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Figure 1: RealityLens allows users to customize a blended physical world view with reality lenses deployed to serve their
different needs. For instance, RealityLens can be used to (a) enable communication with non-VR users when watching 360◦

video, (b) utilize the familiar physical interface such as keyboards and smartphones during VR remote meetings, and (c) avoid
both static and moving obstacles when immersed in VR games.

ABSTRACT
Research has enabled virtual reality (VR) users to interact with the
physical world by blending the physical world view into the virtual
environment. However, current solutions are designed for specific
use cases and hence are not capable of covering users’ varying
needs for accessing information about the physical world. This
work presents RealityLens, a user interface that allows users to
peep into the physical world in VR with the reality lenses they
deployed for their needs. For this purpose, we first conducted a
preliminary study with experienced VR users to identify users’
needs for interacting with the physical world, which led to a set
of features for customizing the scale, placement, and activation
method of a reality lens. We evaluated the design in a user study
(n=12) and collected the feedback of participants engaged in two
VR applications while encountering a range of interventions from
the physical world. The results show that users’ VR presence tends
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to be better preserved when interacting with the physical world
with the support of the RealityLens interface.
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1 INTRODUCTION
The virtual reality (VR) technique provides users with an immer-
sive experience but at the cost of losing awareness of the physical
world (PW). Current VR systems (e.g., Valve Chaperone and Ocu-
lus Guardian) provide static play area boundaries to prevent user
collision. However, simple tasks such as picking up a cup or com-
municating with others remain difficult. While today’s techniques
such as HTC Vive’s front-facing camera and Oculus’s Passthrough
mode allow users to access the PW view, it requires them to pause
their VR experience and hence breaks their VR presence.
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Figure 2: RealityLens allows users to create a reality lens. (a) In con�guration mode, where users see the PW through the
passthrough function, the reality lens is shaped as a virtual sphere. In VR mode, it turns into a reality lens. By (b) adjusting its
size and placing it in di�erent positions, such as (c) on the user's �eld-of-view, (d) around the user's hand, (e) in the environment
for capturing the region, or (f) on a moving object like a robot vacuum, RealityLens serves to users' diverse needs for interacting
with the PW in VR.

Previous studies suggest blending situated PW views into the
virtual environment (VE), which provides users with PW infor-
mation without interrupting users' VR experience [12, 20]. This
technique has been applied to meet VR users' needs that involve
PW interaction, for instance, to enhance users' PW awareness [23],
prevent user collision [12], provide access to nearby objects [20],
and enable communication with bystanders [7, 20, 31].

While previous works have shown a high diversity of users'
needs for interacting with the PW in VR, current solutions are
limited to user interfaces designed for speci�c use cases. There is
still little understanding of the users' overall needs for PW interac-
tions; therefore, a solution that supports users' customized needs
for blending the PW content into the VE is still lacking.

We proposeRealityLens, a user interface that allows users to
create a reality lens through which they are enabled to peep into PW
in VR. Users can customize the lens's size, placement, and activation
method based on their needs for obtaining PW information during
their VR experience, for instance, to communicate with a bystander
(Figure 1a), utilize a familiar physical interface in VR (Figure 1b),
and avoid PW collisions with both static and moving obstacles
(Figure 1c).

Figure 2 illustrates the interaction �ow to create a reality lens. We
considerRealityLensa system-wide interface similar to the Oculus
Guardian system. Users can invoke the interface to set up their
reality lens before and during the VR application. To do so, users
have to enter the con�guration mode by activating the passthrough
function (turning on the video see-through camera), which takes
them to see the PW. With seeing the PW, they can add a reality
lens to the PW and customize the lens based on their needs for
acquiring PW information when returning back to VR. The lens

is shaped as a virtual sphere in the con�guration mode. In the VR
mode, it appears as a reality lens (Figure 2a).

Users can adjust the size of the lens (Figure 2b) and place it
in di�erent positions for various interactions with the PW, such
as attaching to the users' �eld of view (FoV) (Figure 2c), on the
user's body (Figure 2d), in the environment (Figure 2e), or to a
speci�c object (Figure 2f). Furthermore, the interface allows users
to decide on one of the three activation methods to control the
visibility of a reality lens in VR, which includes always available,
triggered by users, and triggered by custom events (see more details
in the RealityLens section). These features help users customize the
blending of the PW content in VR based on their needs.

