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ABSTRACT

Modern in-vehicle infotainment systems connect to drivers’ per-
sonal digital devices, such as smartphones, to facilitate calls, notifi-
cations delivery, and access to online media and resources while
driving. This communications process facilitates distributed user
interfaces (DUIs) and allows casual in-vehicle interactions. How-
ever, such functionalities of modern vehicles still lack the extensive
capabilities of state-of-the-art DUIs, which can offer a variety of
interaction opportunities through features such as migration, redi-
rection, adaptation, and granularity, among others. In this work,
we explore DUIs in the specific context of smart vehicles, and in-
troduce V2DUIs (Vehicle-to-DUIs) as a new addition to the V2X
(Vehicle-to-Everything) family of smart vehicle concepts.
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1 INTRODUCTION

Smart vehicle technology aims to increase driving safety, optimize
traffic efficiency, save energy, and deliver an improved travel expe-
rience to the vehicle occupants. Vehicle-to-Everything (V2X) [21,
23,47], a family of communications concepts, technology, and stan-
dards for connected vehicles, enables implementation of such desider-
ata by specifying data sharing between vehicles and surrounding
entities, such as other vehicles (V2V), communications networks
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(V2N), and road infrastructure (V2I). Ultimately, V2X also sub-
sumes communications with pedestrians (V2P) through external
human-machine interfaces [15] designed to address the social as-
pects involving other road users during autonomous driving.

In this context, practical implementations of interactions with
smart vehicles largely consist of connecting the driver’s smartphone
to the in-vehicle system to facilitate phone calls, notifications, and
access to online content when inside the vehicle and control of the
vehicle when outside it, respectively; see Bilius and Vatavu [8] for
a survey of in-vehicle consumption of interactive media, Detjen et
al. [17] for an overview of in-vehicle interaction design, and Bilius
et al. [10,11] for a formalization of inside-the-vehicle and outside-
the-vehicle interactions, respectively. However, this status quo for
smart vehicles has been drastically limited in terms of interaction
opportunities for drivers and passengers [9] compared to the state-
of-the-art in Distributed User Interfaces (DUIs) [16,20,33,36,42],
where a variety of design possibilities are enabled by migrating
Ul elements among different devices, distributing parts of the UI
on multiple devices, and integrating I/O modalities from different
devices to increase user efficiency through UI distribution.

The capabilities of state-of-the-art DUIs have not been examined
for interactions with smart vehicles, to the best of our knowledge,
despite the advantages that DUIs offer in terms of flexibility, versa-
tility, and adaptability to the user, task, and context of use [20,33,42].
However, understanding their potential for smart vehicles would
benefit V2X goals for increasing driving safety and enhancing travel
experiences through flexible and adaptive interactions across per-
sonal digital devices and the vehicle, respectively. To this end, we
leverage knowledge from the scientific literature on distributed user
interfaces [20,36,42], interactions performed across devices [12] and
within smart environments with heterogeneous I/O devices [38],
including principles of ambient intelligence [18] developed within
the context of smart buildings [3,7] and computer-assisted living
environments [43], which we transfer to smart vehicles research.

Our approach consists in adopting the perspective of a smart
vehicle as a specific instance of a smart environment [37], where
the users’ digital devices share data with each other, the cloud, and
the in-vehicle infotainment system. In this context, we introduce
V2DUIs, a new member of the V2X family of communications
concepts for smart vehicles, which leverages the infrastructure of
V2X while specifically focusing on the design of Uls that distribute
among drivers’ and passengers’ digital devices and the in-vehicle
infotainment system. Specifically, V2DUIs center on interaction
possibilities in relation to smart vehicles for which the users are
either inside or outside the vehicle [11] and transition across various
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Figure 1: Example scenarios of V2DUIs, where the in-vehicle infotainment system and users’ digital devices enable multi-device
(top left), multi-modal (top right), multi-user (top right and bottom left), and multi-environment (bottom right) interactions.
Notes: following Bilius et al. [11], we illustrate both inside-the-vehicle and outside-the-vehicle interaction scenarios; from top to
bottom and left to right: the smartwatch picks up the driver’s mid-air gestures for interacting with the in-vehicle infotainment
system; different devices enable different interaction modalities for accessing, transferring, and consuming digital content
inside the vehicle; content transfer across passengers; interacting with the vehicle from a different environment.

smart environments, e.g., from smart buildings to smart vehicles
and back [7]; see Figure 1 for a few example scenarios of V2DUIs.

