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Figure 1: MirrorBlender is a malleable video-conferencing system that creates a WYSIWIS blended space for co-located and
remote users. Deploying MirrorBlender in three hybrid meeting sessions, we studied A: deictic gestures, B: embodiment of
mirror images, and C: how remote users are included and grab attention via their malleable representation in the interface.

ABSTRACT

In hybrid meetings, multiple co-located participants communicate
with remote participants through video. But video communication
inhibits non-verbal cues, and this often causes remote participants
to feel excluded. To address this issue, we built MirrorBlender: a
What-You-See-Is-What-I-See video-conferencing system for blend-
ing, repositioning, and resizing mirrors. Mirrors here denote shared
video feeds of people and screens. In a qualitative study of Mir-
rorBlender with three hybrid meeting sessions, we found that the
shared control of mirrors supported users in negotiating a blended
interpersonal space. Moreover, it enabled diverse acts of inclusion
of remote participants. In particular, remote participants brought
attention to themselves by manipulating the position, scale, and
translucency of their camera and screen feeds. Participants also
embodied and leveraged their mirror images for deictic gestures
and playful interactions. Based on these findings, we discuss new
opportunities for supporting video-mediated collaboration.
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1 INTRODUCTION

With remote work and video-mediated communication becoming
increasingly common, we are seeing new challenges and opportu-
nities emerge in how people conduct meetings. A popular meeting
form is hybrid meetings [31, 32], which involve physically co-located
and remote participants. Such meetings suffer from reduced non-
verbal communication [35] due to a lack of spatial consistency
between the physical spaces from where meeting participants con-
nect [5, 29]. Unlike in face-to-face interaction, participants struggle
to attract the attention of others through subtle glances and body
gestures [14, 15]. This may lead to primary room dominance [18]
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where remote participants feel excluded from the room of co-located
participants [31, 32]. To address these issues, Media Spaces (e.g.,
[17, 26, 29]) and Mixed Reality approaches (e.g., [5, 9, 28]) create a
physically realistic frame of reference for a blended interpersonal
space. This creates a sense of virtually “being there" together and
enables deictic gestures with spatial referencing. However, these
approaches dictate fixed spatial configurations of users and require
elaborate (and costly) physical hardware setups.

We follow Hollan and Stornetta’s suggestion to build telecom-
munication tools that go “beyond being there” [16] with the goal of
developing new principles for supporting non-verbal communica-
tion and better inclusion of remote participants in hybrid meetings.
Rather than establishing a physical frame of reference, we inves-
tigate the collaborative qualities of a malleable virtual frame of
reference. Our work addresses the following research questions:

RQ1 How do participants leverage a malleable blended space for
going beyond being there?

RQ2 How can participants use their camera feeds in a virtual
frame of reference for deictic gestures?

RQ3 How can we better support inclusion of remote participants
in hybrid meetings?

To this end, we built MirrorBlender - a prototype of a malleable
video-conferencing system that enables remote and co-located par-
ticipants to adjust the position, scale and translucency of video
feeds in a shared 2D space. We refer to the video feeds as mir-
rors, which can either be mirrored camera feeds of participants or
screen mirroring of shared content. MirrorBlender grants spatial
consistency [29] by creating a shared 2D frame of reference in a
What-You-See-Is-What-I-See (WYSIWIS) style [36] so that every-
one can see the same layout of mirrors. To investigate our research
questions, we deployed MirrorBlender in three hybrid meeting
sessions each with three co-located and two remote participants.

The paper thus contributes the following:

e A novel approach to malleability in video communication
through the manipulation of position, scale, and blending of
camera and screen mirrors.

o Identification of opportunities and challenges of enabling
embodiment of camera mirrors for deictic gestures.

o Insights into how hybrid meetings can be made more inclu-
sive for remote participants.

2 RELATED WORK

We build upon recent work on hybrid meetings and motivate our
study by reviewing research on media spaces and relevant commer-
cial video-conferencing systems.