Based on the prototype interface implemented, we conducted a
user study to evaluate the e�ectiveness of the proposed interface
and explore howRealityLensa�ects user experience. The result
shows thatRealityLensprovides users with a continuous VR experi-
ence and hence tends to improve their VR presence when interact-
ing with the PW. Moreover, we discussRealityLens'e�ectiveness in
di�erent applications and users' strategies for deploying the reality
lens. At the end of the paper, we provide the design insights on a
user interface for customizing the PW content into VR.

1.1 Contribution
This work presents a user interface that supports users' customized
needs for acquiring PW information when immersed in VR. We con-
ducted a study to collect users' needs and derive design guidelines,
based on which theRealityLensinterface was implemented. Our
study provides design insights into users' strategies in deploying
reality lenses for their custom needs and how these reality lenses
a�ect users' VR experience.
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2 RELATED WORK
This section reviews how recent research bridges VR and PW, and
then focuses on the studies that blend PW into VE.

2.1 Bridging Virtual Reality and the Physical
World

VR allows users to immerse themselves in the virtual world but
isolates them from the PW. However, since VR users are physically
located in the PW, low awareness of the PW in VR causes various
problems such as the VR users' safety, the di�culty of accessing
PW objects and the communication gap between the VR users and
bystanders. As such, a number of studies have attempted to bridge
VR and PW from di�erent aspects.

Hagan et al.[24] conducted an online survey to investigate in-
teractions between VR users and bystanders in the wild. Their
�ndings suggest that in addition to interrupting the VR experi-
ence, bystanders also play an important role in moderating the VR
user's experience. Previous works have also demonstrated novel
systems that aim to improve the bystanders' awareness of the
VR user's presence [4], facilitate shared use of the physical space
[35], and enrich collaboration between VR users and bystanders
[10, 11, 14, 29, 32, 33].

Other studies attempt to merge digital information external to VR
into VR, such as displaying smartphone noti�cations [30]. Along
the same lines, prior work has explored how noti�cation forms
[9, 36], positions [13], and moments [5] on display in VR a�ect the
user experience.

2.2 Blending the Physical World into Virtual
Environment

Augmented Virtuality (AV) from the reality-virtuality continuum
[22] refers to an approach that augments the virtual view with ele-
ments from physical reality. This approach integrates the PW view
or elements into VR, allowing users to receive the PW information
when immersed in VR.

Recent studies have explored AV methods that combine the PW
and the VE to bene�t the user experience. For instance, laying
the virtual objects on the physical objects provides VR users with
passive haptic feedback that enhances their VR presence [17, 27,
28]. By generating the virtual world based on the PW, one can be
immersed in VR while traveling in the PW [6, 34]. Remixed Reality
[18], on the other hand, explores the space and time manipulation
of the PW based on its 3D reconstruction in VR. With the reality-
virtuality continuum [22], OneReality [25] presents a design space
concerning the blending of di�erent levels of users' presence.

Other studies have tried to blend the PW into VE to enable VR
users' PW interaction. McGill et al. [20] identi�ed usability chal-
lenges in VR and addressed these challenges with a prototype that
allows to blend the PW objects into VR. Since then, several works
also explored designs to address di�erent usages, such as avoiding
PW object collision [15], allowing users to access nearby objects
like drinks or the keyboard [1, 3], notifying users of bystanders' ex-
istence [16, 21, 23], and further enabling communication with them
[31]. Recently, George et al. [8] conducted a survey which identi�es
factors that a�ect the transition in the reality-virtuality continuum
and presented a design space for cross-reality interaction.

More recent research has presented novel techniques to sup-
port users' PW interactions in VR. ModularHMD [7] presents a
novel head-mounted display (HMD) that utilizes the peripheral re-
gions to enable ad-hoc interaction with PW objects and bystanders.
RealityCheck [12] demonstrates a system that blends the 3D recon-
struction of the entire PW with VE. One of the techniques they
have explored, "�ashlight into reality," allows users to select the
blended region in the PW using the controller as a �ashlight. These
works blend the PW view in di�erent forms and provide users with
various interaction techniques for acquiring PW information.