2 RELATED WORK

We primarily relate to prior work from the research areas of DUISs,
interactions with smart vehicles, and V2X, respectively, at the in-
tersection of which we position our scientific contributions.

2.1 Distributed User Interfaces

A wide scientific literature is available on DUIs and their effective
implementation for various application domains. Particularly rele-
vant to the scope of our work are quality properties and models for
DUIs, which we explore in the new context of smart vehicle inter-
actions. For example, Elmqvist [20] considered five definitory di-
mensions across which Ul elements can be redirected: input, output,
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platform, space, and time. Penalver et al. [34] defined four essential
properties for DUISs, portability, decomposability, simultaneity, and
continuity, which they formalized with a mathematical language
of interaction elements. In relation to a transversal model, Van-
derdonckt [42] outlined design principles of DUIs by referring to
tasks, users, platforms, and environments, e.g., “distribute one/many
element(s) of one/many UI(s) in order to support one/many user(s)
to carry out one/many task(s) on one/many domain(s) in one/many
context(s) of use” Also, model-based design approaches have been
proposed for guiding DUIs development. For example, Melchior et
al. [31] employed concrete Ul models, specification language for
distribution primitives operationalized with the extended Backus-
Naur form, and a method for modeling DUIs based on distribution
scenarios. Demeure et al. [16] introduced 4C, a reference model for
DUIs with four dimensions—computation (i.e., what to distribute?),
communication (when to distribute?), coordination (who implements
the distribution?), and configuration (i.e., where to distribute?).

Other approaches have focused on frameworks to specify design
possibilities for DUIs. For example, Paterno and Santoro [33] pro-
posed a logical framework for multi-device Uls with ten dimensions:
distribution, migration, granularity, generation of the UL trigger acti-
vation, device sharing, timing, interaction modalities, adaptation, and
architecture. In this framework, a DUI can be generated at design
time or run-time, its granularity specifies the UI elements that are
being distributed, and the UI can adapt in terms of scaling, trans-
duction, and transformation. Sanctorum and Signer [36] proposed
a 2D interaction space organized along the physical location of the
system and its components (i.e., table-level, room-level, network
connection to a server, and anywhere) and the granularity of the
distribution (i.e., Ul+data and Ul+data+UI elements). For example,
room-level DUIs distribute across devices to make an entire room
interactive. To the best of our knowledge, the exploration of such
state-of-the-art DUI concepts has been lacking for smart vehicle
interactions, likely due to the absence of a formalization of DUIs in
this specific context, an aspect that we address in Section 3.

2.2 Smart Vehicle Interactions and V2X

Smart vehicles interact with their internal environment, i.e., the
driver, passengers, and digital devices [17,24], as well as the ex-
ternal environment, e.g., other vehicles, road infrastructure, net-
works, and pedestrians [2,21,23,29]. To this end, the 3GPP Tech-
nical Specification of V2X service requirements [21] outlines four
types of V2X applications—Vehicle-to-Vehicle (V2V), Vehicle-to-
Infrastructure (V2I), Vehicle-to-Pedestrian (V2P), and Vehicle-to-
Network (V2N)—to enable cooperative awareness for vehicles that
provide intelligent services to their users. For instance, V2V ap-
plications expect vehicles located in proximity to each other to
exchange information; V2I enables vehicles to receive data broad-
cast from the intelligent transportation system, such as speed limits,
weather conditions, and accident reports; V2N applications use cel-
lular networks to communicate with servers constituting the V2X
management system; and V2P applications exchange information
between vehicles and pedestrians, e.g., warnings to pedestrians but
also to vehicles about vulnerable road users. Inside the vehicle, data
can be exchanged between the driver’s personal devices and the
in-vehicle infotainment and navigation system.
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Several frameworks have been proposed for the design of in-
side and outside-the-vehicle interactions. For example, Detjen et
al. [17] overviewed input modalities (emotions, eye gaze, mid-air
gestures, speech) and output modalities (visual, auditory) for in-
vehicle interaction; Kern and Schmidt [24] considered the position
of devices inside the vehicle (e.g., windshield, center stack, periph-
ery) as a design dimension for driver-based automotive Uls; Vatavu
et al. [44] leveraged gesture input performed on the driver’s seat
for interactive media consumption experiences inside the vehicle;
Colley et al. [14] discussed external vehicle displays; and Bilius
et al. [11] introduced a conceptual framework to operationalize
proxemic interactions with smart vehicles. We leverage some of
these frameworks in Section 3 to contextualize our new concept of
V2DUISs for smart vehicle interactions.

