require WiFi connectivity to establish spatial
relationships between devices, and further does not rely on any
extrinsic, environmentally-situated beacons or anchors with the
exception of Earth's gravity and magnetic eld, of course, which
feed into the fused IMU orientation.

To elicit and observe behaviors that arise during co-located col-
laboration with multiple devices, as well as evaluating AdHocProx's
signal processing and machine learning pipeline, we conducted a
formative study with three groups of 4 participants (total N=12).
Participants worked in these groups to analyze and present data
visualizations on paper taped to devices of di erent form-factors.
Qualitative observations showed the importance of device arrange-
ments (.e.,devices side-by-side or across from each other) as part
of collaborative work, and informed the design of four interac-

devices (Figure 1). This approach leverages context sensing to shift tion techniques: Move, Copy, Pan, and nally Note, which brings

the burden of device discovery, spatial con guration, and (optional)
cross-device connection from the user to the system; further, the
resulting interaction techniques reveal multi-device usage opportu-
nities as part of the user interface.

up a note-taking space when one (horizontally-oriented) device is
brought into proximity of a second, vertically-oriented one.

An o ine cross-validation evaluation in which we trained on
sensor data from all four devices used in two of the three sessions,
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and tested on the remaining session, our processing pipeline ob- ecologies $3 56 86, a considerable focus is on multi-device appli-
tained a 95% accuracy rate recognizing device arrangements. To cations for mediating collaboration in small groups. For instance,
gather feedback on four example interaction techniques enabled by co-located group collaboration has been facilitated through digi-
AdHocProx, we conducted a follow-up study in which a subset of tal tabletops R0, 72, shared usage of electronic whiteboards and
participants (N=6) from the rst study. Participants experienced the vertically projected screen space$; [LO, 40 41, 65, or the use of
techniques as implemented using the AdHocProx system in real- diverse ecologies of devices with di erent form factor&], 73 80.
time. Participants generally responded favorably to the techniques,  Studies further investigated the use and value of multiple devices
particularly the way devices could leverage awareness of one other. in knowledge work activities. For example, studies highlighted how
Taken together, our work contributes the following: access to both mobiles and additional synchronized interactive

(1) Our implementation of AdHocProx, a system that recognizes ~ tabletops [, or the use of a supplemental mobile overview device
formations of devices via dual UWB radios to coordinate [1], can facilitate the collaborative decision- and sense-making
devices and sense proximity as well as the angle between Process. And broadening beyond primarily screen-based devices
devices; capacitive grip sensing to reduce interference with (tablets, phones), other studies found that mobile-AR across devices
UWSB signals from the hand(s) holding a device; and IMU- (multiple viewpoints) mediates collaboration but also observed
based sensing of oriented device movements to correctly increased cognitive demand due to context switchingd[ Later
display corresponding graphical a ordances. work also identi ed how di erent device con gurations (e.g., form

(2) Insights from a formative user study during which we ob- factors, formations) impac'col!abqration strategy,.behavic'Jur, and
served user behaviors arising during co-located collabora- € cacy in co-located AR applications across multiple devic@d |
’[ion’ from which we designed four interaction techniques_ More generally, studies inVeStigated the mechanics of mobile co-

(3) A dataset of sensor signals for three groups of 4 participants l0cated experience$fl], including a framework mapping the social,
(using a device each) in multiple arrangements. technological, temporal, and spatial characteristics driving design.

(4) Insights from a follow-up user study in which participants ~ And more recently, Yuan et al. mapped out the current use and
provided feedback on our designed and implemented inter- Patterns of multi-device use [86].
action techniques.

After discussing Related Work, we detail the technical realiza- 2.2  Proxemics and Micro-MobiIity
tion of the AdHocProx System. We then present a Formative Study
that serves a dual purpose as a Sensor Data Collection activity
for natural collaborative movements involving shared physical

artifacts. Further, from this Formative study we distill four key ! . devi Table 3 i To inf he desi
behaviors: F1, Device Line-Up; F2, Device Roles; F3, User ProxyOr migration across devices (Table 3 ). To inform the design

and F4, Multi-device Territoriality, which collectively inform the of su_ch i_nteraction techniques an_d to better match inter_faces and
set of four Designs for Interaction Techniques currently supported gppllcatlcéns Fo people s.expre]ctaflons anddcyrrgn; pr?ctmes, W,°”‘|
by our system. Finally, we present brief observations of an Interac- In cross-device computing has leveraged insights from semina

tive Study and Real-Time Evaluation of these techniques in action, so|(|:|at)| thepnes. Two th(_eor;-;s thzt glosely 'E:?teSt(;) small-group
provide a Discussion of some remaining points, and nally wrap up cofla (?ratlon argproxemme{ ]an micro-mobi ity[ ]', .