While most studies tried to evaluate the e�ectiveness of di�erent
blending techniques or understand users' perception about them,
RealityLensaims to provide a user interface that assists users in
placing and deciding the passthrough lens behavior. To the best of
our knowledge,RealityLensis the �rst design that allows users to
customize the blended region's behavior to cover their needs for
interacting with PW in VR.

3 REQUIREMENTS ANALYSIS
We conducted a preliminary study to identify VR users' needs for
interacting with the PW. This study aims to (1) investigate the
users' experience of obtaining PW information when immersed
in VR, and (2) understand design considerations for blending the
customized PW content with the VE.

This study comprised two phases: an interview and a body-
storming phase. In the interview phase, a semi-structured interview
was conducted to understand participants' experience interacting
with the PW in VR. In the body-storming phase, participants were
asked to experience and provide feedback on a prototype applica-
tion featuring basic functions of the interface.

3.1 Prototype Application
We developed a VR prototype application to help participants ex-
perience the user interface for blending the PW content into the
VE. In this prototype, participants entered the con�guration mode,
where they would see the PW in view, and were allowed to create
�xed-size reality lenses (50 cm diameter) in the environment with
the controller. All the lenses they created were world-reference,
and participants could create or delete one at the controller's po-
sition by pressing the controller's trackpad button. After setting
up reality lenses they needed, participants exited the con�guration
mode and started experiencing a 360� video viewing application.
Through the reality lenses they set up earlier, participants can ac-
quire PW information while watching the 360� video in VR. This
prototype application was dedicated to obtaining users' feedback
on the interface design.

3.2 Procedure
The study occurred in a seminar room at the university. Participants
were seated in front of a 2 x 1 m table with a laptop. Besides the table,
the room was decorated with furniture (including chairs, tables,
shelves, and a whiteboard) to resemble a workspace. After brie�ng
the study, we started participants with the interview phase of the
study, where we asked them about their experience interacting
with the PW while immersed in VR including their motivation and
approach. This phase lasted approximately 15 minutes.
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In the body-storming phase, participants completed tasks that
required them to interact with the PW using the prototype appli-
cation. The tasks were derived from previous research including
typing on their computer [20], checking the clock on the wall out-
side of the play area [12], and communicating with a bystander
[7, 31]. They were also asked to picture how they would utilize the
prototype in the scenarios they mentioned in the interview phase.
Participants were encouraged to think aloud during the activity.
In the end, another interview was conducted to gain their feed-
back and opinions about the interface design after completing the
tasks. The body-storming phase lasted 20 minutes, and the second
interview took 10 minutes.

3.3 Participants and Apparatus
We recruited six participants (5 male, 1 female) from the local uni-
versity who had VR experiences and were unrelated to this research.
Five had at least half a year of VR research experience (M = 1 year),
and three were VR gamers with a VR environment installed in
their homes. In the body-storming phase, an HTC Vive Pro HMD
running on a laptop (i7, GTX1080, 16G RAM) was utilized for the
VR experience.

3.4 Summary of the User Experiences
Here we report reasons why users need to interact with the PW in
VR. The most common reason mentioned by all participants was
accessing nearby physical objects such as smartphones, keyboards,
and VR controllers. Participants also reported occasions that re-
quired them to interact with bystanders such as answering their
family members or asking for help from their colleague (P3, P5,
P6). For room-scale VR applications, participants mentioned that
they had experienced accidentally bumps (P1-P3, P6), which made
them pay more attention to the PW when moving in VR. To prevent
collisions, they had even asked someone to stay beside them. These
reasons show the diversity of users' needs, which aligns with the
results in previous research [8].

Except for motivations to interact with the PW, we further in-
vestigated existing approaches they had used for obtaining PW
information in VR. All participants reported that they would like to
avoid putting on and taking o� the HMD. However, in scenarios that
require a high-resolution view and �ne interaction, such as reply-
ing to messages on a smartphone or using a computer, participants
had to take o� the HMD (P1, P3-P6). While the VR passthrough
function o�ers a workaround to see the PW through the HMD, par-
ticipants said that the resolution of current passthrough function is
insu�cient (P3, P4).

