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Fig. 1. Visual abstract summarising our research on Pervasive AR for enhancing public displays. This study provides design guidelines
for future Pervasive AR systems, helping designers proactively address concerns related to delivering tailored information to users in
public spaces, particularly issues such as isolation.

Augmented Reality shows the potential to emerge as the next step of wearable computing, with AR headsets turning into an everyday
casual commodity. Thus, evolving to Pervasive AR as an omnipresent and continuous augmentation of our environment. We exposed
40 participants in pairs to a near-future scenario, displaying augmented public displays with a purpose-built Pervasive AR technology
probe, and explored behavioural changes that arise from using Pervasive AR with symmetric and asymmetric information overlays.
We developed four themes which we call Information Envy, Distrust, (Un)comfortably (Un)familiar, and Publicly Private. Among the
various concerns raised, the isolation and divide that tailored content could create was identified as the most pressing issue. This
needs to be addressed in the design of future Pervasive AR systems. Therefore, we recommend implementing a reliable view-sharing
mechanism, ensuring users are always informed about system status, prioritising utility over novelty, maintaining users’ autonomy

and agency, and practising privacy by design.
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1 INTRODUCTION

Over the last couple of years, we have seen a rise in interest in Augmented Reality (AR) [13, 39, 40]. AR devices and
technology were initially explored as a future display technology [45] but, more recently, have been imagined as the
next evolution of mobile and wearable technology [13, 17, 39, 40]. While mobile phones are typically in our pockets
and require us to actively engage with the information by taking the phone out of our pocket, future AR interfaces are
envisioned to have a form factor closer to traditional glasses that can be worn continuously, providing a permanent
hands-free information display. Grubert, Langlotz, Zollman and Regenbrecht (2017) [17] coined this trend towards an
omnipresent and continuous augmentation of our environment as Pervasive Augmented Reality (Pervasive AR).

If realised, the vision of Pervasive AR opens many new applications and can potentially change how we interact with
digital information and our physical environment. Many examples of research explore Pervasive AR from a technical
point of view (e.g., focusing on large-scale tracking and adaptivity [30]), from an interface point of view (focusing
on adaptive interfaces [32]), and from an ethical point of view [6, 13, 17, 40]. However, only a few approaches look
into the challenges that arise when Pervasive AR becomes a reality and is increasingly used in public contexts. For
example, using Pervasive AR allows us to put information displays almost everywhere—which is a vision shared with
the interactive public displays research community [2]. Interactive displays are typically physical information displays
that are embedded in our everyday environment, including our homes and public spaces. They draw the user’s attention
by displaying certain information. As the user engages more with the displays, the display recognises this engagement
and then adapts the information display accordingly (e.g., by showing additional details or even more personalised
information). Engagement levels are typically distinguished by the distance between the user and the display (see
Figure 2 A) and generally range from public to private. Pervasive AR has the potential to implement this vision using
wearable displays that are used to overlay graphical content, thus making physical displays obsolete. However, this
transition from traditional interactive displays to Pervasive AR enhanced public displays introduces several challenges.
For example, with traditional interactive displays in a public context, if the display switches to a more personalised
information display owing to user engagement, this is usually clear to bystanders even if they might not immediately see
the information displayed itself (e.g. because it is blocked by the user standing in front of the display). This relationship
is less understood and noticeable in Pervasive AR, potentially affecting trust in the displayed information and used
technology in general (see Figure 2 B).

In this work, we aim to understand better the effect of using Pervasive AR when implementing the concept of
interactive public displays. Specifically, we investigate the ethical implications of tailored information delivered on
Pervasive AR-enhanced Public Displays. For our studies, we prototypically implemented a Pervasive AR scenario that
demonstrates the usage of Pervasive AR-enhanced public displays in a public setting. Within a mainly qualitative
study, participants explored our study environment together, using current-generation head-mounted displays. Similar
to traditional interactive public display approaches, we differentiate between engagement levels with the displayed
information by adapting the displayed information based on user proximity. However, in contrast to interactive public
displays, we investigated the perception of displaying the same information to all the users vs. showing different
information to each user. Through an inductive thematic analysis [5, 7, 46], we agreed on four main themes outlining
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the implications of information privilege, and thereby, the divide it causes, the critical factors that would a ect the
acceptability of Pervasive AR speci cally in public spaces, and the attitudes towards receiving tailored content.

Overall, our work has the following contributions. We A) provide feedback from a qualitative study exploring the
potential challenges when using Pervasive AR to realise the vision of interactive public displays in public environments.
We also B) discuss the results and desigh recommendations for future research on mitigating some of the identi ed
issues. To the best of our knowledge, this is the rst exploration of Pervasive AR to implement the concept of interactive
public displays, particularly emphasising the di erences between the traditional models of user engagement and usage
patterns used in the interactive public display community.