2.1 Hybrid Meetings

Hybrid meetings are a popular type of video-mediated meetings
in business settings which consist of a primary room with many
co-located participants and a display that connects to one or more
remote endpoints [31, 32]. While this type of setup allows for flexi-
ble working conditions, research has identified several shortcom-
ings. Hybrid meetings suffer from primary room dominance [18],
which causes co-located participants to constantly interact with
each other and forget about the remote participants [31]. Remote
participants struggle with limited physical and social awareness and
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unequal meeting experiences to those who are co-located [40, 41].
Recent research shows that remote participants feel more disad-
vantaged and excluded in hybrid meetings than in fully virtual
ones, in which every participant connects through their own device
[32, 35]. Technical limitations of video-mediated communication
are often blamed for the low engagement of remote participants
and set the future expectations from remote participation in such
meetings [24]. Unequal distribution of participants over different
endpoints exacerbates the already existing attention problems in
video conferencing and makes it difficult for remote participants to
receive and pay attention throughout the meeting [23].

In Ens et al’s recent survey of the landscape of collaborative
mixed reality, they highlight hybrid collaboration as one of the
central themes for future research [8, pp.90]:

"[...] further research needs to explore how to support
collaboration between team-members who are both
co-located and remote, as the physical embodiment
of collaborators affects how they can work with one
another. A key challenge to address here is to afford
all the benefits of collocation while similarly realizing
the presence of remote collaborators in ways that all
can participate effectively”

Neumayr et al. [27] present a descriptive framework for hybrid
collaboration and coupling styles in partially distributed teams
with a particular focus on transitions between synchronous and
asynchronous work in hybrid settings. They emphasise that future
hybrid meeting systems should support territoriality! and ways
for remote participants to raise awareness. Lastly, Saatci et al. pro-
pose the metaphor of “configuring the meeting” [31] to emphasize
that meeting systems should support meeting moderator(s) and
participants in setting the meeting needs and goals and adjusting
the meeting flow before configuring the software. Their findings
point to the need for “making the software adaptable to meeting
needs” rather than the other way around. These insights motivate
the exploration of ways to reduce primary room dominance and
grant more equal control to remote and co-located participants over
their hybrid meeting settings.

2.2 Media Spaces and Physical Frames of
Reference

The challenges of undermined non-verbal communication occur
not only in hybrid meetings, but more generally in meetings via
media spaces: spaces of audio, video and computing technologies
that connect distributed colleagues to support their work as well
as more informal social interactions [6].

When communicating face-to-face, people rely on a shared frame
of reference together with deictic expressions such as “here” and
“there” when using their bodies to point and gesture around objects
in the world [39]. In traditional video-conferencing systems such
as Zoom? or Skype>, there is no common frame of reference for
pointing to objects or towards other people [29]. While techniques
such as telepointers can help users point in remote collaboration
[11], our bodies are much more expressive. We express non-verbal

1For a discussion of territoriality in HCI see, e.g., [33]
2Zoom: http://zoom.us/
3Skype: http://www.skype.com/



MirrorBlender: Supporting Hybrid Meetings with a Malleable Video-Conferencing System

cues with our hands in the form of diverse gestures which can be
deictic (e.g., pointing at an object), iconic (e.g., forming a circle with
two fingers to indicate a round object), spatial (e.g., distance), and
kinetic (e.g., a bouncing motion) gestures for non-verbal communi-
cation [3, 10]. Studies have shown that support for remote gestures
improves remote collaborative activities [19, 20]. The challenge of
deixis has also been a central issue in early groupware work based
on WYSIWIS [36], e.g., for remote pointing [11]. Hybrid meetings
complicate remote pointing as co-located participants may not have
access to a pointing device but share a large display that may be
out of immediate arm’s reach [22].

A common approach to supporting gestures and other non-verbal
cues is to achieve spatial consistency by creating a physically real-
istic 3D frame of reference. For example, Morikawa and Maesako
create a shared workspace by blending camera feeds from two
remote participants into one shared virtual space [26]. Camray
connects two wall-sized displays in different rooms where the re-
mote camera feed follows the remote user’s position, giving users a
sense of walking along the same wall [2]. Holoportation connects
two users in separate rooms by reproducing 3D representations
of each other in their head-mounted displays [28]. Previous work
also explored how to help meeting participants embody the sys-
tem’s frame of reference, such as by aligning spatial referencing
with gaze direction [1, 4], by overlapping semi-transparent video
feeds [37, 38] or by “blending” different physical workspaces into
Blended Interaction Spaces “where the spatial geometries of the local
space continue coherently across the distributed boundary into the
remote site, providing the illusion of a single unified space” [29].