with a Conclusion and Future Work. Please also note that we share Hall's proxemicsheory [28 correla_ltes physical to social d_|stance,
supplementary material including schematics, code, and data at the where people move closer to and orient towards others for increased

following repository: https://github.com/adhocprox/adhocprox engagement. This seminal theory served as a fruitful inspiration
in interaction design, wheréroxemic Interactiorj26 operational-

2 RELATED WORK ized this theory, building devices and applications that react to the
proxemics of people and other devices around them. Five main
f . . characteristics often drive these interactions: distance, orientation,
cross-device computing to support small-group collaboratiina movement, identity, and location. Examples include systems that

focus on howproxemlcg and m!cro-mob!llt;an |nform the design . adjust interactions with digital whiteboards42 or tabletops H]
of ad-hoc cross-device interaction techniques. We discuss technical based on a person's proximity, mobile devices revealing sharing op-

e_lpprofachest,)fo(; SenS'rqu'C? proxw_nlty, arrabnlgemen_t, an(fj(;)rlgnta- portunities when moving closer{], or environments where control
thn 0 neir.l.y EVIceS, angrip sensmgo gna € sens;ngho . ewced of appliances is mediated and ltered through proxemics [48].
micro-mobility that supports ne-grained nuances of sharing an Related and most relevant when in close proximitymicro-

Interaction. mobility [5Q of physical artifacts isthe ne-grained orientation

and repositioning of objects so that they may be fully viewed, par-
tially viewed, or concealed from other pers§bg. Examples of

Towards facilitating groups' interactions across devices, related
research proposed interaction techniques for easier access to and
manipulation of digital content, complimentary functions of devices,

In this section, we motivate our work with a synthesis of work in

2.1 Cross-device Computing for Small-Group

Collaboration micro-mobility are subtle and often uid and ad-hoc changes of
The eld of cross-device computing explores how to design inter- position and orientation of documents to either suggest or inhibit
faces or applications spanning across multiple deviaeg,(tablets, shared access. Everit al.applied micro-mobility to the design
phones, laptops) to best support individual tasks or group collabora- of interactive tabletop workspaces for easy sharing, reorienting,
tion (themes across this eld are synthesized ih4). While part of and segmentation of document2]]. GroupTogether later used

cross-device computing is about individuals interacting with device  micro-mobility to drive cross-device interactiorb[f], using subtle
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changes of position and tilting of devices as cues to provide uid, UWB applications range from radar imaging to precise locati8g][
less disruptive techniques for co-located collaboration. We incor- and tracking 7, 624. UWB radios incorporate a time-of- ight rang-
porate notions of both proxemics and micro-mobility in our work,  ing method that estimates the distance between two radios. The
where we derive proxemic device arrangements to inform inter- UWB ranging method is used in many outside-in systems with
action techniques relevant to co-located collaboration focusing xed “anchor radios' in the environment, allowing signal trilatera-
on both proximity and relative orientation between devices, fused tion [17, 43, or combined in sensor fusion with camera-tracking
with micro-mobility cues of tilting and grip changes. and IMU sensors to increase tracking delitys[]. Because radio-
based signals do not face some of the limitations of other tracking
. . approaches such as the visible line of sight needed with camera
2.3 Sens_lng Proxlmlty, A_r_rarygements, and tracking, issues of attenuation or interference when using acoustic
Relative Device Positioning signals, or the limited ability of internal sensors to detect other
On a technical level, many multi-device collaborative systems need devices we use UWB radios for our inside-out tracking of device
some form of sensing technology to recognize the location of proximity. We further extend earlier UWB sensing approaches with
devices, their distance from one another, or even ne-grained a dual UWB radio setup and by fusing with signals from grip sen-

changes of proximity and orientation. We synthesize key technical
approaches for the sensing of device arrangement, proximity, and
orientation.