2 RELATED WORK

AR technology is steadily moving away from one-o , single-purpose applications to be more ubiquitous and versatile;
thus pervasive 39. Grubert, Langlotz, Zollman and Regenbrecht (2017) de ned Pervasive Augmented Reality (Pervasive
AR) as,

... acontinuous and pervasive user interface that augments the physical world with digital information registered in
3D, while being aware of and responsive to the user's cofifékt.

Another notable di erence is that the use of AR systems is more generic, while Pervasive AR systems tend to be
more tailored towards the user. Pervasive AR systems focus on delivering value to their users by overlaying meaningful
information that is relevant to the user in a timely manner. Therefore, Pervasive AR systems are required to understand
and adapt to the user's context regarding user requirements and situatich Therein lies the most vital di erence
between traditional AR and Pervasive AR.

However, as Pervasive AR systems become commonplace, it is essential to look into how they will be adapted
into society and the ethical concerns that may arise with them. Pervasive AR, along with other wearables, has been
extensively investigated for its social acceptability, with valuable insights into the discussion on ethics and Pervasive
AR.

2.1 Social Acceptability of Pervasive AR

These studies on the social acceptability of Pervasive AR have favoured themes such as how di erent gestures and
overlays would be perceived by the users of the devices, how the use of these devices will a ect social interactions,
and how the devices will impact bystanders. Kelly and Gilbert (2026), in developing a scale predicting social
acceptability, de ne the social acceptability of a wearable as éfisence of negative reactions or judgements from.others
Schwind, Deierlein, Poguntke, and Henze (20¥ and Schwind and Henze (202@)4 taking a di erent approach,
explore the ability of stereotypes as de ned by the Stereotype Content Model (SCM) to determine the acceptability of
wearables.

Social acceptability is not limited to the device user but also extends to the bystanders. Thus, many studies have
explored di erent dimensions of how social interactions between device users and observers would a ect the social
acceptability of AR devices. For example, these studies have investigated the in uence of the positioning of noti cations
[42] and di erent input modalities [1].

A common discussion related to the social acceptability of AR devices focuses on the device's ability to record the
user's surroundings and the continuous collection of dag& 2 21, 29 50. Several studies focused on the indication of
the recording status and importance of consent from bystanders and its implications on social acceptability [28, 29].

The potential concerns regarding the upcoming technology are not limited to social acceptability but also to ethics.
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2.2 Pervasive AR, Ethics and Social Impacts

Ethics in Pervasive AR have only been explored in limited work (8§:f(). Regenbrecht, Zwanenburg and Langlotz
(2022) 4Q have investigated how Pervasive AR systems would a ect society and the importance of addressing these
concerns in advance. Their focus mainly revolves around covert data collection and exploitation.

In a more recent empirical study, Regenbrecht, Knott, Ferreira and Pantidi (2624gXplore how users and
bystanders would perceive the ethical implications of Pervasive AR. The study revealed the creation of a divide among
users and non-users due to privileged access to information. The authors also noted the importance of following
an ethics-conscious process throughout Pervasive AR system design and development to mitigate potential issues.
Moreover, they emphasise the importance of including the public in the design and development decisions of Pervasive
AR systems.

Eghtebas, Klinker, Boll and Koellé§ explored the malicious and deceptive potential outcomes of Pervasive AR,
such as the risks of targeted attacks on persons who are unaware, inappropriate suggestions made via embedded virtual
visuals, altering a user's perception of their surrounding, and more. Furthermore, they identi ed potential remedies
for these risks that can be integrated into system design, such as the option to opt out of certain content, focusing on
personal rights protection, and the introduction of ephemerality to augmentations to ensure users are always able to
distinguish between the augmentations and reality.

In our study, we focus on the information inequity that may be created among users or collaborators in spaces
that are otherwise regarded as shared. As identi ed by Eghtebas, Klinker, Boll and Kd€jl@grvasive AR has the
capability to convert shared experiences to asymmetrical experiences by overlaying di erent visuals for each user. This
issue could be most prevalent in public spaces where we share the sentiment that we all see a common representation.
However, Pervasive AR systems alter these spaces with augmentations speci c to each user's preference creating a
sense of deception among the users.

Nevertheless, the concept of changing public displays has been explored before, independent of Pervasive AR,
especially regarding ownership of the display and the stages of transferring said ownership.