For scenarios that do not require �ne interaction, such as �nding
the VR controllers or seeing the surroundings when moving around,
participants would utilize the limited gap beneath the HMD to �nd
their target (P4-P6). However, they also admitted that this solution
is limited and uncomfortable in the long term. Some participants
tried reaching the nearby objects using their memory about the
surroundings and/or bodily perception without visual assistance
(P1-P3, P6), but this could result in more collisions, accidentally
knocking over nearby objects. In sum, participants considered cur-
rently no suitable solutions available to overcome these issues.

4 DESIGN CONSIDERATIONS
This section presents design considerations of the reality lens based
on the results of the body-storming activities.

4.1 Size of a Reality Lens
Since users' quest for PW content in VR is diverse, the interface
should provide the �exibility to adjust the size of a reality lens
for di�erent usages. For instance, participants mentioned that the
default lens size is su�cient for checking the clock but too small
to view the full keyboard (P1, P2, P5, P6). Even to the same target,
the proper size for a lens di�ers in di�erent contexts. For example,
when blending bystanders into the VE, participants mentioned the
proper size of a lens based on the type of communication, such as
including the upper body when body language is important (P3),
and including only the bystander's face for a short conversation
(P1, P6).

4.2 Preserving VR Presence
All participants stated that a reality lens should only be visible in VR
when needed; otherwise, it can occlude the VE and reduce users'
VR presence. During the study, participants considered the PW
view on the keyboard e�ective but also worried it was annoying
on the clock. P3 recommended that "It (the reality lens) should be
turned on only when I want to check it; otherwise, it occludes VR
content for the rest of the time."

Regarding activation method, participants suggested triggering
by themselves was the easiest method, but some use cases should
be triggered by system detection. For instance, if a lens is used to
prevent physical collisions, the system can detect and trigger the
lens when the user gets too close to the obstacle associated with
the lens (P1, P3, P4). Participants also mentioned cases they prefer
to rely on system detection. P5 said, "The reality lens on the phone
can turn on itself when a noti�cation comes in, so I don't need to
check it once in a while."

4.3 Prepared and Accidental Events
The interface should a�ord use cases that can be prepared before
entering a VR experience, as well as accidental events during a VR
experience. For PW content that is frequently used or predicted
by users viable during a VR experience, such as a smartphone or
physical keyboard, users can set up a reality lens on them before
entering VR. However, other use cases are impossible to capture
beforehand such as answering incoming bystanders. Therefore, the
interface should o�er users the �exibility to handle both use cases.

Among these cases, participants mentioned that moving objects
appearing in the play area should be carefully addressed (P4-P6).
Since most users will con�rm the play area's safety before enter-
ing VR, moving objects are more likely to appear after users are
immersed in VR, such as pets wandering about the play area. Since
moving objects increase the risk of physical collision, it requires
users' greater attention.

5 REALITYLENS
Based on the design considerations, we proposeRealityLens, a user
interface that supports deploying and customizing a reality lens
through which users are able to see the PW in VR. This allows the
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users to obtain relevant PW information for their needs while in
VR. This section presents the design space ofRealityLens, followed
by an implementation of the user interface.

5.1 Design Space
We present two design factors:placement andavailability . The
placement factor describes where a reality lens is placed and the
availability factor speci�es when and how a reality lens should
be activated during a VR experience. These two factors de�ne the
behavior of a reality lens.

5.1.1 Placement.The placement factor determines the position
control of a lens, and it has two modes: theuser-centricandenvironment-
centricmode, according to whether the lens is added in relation to
the user and the environment, respectively. The lens is set to the
user-centricmode when it is placed on the user's body. Otherwise,
the lens is placed in the PW and set to theenvironment-centric
mode.

User-centric (view-anchored, body-anchored): A user-centric
reality lens is controlled with the user's body movement. Given
where it attaches to on the body, auser-centricreality lens further
behaves as aview-anchoredor body-anchoredlens. Aview-anchored
lens is when the lens is attached to the user's FoV, which makes
the lens always available in view [7]. A body-anchoredlens is when
the lens is placed on the user's body besides the FoV, such as on
the user's hand [20]. Compared to aview-anchoredlens, abody-
anchoredlens provides users with a greater degree of freedom of
control since it is decoupled from users' FoV, allowing users inde-
pendent position control of the lens with the body movement (e.g.,
placing the lens on the wrist to use as a watch).