In this context, human factors design principles for driver-vehicle
Uls [13] include many aspects, such as suitable feedback modalities,
design of controls, driver information needs, system integration,
and performance metrics [13], driver attention capabilities [26],
and drivers’ and passengers’ preferences for interactions with the
vehicle [9]. For example, Kun et al. [26] designed Project54, an inte-
grated system featuring two user interfaces for all of the in-vehicle
electronic devices, displays, and input systems competing for the
driver’s attention. Bilius and Vatavu [9] examined preferences of
gesture and voice commands for in-vehicle interactions. A recent
work [7] proposed multi-environment interactions involving smart
vehicles and smart buildings, where both represent instances of
smart environments transitioned by mobile users.

3 V2DUIs: VEHICLE-TO-DISTRIBUTED USER
INTERFACES

We introduce V2DUIs, a new concept that we characterize with
specific quality properties identified by adapting design principles
for DUIs [20,31,33,36,42] and inside-the-vehicle and outside-the-
vehicle interactions [9,11,14,17,24], respectively. Our operational
definition of V2DUIs is DUISs that integrate interactive systems from
the smart vehicle, e.g., the in-vehicle infotainment system, during
the distribution of UI elements, I/O modalities, and tasks across
drivers and passengers, their digital devices, and possible environ-
ments, including outside-the-vehicle, such as a smart building [7].
We start our discussion with a contextualization of V2DUTISs.

3.1 Context for V2DUIs

DUISs enable users to engage in distributed tasks on different devices
at different locations and moments in time [20,42]. In the following,
we capitalize on state-of-the-art models from the DUI scientific liter-
ature, overviewed in Subsection 2.1, to position V2DUIs as a specific
instance of DUIs in a new application domain and context of use
with distinctive quality characteristics; see Figures 2a-2c. We also
capitalize on existing design spaces for smart vehicle interactions
to integrate DUISs; see Figures 2d-2g.

We begin our exploration with Elmqvist’s [20] five definitory
dimensions and Vanderdonckt’s [42] transversal model for generic
DUIs due to their generality and adaptable nature across different
contexts of use; see Figures 2a and 2b. According to these models,
in-vehicle interactions distribute across multiple devices, displays,
and platforms, which are co-located and synchronously operated.
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Figure 2: Contextualization of V2DUIs using several conceptual and design frameworks for DUIs (a-c) [20,36,42] and interactions
with vehicles (d-g) [11,14,17,24]. Note the multi-environment orientation of V2DUIs with distinctive design possibilities for
in-vehicle (orange color) and outside-the-vehicle (blue) interactions; Subsection 3.2 presents other quality properties.
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However, outside-the-vehicle interactions distribute differently in
terms of space and time by enabling both co-located (i.e., the user is
near the vehicle) and remote operation (i.e., the user is in the covert
interaction region, according to [11]) as well as both synchronous
and asynchronous interactions. Regarding the latter, an example
of an asynchronous interaction would be the driver summoning
their autonomous vehicle, for which the response, represented by
the vehicle arriving at the specified location, would take place at a
later moment. This model is conveniently flexible to showcase the
versatility of DUIs, which we adopt for the specific users and envi-
ronments of V2DUISs in relation to a vehicle. Furthermore, Vander-
donckt’s [42] model enables us to refine the user category according
to the key actors in V2X, i.e., drivers, passengers, pedestrians, and
bystanders, as well as to discriminate between control and informa-
tion tasks during interactions with the smart vehicle. For example,
the driver has complete control over the in-vehicle infotainment
system, while the passengers have access to specific information,
such as details about the travel route. More refinements to these
dimensions are possible with Sanctorum and Signer’s [36] cross-
device model of DUISs; see Figure 2c. In this model, V2DUIs position
in the table/camera region because of the restricted space for drivers
to engage in in-vehicle interactions, characterized by the seated
posture, limited space for reaching legs and arms, and so forth,
while outside-the-vehicle interactions fall within the much broader
space of the anywhere region. The limited space poses design chal-
lenges for effective interaction enabled by V2DUIs, where specific
parts of the in-vehicle environment, such as the steering wheel [5]
or the seat [44], play key roles for supporting the interaction.