One common approach is to use camera-based tracking of de-

vice location P3 37, 66, such as with RGB, infrared, or depth-
sensing cameras. For instance, PolarTrack uses polarized lters to
locate devicesg4, EagleSense uses the segmentation of the depth-
image to track people and device84, and ProximityToolkit uses a
combination of infrared marker-based tracking and depth cameras
[54. These tracking approaches have in common that they are
implemented as awoutside-insensing infrastructure, where a xed
setup needs to be deployed in the environment (in this case, one
or multiple tracking cameras positioned at permanent locations in
the environment). Increasingly, research moves towards inside-out
tracking, where all tracking hardware is integrated into the device
itself - an example of this is Dearman et al's use of the back-facing
cameras determining device formations [18].

Measuring acoustic ultrasound signals enables inferring approx-
imate device positions. Systems used deployed networks of xed
infrastructure and mobile ultrasound transducers for tracking de-
vice location [L, 30. Similarly, infrared outside-in setups can track
devices, such as with the tracking of ActiveBadge ta@3|[the
ParcTab cell-based positioning approad§| or in combination
with visual and audio to sense people's devic@k [Towards inside-
out mobile setups, RELATE Gateways used mobile-only ultrasound
transducers for sensing relative device proximi®9, and Wang
et al. used ultrasound signals with commodity earphones sensing
head position and orientation [76].

Existing internal sensors in o -the-shelf devices, such as magne-
tometers, can detect pairing of devices when touchi§][ sense
stacks of devices with magnet and reed-switch combinatiof§,[

sors and IMUs, allowing the angle of relative device orientations to
be measured.

2.4 Detecting Human Grip and Grasping of
Devices

Human grip and grasp represent a rich source of information to
better understand user activitie$p, 60. It has been widely used
to reveal users' intentions§, 44 81]. The way people shape their
hands to interact with a physical artifact to handle objects or switch
between them §, 58 makes the interaction more explicit to un-
derstand B1]. Other research investigates how users grip digital
devices such as tablet34 85 87 or small devices 44. Device
bezel 5 and back-of-device§9 83 remain the most common
areas where the recognition happens. Grasp sensing allows detect-
ing handednessZ2 82, avoiding unintended screen rotationd §,

or calling up a graphical keyboardly. Other work explores front
and back touch gesture8f and bi-manual tablet interactionsi4.
Capacitive sensing is acommon approach to detecting g2if).[Mo-
tion sensing has also been investigated in combination with touch
to enable multi-modal gesture2f, 32 34, 69. Our work goes be-
yond these e orts by using grip sensing on the entire surface of
the device, and its position relative to other devices in combination
with inertial motion sensing. In our context, we use sets of grip sen-
sors around the device to increase the reliability of our UWB-based
inside-out tracking.

3 THE ADHOCPROX SYSTEM

We designed AdHocProx with the goal of leveraging proxemics to
enable contextually-aware cross-device interaction, anywhere, any
time. Many cross-device interaction techniques require a manual

or recognize nearby docked devices with several magnets + sensor pairing or con guration process. For instance, an explicit process
combinations Bg. Other embedded sensors, such as accelerometers pairing process involving security codes is required for connecting
or gyroscopes, can measure the tilting angle of a device, allowing over Bluetooth. Another example is the requirement of manually

users to automatically ip pages when the device is rotateld]
e ectively navigate through long lists 22, or move content across
devices [57].

Radio-based signals allow absolute or relative sensing of device

location by measuring signal-strength estimates or time-of- ight.
For example, Bluetooth signals in combination with audio data can
support spatial location of deviced 8 3§. Ultra-Wideband (UWB),

specifying the arrangement of monitors when setting up an addi-
tional monitor. These tedious steps frequently add so much friction
that users often simply do not bother.

Previous e orts have been made to sense formations of devices.
In the context of recognizing multi-person, multi-device formations,
many of these works have relied on surveillance camera systems.
Otherwise, signals from wearable data have been correlated to

another wireless radio technology, has been used to localize objects determine if two people are interacting. However, these both require

in space B4, or to perform activity recognition [71]. Traditional

either sensing in the infrastructure.g.,an outside-in camera) or
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