Our work is mainly inspired by ClearBoard [17] and HyperMirror
[26], two of the first-generation mixed reality systems. HyperMir-
ror [26] merges video feeds from different physical spaces in a
blended space, creating the illusion of a shared mirror. ClearBoard
[17] enables face-to-face collaboration on the same shared digital
content between two remote users by integrating a remote video
feed with a shared drawing canvas, supporting the integration of
interpersonal space and shared workspace for remote collaboration.

We believe that hybrid meetings can also benefit from a common
frame of reference to better support gestures and other non-verbal
cues. However, systems such as HyperMirror and ClearBoard rely
on hardware that are costly and hard to adapt to different meeting
settings (e.g., a colleague connecting from home or a café), which
motivates us to explore cheaper, more flexible software alternatives.

2.3 Video Conferencing and Virtual Frames of
Reference

Widely-adopted video communication platforms such as Skype,
Zoom, BlueJeans, and Microsoft Teams offer cheap and simple
solutions that support hybrid and fully-virtual meetings. Their
interaction design is relatively conservative, primarily (and most
importantly) focusing on performance, stability, and ease of use.
However, the opportunities for using deictic gestures in the con-
versation are few in these platforms. For example, in an online
presentation, the “talking heads” are dislocated from shared screen
content and there is no spatial consistency across what two remote
users see in their individual views of the meeting.
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More recent features and software applications support a sense
of “being there” by supporting a shared 2D virtual frame of refer-
ence. Microsoft Teams announced the Together Mode* that masks
meeting participants out of their physical backgrounds and places
them in a shared virtual background, e.g., in seats in an audito-
rium. MakeSpace® proposes a more malleable alternative, where
users can move around avatars and camera feeds in a WYSIWIS 2D
meeting canvas. Other solutions use mixed reality for mediating
communication, such as placing participant videos on AR markers
[5], or connecting through VR spaces, such as Facebook Spaces [9],
Rec Room®, and VRChat”. In VR, users are represented by avatars
in a virtual world that offers diverse embodied affordances, such as
shaking hands to “befriend” another user, sitting in round tables
to face others while talking, or blocking others with a “talk to the
hand” gesture [25]. Since these systems embody users in the virtual
frame of reference where their avatars live, users’ sense of location
may shift from their real bodies to their representations on the
screen [34], transforming “here” and “there” to virtual positions
instead of their own surroundings. As these technologies become
more widely adopted, we find it important to understand how the
embodiment of users in virtual frames of reference supports or
hinders social interaction.

We believe that allowing participants to “configure” their hy-
brid meetings requires their video-conferencing systems to provide
means for adaptation and appropriation that allow them to “make it
theirs” [13]. This motivates us to better understand how a malleable
video-conferencing system (i.e., highly adaptable and appropriable)
invites participants to build their own frame of reference, how it
shapes their social interactions, and how it may support or hinder
non-verbal cues such as deictic gestures.

3 MIRRORBLENDER

We developed MirrorBlender to explore how video-conferencing
systems can better support non-verbal communication and inclu-
sion of remote participants in hybrid meetings. MirrorBlender is
based on the following three design principles: a shared WYSIWIS
frame of reference, malleable mirrors, and mirror blending, which
we will explicate in the following. The principles are derived from
related work and a critique of state-of-the-art in contemporary
video-conferencing systems.

3.1 Shared Frame of Reference: WYSIWIS

To enable any form of deixis in a collaborative system, it is neces-
sary to establish a shared frame of reference. MirrorBlender builds
on the principle of a WYSIWIS (see Figure 2) where everyone sees
the same 2D view. The so-called WYSIWIS canvas contains mirror
projections of people from webcams and from screen sharing (see
Figure 2A) and the visual state of the canvas is shared and synchro-
nized between all the devices in the meeting. These mirrors come
from regular devices such as laptops, webcams, and large meeting
room displays. Remote meeting participants have a dual-screen
setup for viewing their screen content and the WYSIWIS canvas

*Microsoft Teams Together Mode: https://news.microsoft.com/innovation-stories/
microsoft-teams-together-mode/