The dimensional aspects encompassing input, output, and spatial
elements within these DUI models enable us to engage in concep-
tual transitions towards frameworks for smart vehicle interactions.
For example, Bilius et al.’s [11] vehicle proxemics framework is use-
ful to characterize diverse possibilities for distributing UI elements,
I/0 modalities, and tasks in V2DUIs among interaction paradigms
(i.e., from touch to wearable, mobile, desktop, and ambient) accord-
ing to the driver’s physical distance to their vehicle; see Figure 2d.
For example, when the driver is in the personal zone at about 1m
from the vehicle, a wearable device featuring short-range Blue-
tooth or NFC communications, such as a smart ring, can be used
to gain access to the vehicle. Furthermore, when in the covert zone,
where the vehicle is outside the driver’s view, an ambient device
can inform about the security status of the parked vehicle [10]. For
other user categories, outside-the-vehicle interactions repurpose
the vehicle as a public ambient display [14], e.g., the body surfaces
and windows of a parked vehicle turn into convenient displays
for pedestrians and passersby; see Figure 2e for contextual factors,
interaction modalities, and display areas from Colley et al.’s [14] de-
sign space for external displays on cars that are relevant for V2DUIs.
Finally, in-vehicle interactions have been formalized in terms of
1I/0 modalities [17] and physical location of controls, devices, and
systems from inside the vehicle [24]. Figures 2f and 2g illustrate
these dimensions for V2DUIs as well as a possible extension to
outside-the-vehicle interactions. When outside the vehicle, V2DUIs
can leverage specific elements and parts of other smart environ-
ments, such as smart rooms and buildings for multi-environment
interactions; see [7] for a formalization of the concept within the
context of ubiquitous computing and [10] for application scenarios.
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Our exploration so far has revealed V2DUIs fitting into various
frameworks from the scientific literature on DUIs and smart ve-
hicle interactions as they merge properties of both areas as well
as enablers of multi-environment interactions. However, we also
uncovered how V2DUIs present distinctive features, e.g., multi-
environment operation inside and outside the vehicle, more chal-
lenging to describe with existing DUI frameworks. Next, we distill
these features into four quality properties specific to V2DUIs.

3.2 Quality Properties of V2DUIs

Based on our previous analysis of DUI frameworks [20,31,34,42] and
V2X communications requirements for smart vehicles [21,23,29,47],
we highlight two guiding principles for V2DUIs design, as follows:

(P1) Smart vehicle orientation. Smart vehicles are equipped with
various sensors, displays, and systems and interact with
other vehicles, road infrastructure, communications networks,
and pedestrians. Following a perspective from Tonnis et
al. [41], vehicles are “complex computer systems with very
particular input and output devices and mobile functionality”
Following a perspective from Schipor and Vatavu [37], “the
smart, connected car [is] a specific type of a smart environ-
ment.” In this context, our principle of smart vehicle orienta-
tion specifies that the technology integrated into smart vehi-
cles, e.g., touchscreens, Bluetooth, etc., can be readily lever-
aged for V2DUISs, i.e., V2X infrastructure supports V2DUIs.

(P2) Ul distribution orientation. According to this generic princi-
ple of DUISs, users are more effective if tasks can be ported,
composed, or distributed across the elements of the con-
text of use. Applied to smart vehicles, this principle incor-
porates Pefialver et al’s [34] simultaneity and continuity
essential characteristics of a DUL By being distribution ori-
ented, V2DUIs can be more than the sum of the individual
devices they integrate and deliver new functionality to end
users, e.g., the ability to switch between I/O modalities and to
combine different modalities of the individual components.
New functionality emerges in V2DUIs and, therefore, within
the V2X paradigm, as a consequence of UI distribution.