2.3 Public Displays and Proxemic Interactions

In this study, we draw inspiration from previous studies in the domainioferactive public display®roxemics is one of

the most discussed ownership transfer mechanisms for interactive public displays. Greenberg, Marquardt, Ballendat,
Diaz-Marino and Wang (2011} § state that HCI has adopted the term proxemics and the four zones of proxemics
introduced by the anthropologist Edward Hall. They further state that in ubiquitous computing, proxemics is not solely
de ned by distance but also by several other factors such as orientation and location. These interactions are made
possible with the use of sensors and the context awareness of devices.

Early on, Vogel and Balakrishnad ] explored the use of implicit interactions (such as proximity and orientation)
as well as explicit interactions (such as hand gestures and touch inputs) to transition a display from a public ambient
display to a personal display.

Marquardt and Greenberd[d in their study discuss design challenges in proxemic interactions and how to mitigate
them in terms of revealing possible interactions and identifying if an action is intended for a device or not. In addition
to distance, much like Greenberg et al. (20116} ] they too suggest taking into consideration the users' focus, motion
trajectories, location and context awareness. They further explore the importance of privacy and security when
transferring the ownership of a public display to a speci ¢ user.
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Fig. 2. (A) Traditional phases for interacting with interactive public displays (PD1) as described by Vogel and Balakrigtvhan [
(B) Pervasive AR-enhanced public displays as AR overlays (ARD1/2) introduce ambiguity as they can show the same or di erent
information for di erent users.

Mller, Alt, Schmidt and Michelis (20103 state that public displays should be able to attract passersby to interact
and deal with issues of interaction in publid@hey further establish their own distinction of stages in interacting with a
public display, ranging from passing by to multiple interactions and follow-up actions.

2.4 Research Gap

While empirical studies such as Regenbrecht et &) have explored the ethical and perceptual aspects of Pervasive AR
in public settings and o er valuable insights, their work predominantly focuses on the relationship between bystanders
and users. Conversely, our study focuses on the relationship among Pervasive AR users, and especially how these
relationships are a ected by tailored content in public spaces, that are otherwise understood to be shared spaces
with equal opportunity for consuming all available information within that space. Tailored content was delivered via
Pervasive AR-enhanced public displays that employ proxemics similar to interactive public displays discussed earlier.
While interactive public displays show clear ownership of space and content, it is more ambiguous when AR overlays
are used (see Figure 2). This leads to the rst research question of our s(idifow will Pervasive AR a ect society
in public se ings? We referred to the existing research ndings on interactive public displays and their use of proxemic
interactions, to design a sound Pervasive AR probe that enabled converting a public display to a personal display
[2, 16 33 36 47). Technological probes are used in studies to facilitate learning about users and the use of a particular
technology in the wild 3. The use of a functional technology probe is less demanding for participants as they do
not have to rely on their imagination alone, much like with illustrations, images, or video analy$és4{. Secondly,
we intended to investigaté2) How will the trust between users be a ected by the consumption of user-speci c
information in public se ings? We assumed that the asymmetry of information in public settings would create a
certain level of distrust among users owing to information disparity, resulting in altered social behaviours. This leads
to our next question(3) How the altering social dynamic will a ect the social acceptability of Pervasive AR?
We presumed that the acceptability of Pervasive AR would be highly reliant on how the technology will alter our
regular interactions with other users, and how the technology itself is shaped to accommodate such behaviours and
mitigate potential concerns. Finally, by answeriifg) What design recommendations can make Pervasive AR more
acceptable in public se ings? we will attempt to provide design recommendations to developers of Pervasive AR
systems, so the potential issues concerning tailored information delivery in public spaces can be addressed to minimise
the rami cations in the future.
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Table 1. Table showing the condition administration of coherence of information based on the priming description of Pervasive
AR-enhanced public displays

Information Coherence

Coherent  Incoherent

A) Everyone will see the same information as they would in real life. Group 1-1  Group 1-2
B) You may or may not see the same things as the other participant. Group 2-1  Group 2-2
C) The public displays in the environment are enhanced with Pervasive AR. Group 3-1  Group 3-2

Priming
Condition

3 USER STUDY

This study followed a pair design where two participants were exposed to the Pervasive AR-enhanced public displays
simulation. We focused on the users' perception of such displays and the coherence of information displayed on them.
This study explored the e ect of two variables: coherence and priming.