MakeSpace: http://makespace.fun

®Rec Room: https://recroom.com/

7VRChat: https://hello.vrchat.com/
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Bng

Figure 2: WYSIWIS frame of reference. A-B: Remote participants can point via their mirror image. C: Co-located participants

in the primary room see the reference point.

o Resizing

@ Blending

Figure 3: Malleable mirrors. A-B: Mirrors can be dynami-
cally re-positioned and re-scaled. C-D: Mirrors can be over-
lapped and blended by changing their translucency.

simultaneously (see Figure 2B). They can view the WYSIWIS canvas
on the external screen while controlling their own screen content
on the laptop screen. Using the representation of their own body
in the camera mirror, they can point and gesture with spatial ref-
erences around the content of a screen mirrored into the canvas.
Co-located participants at the other end see the spatial reference in
the WYSIWIS canvas on a large touch display (see Figure 2C).

While most current video-conferencing systems lack a shared
reference frame and prior research is focused on physically real-
istic frames, MirrorBlender deliberately enables the creation of
unrealistic reference frames (see Figure 4).

3.2 Malleable Mirrors: Continuous Interactions

The principle of malleable mirrors means that mirrors can be manip-
ulated in the WYSIWIS canvas to support non-verbal coordination
and continuous negotiation of the shared 2D workspace. Figure
3A-B shows that mirrors can be re-positioned and resized in the
canvas. Figure 3C further shows that mirrors can be overlapped,
and Figure 3D shows that the degree of translucency can be ma-
nipulated with a slider to support adjustments of the blending of

overlapping feeds, e.g., to control which mirror should be more
prominent and in center of attention.

Current video-conferencing systems provide only limited sup-
port for fluidly configuring attention in meetings. Although current
systems support turning on/off video or a “raise hand” button, the
nature of grabbing attention is still very binary. In hybrid meetings,
people in the primary room feed are often too small to allow for
reading their body language [32]. The camera feeds of remote par-
ticipants are often too big and if they turn off video, others lack
visual confirmation that they are paying attention [31].

The ability to reconfigure position, scale, and translucency of
mirrors freely in a 2D space enables deliberate creation of unrealis-
tic spatial relations between mirrors (see Figure 4). For instance, in
hybrid meetings, the camera feed from the primary room can be
enlarged to cover most of the WYSIWIS canvas, so that the body
language of co-located participants is more easily graspable for
remote participants. When configured as the shared background,
the remote participants can place their own mirror in it (see Figure
5) to either embed themselves into a shared screen or a physical
location in the primary room. Furthermore, the ability to combine
continuous input of the features enables rather complex gestures
for attention grabbing and deixis. For instance, remote participants
can “take the stage” by moving their mirrors to the screen con-
tent of discussion, scaling up/down and changing their degree of
translucency to adjust the degree with which they take the stage.

Figure 4: Examples of optical illusions. A: Similar physical
appearance. B: Dissimilar physical appearance. C: A screen
mirror as a “clearboard” blended with camera mirrors.
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3.3 Mirror Blending: Deixis and Embodiment

Mirror blending is the principle of overlapping mirrors and con-
trolling their translucency to create a blended image. Blending of
mirrors in the 2D WYSIWIS canvas enables two important illusions:

o Blending of different physical contexts for optical illusions
of shared interpersonal space (see Figure 4A-B).

e Embedding of a user’s body into both digital and physical
contexts for deictic referencing (see Figure 4C).

An example of configuring mirrors for a blended interpersonal
space is shown in Figure 4B with the optical illusion of forced
perspective. This is a well-known effect used in tourist photography,
e.g., taking a photo with the Tower of Pisa in the background, where
it looks like the tourist is holding the tower with the finger and
stopping it from tipping over.

The malleable WYSIWIS canvas can further be used to create
effects that support deixis in conversations between co-located
and remote participants. In MirrorBlender, people’s blended mir-
ror images serve an important role in screen sharing sessions. By
mirroring screen content into the canvas and blending the screen
feed with the camera feeds, the shared screen can be treated as a
transparent whiteboard. In line with Ishii et al’s ClearBoard [17],
meeting participants can now integrate a shared digital workspace
with interpersonal space. We refer to this optical illusion as the
ClearBoard effect. In Figure 4C, it is shown how users can do deictic
gestures around shared content by using their own bodies in the
mirror. Everyone viewing the WYSIWIS canvas can see the same
spatial references as the person doing the gesture.