According to these two guiding principles, the following four qual-
ity properties (Q1 to Q) specify how the various elements of a
UI can be distributed in V2DUIs: across devices (e.g., the driver’s
personal devices), across I/O modalities (e.g., information about
the driver’s heart rate, sensed by a smartwatch, is delivered to the
in-vehicle system), across users (e.g., the passenger employs their
smartphone to upload music to the in-vehicle system), and across
environments (represented by a continuous interaction space, where
interactions are performed inside and outside the vehicle, unifying
the distinctive environments of smart vehicles and smart buildings):

(Q1) Multi-device operation. V2DUIs enable multiple devices to be
employed for both input and output. Since different devices
may run different platforms and feature different mecha-
nisms for feedback, we integrate the multi-platform and
multi-monitor properties from Pefialver et al. [34] and the
multi-monitor, multi-platform, and multi-display usage prop-
erties from Vanderdonckt [42] under this one category.! For

Vanderdonckt [42] also consider that multi-device subsumes multi-platform.
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example, V2DUIs should adapt to various devices that may
have different form factors, display sizes, communications ca-
pabilities, sensors, and operating systems. This quality prop-
erty is convenient to accommodate integration of a variety of
mobile and wearable devices, such as smartphones [10,25,39],
smartwatches [6], tablets [35], smartglasses [1], smart ear-
buds [46], smart rings [22], and so forth, for interactions
with vehicles. From this perspective, V2DUIs implement Uls
for heterogeneous smart environments [38].

(Q2) Multi-modality operation. Multi-modal interaction implies
the use of various input modalities (e.g., touch [19], voice [4],
on-wheel input [27], mid-air gestures [9,32]) and output
modalities (e.g., visual, audio [40], haptic, olfactory [17]) to
increase users’ effectiveness and efficiency when interacting
with computer systems. By means of this quality property,
V2DUIs address aspects of driving safety by enabling drivers
to switch between I/O modalities as need, without taking
their hands off the wheel and eyes off the road.

(Q3) Multi-user operation. V2DUIs enable interactions for various
user categories, including drivers [17,24], passengers [9], and
bystanders [14], by distributing UI elements on each user’s
devices. Noteworthy, the majority of research on interactions
with vehicles has focused on drivers, while passengers have
been little addressed [9]. Thus, multi-user operation is also
an opportunity for more research in this direction.

(Q4) Multi-environment operation. V2DUIs enable interactions
with the vehicle while the users are inside the vehicle [4,19],
near the vehicle in its immediate vicinity, e.g., a gesture
performed near the car opens the trunk [22], or at various
distances from the vehicle, e.g., an ambient device delivers
a notification from the vehicle [11]. Depending on the spe-
cific environment type, various I/O modalities may be avail-
able [10] as well as distinct opportunities for personalizing
interactions according to the user and the environment [7].

4 CONCLUSION AND FUTURE WORK

As in-vehicle environments become more complex with the in-
tegration of more sensors and systems, and vehicles advance in
their V2X capabilities, scaling the user experience of smart vehicle
interactions becomes key. In this paper, we proposed V2DUIs, a
novel concept grounded in both DUIs and V2X, to distribute smart
vehicle functionality and operation across digital devices, users,
and environments. In future work, we envision consolidating the
V2DUIs dimensions into a design space for explicitly exploring de-
sign possibilities [28]. For example, this space can be represented by
the multidimensional combination, composition, and interaction of
input dimensions (e.g., number of input devices and sensors, interac-
tion modalities, and their relationships) and corresponding output
dimensions (e.g., number of display devices) to support V2DUIs
design and engineering. To this end, we believe that V2DUIs can be
readily attained with conventional technology, such as web-based
protocols [10,11,37]. Furthermore, understanding users’ preferences
for distributing interactions across multiple devices through partici-
patory design studies [45] will enable more insights of cross-device
use styles and patterns [12] inside and outside the vehicle. Addi-
tional formalization, such as based on distribution primitives [30],
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will enable further development of V2DUIs. To this end, we hope
that V2DUIs will inspire innovations in how interactive media con-
sumption experiences involving smart vehicles, personal digital
devices, and various environments will look like in the future.
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