In real life, we perceive public displays to be shared, and the information displayed on them to be equally accessible
to anyone in the general vicinity of the display. However, when considering Pervasive AR-enhanced public displays
we can no longer assume that due to the context-aware nature of such systems. Hence, the rst controlled variable
of the study was coherence (also referred to as symmetry in Eghtebas et al. (2828j[the information displayed
to the users coherence describes if the information displayed to both participants is the same (coherent) or di erent
(incoherent). The two levels of information coherence are dependent on a shared experience and are mutually exclusive.
This variable was applied within-group.

The second controlled variable in the study was the priming description the participants received about Pervasive AR-
enhanced public displays in terms of the coherence of information. This priming condition was applied between-group.
The following are the three priming conditions as presented to the participants, along with their descriptions.

(A) Inthe environment you will see Augmented Reality-enhanced public displays. Like in the real world, the displays
will show the same information to everyone, regardless of what AR glasses they are wearing.
This description aligns with our current understanding of public spaces where the information available is
equally accessible and shared among those present in that given space.
(B) In the environment, you will see Augmented Reality-enhanced public displays. Unlike in the real world, the displays
might show the same or di erent information to di erent people depending on the AR glasses they are wearing.
When Pervasive AR is widely adopted, due to its context-aware nature, each user will see speci c information
based on their personal interests that others may or may not see. And if proxemics are incorporated the change
of information will depend on both the users' interests as well as their engagement with the display. Thus, by
saying that they will see the same or di erent information , we are describing the future view if Pervasive AR
is widely in use.
(C) In the environment you will see Augmented Reality-enhanced public displays.
This description aligns with the transitioning view that will follow the current understanding of shared and
equally accessible information in public settings and preceding the future understanding of tailored content
delivery. It de nes a state where the population does not inherently understand the nature of context-aware,
tailored content delivery of Pervasive AR systems. This priming was left open so as not to in uence participants'
existing understanding and perception of the technology.
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3.1 Study Design and Procedure

Once the participants arrived at the location, they were given the information sheet outlining the speci cs of the study
to read and consent forms to sign.

Then, an experimenter verbally outlined the study, the duration of the study, and the withdrawal opportunities to
the participants. Following that, an introduction to Pervasive AR was given and each participant was given a pair of
Snap Spectacléslong with a battery pack (see Figure 3).

The study consisted of two sessions carrying out each condition (see Table 1). Before the start of the sessions, the
assigned priming description was relayed to the participants. The task for the participant pairs was to take between 5
and 10 minutes to explore the Pervasive AR-enhanced public displays in the hallway together while discussing the
content they saw in the environment. Additionally, they were instructed to refrain from discussing how the experience
made them feel, to avoid them in uencing each other. While the participants explored the hallway, an experimenter
noted down observations of the participants' behaviour. Upon completing the viewing of the Pervasive AR-enhanced
displays in the hallway, the participants returned to the study room to Il in the two questionnaires about trust and
Pervasive AR acceptance, respectively. The second session followed the same procedure. Upon completion of both
sessions, the participants answered the mini-questionnaire. Following the completion of the demographics forms, the
participants took part in a 15 30 minute semi-structured interview. After the interview, participants were debriefed
about how (regardless of the type of space or device) Pervasive AR systems will always deliver content that is tailored
to the user. Following this, the study was concluded by thanking both participants for their time by o ering them each
a gift voucher from New World (New Zealand) at the value of NZD20. The study altogether took about 60 minutes to
complete.

3.2 Apparatus and Implementation

A technological probe was developed using Lens Studio to organically simulate the in uence of Pervasive AR systems
in information dissemination within public settings. The probe was experienced on Snap Spectacles (2021). An external
battery pack with a 10000mAh capacity was used to power the spectacles during the study. The technology probe
consisted of two applications (referred to as lenses in Lens Studio) that employed proxemics as de ned by Milller et al.
(2010) Bg. We employed proxemics-based subtle interactions (focusing on a display) and direct interactions (moving
closer to a display) with the displays. The displays consisted of posters and overlays as de ned by Miller et al. (2010)
[3€ in their taxonomy for public displays. We displayed superimposed posters with content taken from the Information

is Beautiful websité in a hallway, much like they would be displayed physically. The AR posters were aligned to the
hallway walls and initialised by using a physical marker on the wall. The functions of the two applications were as
follows:

Coherent Lens A connected (shared) experience where both participants viewed the same posters. Regarding prox-
emics, when at least one participant walked up to a poster, it changed to a new shared poster for both participants.

Incoherent Lens The posters, when viewed from afar, were the same for both participants (in line with the related
work regarding proxemics). When a participant engaged with a poster by moving closer, it changed to a new poster
for that respective participant only. This new poster remained individualised to each participant and was not shared.

Lhttps://www.spectacles.com/new-spectacles/
2https://informationisbeautiful.net/
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