It is important to be able to view people’s unmediated bodies (and
especially people’s hands) as they provide expressive non-verbal
cues in face-to-face communication. Alternative approaches enable
embodiment of avatars [9, 12, 34] or shared cursors in a WYSIWIS
canvas [11]. However, with MirrorBlender, we want to investigate
how optical effects with people’s real faces, hands and bodies can
support deixis in collaboration.

Figure 5: The MirrorBlender user interface. Mirrors from
the same user will have a unique border color. The z-order
of mirrors is controlled through the layer panel to the right.
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4 PROTOTYPE IMPLEMENTATION

A meeting in MirrorBlender is represented by a web page with a
unique URL. Meeting participants can join an ongoing meeting by
navigating to the URL and sharing their audio and camera feed
from within the browser. When sharing the camera feed, their
mirror will appear on the WYSIWIS canvas and every participant
can manipulate the position, scale and translucency of each mirror.
Figure 5 shows the user interface of MirrorBlender. Pressing the
share screen button will open a dialog for selecting either a screen
or a window to share. The mirror of the screen will likewise appear
in the WYSIWIS canvas and is manipulable in the same manner as
camera mirrors. Layering of mirrors can be controlled using a layer
panel in the right side of the screen (see Figure 6).

Figure 6: The layer panel: Users can re-order overlapping
mirrors as layers via drag and drop. This affects how the mir-
rors are blended together.

The prototype of MirrorBlender is built with Webstrates [21]
using its authoring tool, Codestrates [30]. Webstrates is a web-
based software framework that allows for rapid development of
real-time collaborative software. Video streaming is implemented
using WebRTC® through an API provided by Webstrates. Because
the Screen Capture API’ is a working draft, the prototype only
works fully in browsers where the API is supported. The design of
the final prototype went through an iteration based on a pilot study.
The pilot study was conducted with the same setup as in the final
study (see Figure 8). However, we focused the debriefing interviews
especially on how to improve the prototype design for usability. In
the following, we provide detailed considerations about two central
aspects of the prototype design.

4.1 WYSIWIS and Screen Mirroring

For a fully consistent WYSIWIS, it is necessary that the canvas
looks exactly the same across different computer displays, up to
a scale factor. Hence, it is important that the aspect ratio is the
same. However, in our current implementation, we do not address
this problem. The canvas elements (video feeds) have absolute
pixel positions and pixel sizes. To avoid issues of aspect ratio, we
controlled for it in the study setup by adjusting the size and aspect
ratio of the browser windows on the external screens in the remote
rooms and on the large touch display in the primary room.

For screen mirroring, we implemented two different interfaces;
one for the remote and one for the co-located participants. Figure
2A shows that remote participants have the WYSIWIS canvas on an

8WebRTC: https://www.w3.org/TR/webrtc/
9Screen Capture APL https://developer.mozilla.org/en-US/docs/Web/API/Screen_
Capture_API
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Figure 7: The problem of parallax. A-B: Horizontal and vertical parallax. C-D: Perceiving one’s body in real space during
gesture vs. perceiving one’s own body representation in the camera feedback.

external screen and their own screen content (to be mirrored) on the
laptop screen. For the co-located participants, we implemented a
Companion Mode for when they are screen sharing from their own
laptop in the primary room. By choosing “Join without video", the
laptop becomes a companion that neither produces nor consumes
audio and video. Instead, the Companion Mode merely supports
sharing and reconfiguring a screen mirror on the WYSIWIS canvas.
During screen sharing, a small control panel enables the companion
to remotely reconfigure the screen mirror in the WYSIWIS canvas
on the large touch display. The need for this mode was discovered
during the pilot study, where the sharing of several camera feeds
together with screen feeds from the primary room caused confusion.