Since users can leverage body movement to quickly adjust the
lens position for accessing PW content, Auser-centricreality lens
can be considered as a universal reality lens suitable for addressing
accidental usage during the VR experience.

Environment-centric (world-anchored, object-anchored):
Theenvironment-centricreality lens is placed in the PW environ-
ment. Compared to auser-centriclens, aenvironment-centriclens
is a target-speci�c lens that supports viewing a speci�c region or
object. It is suitable for prepared usage to acquire PW information.

A environment-centriclens is further characterized as aworld-
anchoredor object-anchoredlens based on the target on which the
association is made. Aworld-anchoredlens is attached to a PW
region to capture objects within this area, such as a table near
the user, or a waiting spot for the bystanders [35]. By contrast,
an object-anchoredlens is when the lens is attached to an object
or a person, such as a nearby keyboard [20] or a bystander using
the same environment [20, 31, 35]. Regarding position control, a
world-anchoredlens is �xated at a location the lens is associated
with, while an object-anchoredlens follows an object it attaches to.
Object-anchoredlenses, therefore, are suitable to capture objects
that may change their location during a VR experience.

5.1.2 Availability.The availability of a reality lens speci�es how
the lens is triggered to appear during a VR experience. We design a
reality lens to have one of the three modes on availability:always-on,
user-triggered, andevent-triggered. A always-onlens is constantly
present in the VE such that the PW content in it is always visible

to the user [12, 20]. However, since persistent PW content in VR
can easily a�ect one's VR experience, a reality lens in this mode
should be carefully handled and is more suitable for capturing a
small region or PW content in need of frequent access.

In comparison, auser-triggeredlens is not visible during the VR
experience unless users turn it on [7]. A reality lens in this mode
gives the control of the lens's presence to the users and is suitable
for capturing PW content less often in usage.

Lastly, aevent-triggeredlens remains invisible in VR until a
speci�c event in association meets. Depending on available events
supported by the system, aevent-triggeredlens can have a wide
utility; for instance, it can appear when the user gets close to the
lens [12, 35] and when the object the lens attaches to is moving.
Furthermore, when connecting to Internet of Things (IoT) devices,
a event-triggeredlens can be triggered by device events such as
being triggered when a doorbell rings.Event-triggeredlenses, thus,
meet user needs related to automation.

5.2 User Interface
Based on the design space, we implemented theRealityLensin-
terface to assist users in customizing reality lenses for blending
their desired PW content into VR. We utilized HTC Vive Pro HMD
for its built-in front-facing stereo camera view. The project was
implemented in Unity 2019.3.24f with HTC Vive SRWorks SDK1

run on a VR-ready laptop (i7, GTX1080, 16G RAM).
Before putting on the HMD, users �rst attach markers, which

are implemented with HTC Vive trackers, to PW objects they want
to capture during the later VR experience. These markers are used
to track the objects' position in the PW, particularly for objects
subject to location changes. We envision future markers in the form
of stickers for easily tagging the environment. Then, they can wear
the HMD to set up the reality lens.

Users set up a reality lens by entering the con�guration mode,
which can be activated by double-clicking the controller's menu
button. In the con�guration mode, users �rst see the PW in view,
implemented through the HMD's passthrough function. They create
a reality lens by pressing the controller's trackpad button. As shown
in Figure 2a, the reality lens is rendered as a virtual sphere in the
con�guration mode. Users can adjust the lens' size through the
frame elements (Figure 2b) and manipulate its position by dragging
it with the controller. Returning to the VR mode, the reality lens is
rendered as a lens in VR.

We provide four placement modes:view-anchored,body-anchored,
world-anchored, andobject-anchored. Users determine the placement
mode of a lens by the placement point. By placing it on the user's
head, the reality lens attaches to the user's view and becomesview-
anchored(Figure 2c). Placing the lens on the body beyond the user's
view, a skin color region on the part of the body appears, indicating
the operation beingbody-anchoredand the region to host the lens
(Figure 2d). Alternatively, if the user places the lens on an object aug-
mented with a marker, the lens is set to theobject-anchoredmode
(Figure 2f). Otherwise, the reality lens is placed in the environment
and set to theworld-anchoredmode (Figure 2e).

1SRWorks SDK: https://developer-express.vive.com/resources/vive-sense/srworks-
sdk/
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