4.2 Blending and the Problem of Parallax

In order to point in screen content so that everyone can see it, the
person gesturing must adopt the illusion of using their own repre-
sentation in the camera mirror for pointing, rather than their real
body for pointing on the physical display in the room. This is due
to the problem of parallax [17] between the camera and screen. In
ClearBoard [17], the hardware setup achieves the alignment that
is sufficient for consistent spatial cues in a two-person configura-
tion. However, for MirrorBlender, we want to support off-the-shelf
hardware and do not rely on a hardware setup that can reduce the
problem of parallax. In Figure 7, it is illustrated how the parallax
affects the offset of the arm as it reaches towards the display for
pointing. This is a limitation when attempting to do deictic gestures.
The closer the user is to the display, the larger the parallax angle,
and this results in a larger perceived offset. Therefore, in order to
be inclusive of both remote and co-located participants, the user
needs to get used to making deictic gestures by embodying their
mirror image rather than their real body in space.

5 STUDY DESIGN

Our goal is to gain rich insights on how malleability supports com-
munication dynamics such as deictic gestures, attention grabbing,
and inclusion of remote participants. In order to qualitatively as-
sess the effect of MirrorBlender, we designed a series of tasks to
specifically invoke such dynamics. We conducted a qualitative ob-
servation study consisting of three hybrid meeting sessions with
groups of five, each completing three collaborative tasks together.

5.1 Participants

We recruited 15 participants (5 women, 10 men, age range 23-31)
from neighbouring research labs, through internal mailing lists,

Slack and Facebook groups. We grouped the participants into three
groups of five according to availability. Some participants were
familiar with each other and some were not, but we made sure
that we mixed the groups accordingly. We looked for participants
who were familiar with current video-conferencing systems such
as Skype, Zoom or Microsoft Teams, in order to contrast the ev-
eryday use of these to their experience with MirrorBlender. No
compensation was offered, but we provided a free lunch.

5.2 Procedure

Three co-located participants including a moderator (MC1, C2, C3)
were seated in the primary room with a Microsoft Surface Hub
as well as their personal computers. Two remote participants (R1,
R2) were seated in separate rooms (see Figure 8). In each group,
we asked them to decide whether they wanted to be remote or
co-located, and we asked one from the co-located participants to
volunteer as meeting moderator (MCI). We designed this setup
to align with the power dynamics in hybrid business meetings
observed by Saatci et al. [31]. When managers and/or meeting mod-
erators are present, they often join the meeting from the primary
room, which consists of more than two people, causing remote
participants to feel ignored and excluded [31].

Each study session lasted for about two hours and consisted of a
training session, three tasks and a focus group interview for debrief-
ing. The three tasks are not intended for comparison, but rather
as resources for eliciting diverse interactions among participants
where different features of MirrorBlender may be relevant.

5.2.1 Training Session (20 minutes). A pre-recorded tutorial video
demonstrated the key features of MirrorBlender and illustrated
examples of use cases, such as pointing with a finger from a camera
mirror to another participant’s screen mirror, or re-positioning and
scaling mirrors. We purposefully showed these examples to intro-
duce participants to the idea of embodying themselves in their mir-
ror images, since we are interested in learning about how they uti-
lize this to interact with others rather than studying how they learn
to use the system. Then we described the tasks and distributed the
participants. Lastly, we shared a sandwich menu in MirrorBlender
for ordering lunch and invited all participants to get familiar with
MirrorBlender by activating their camera feeds and pointing via
their mirror images at their preferred picks.

5.2.2  Turn Taking Task (5 minutes). The first task was a quick round
of introductions. This task served as a warm up and mimicked a
typical “status round” common in workplace meetings [31].
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Primary room

Figure 8: Meeting setup: A primary room of three co-located
meeting participants and two separate rooms each with one
remote participant.

5.2.3  Map Task (20 minutes). The second task was a puzzle chal-
lenge'® where the group had to answer a list of questions about a
map (e.g., how many places with the word “Cave” are on the map).
The task requires that the group finds details on a tiled map while
maintaining an overview of where they have already searched. We
chose this task to resemble a sensemaking meeting where all partic-
ipants have to interact with the same visual content. We expected
this task to inspire diverse non-verbal expressions and deictic ref-
erences on the map.

5.24 Planning Task (30 minutes). The third task was planning
a conference trip to Yokohama, Japan. We chose this task to ob-
serve how participants adopted MirrorBlender in a context that
elicited collaborative creativity (e.g., brainstorming of suggesting
post-conference touristic activities) and decision making (e.g., from
all the ideas, which one pleases the entire group). We expected this
task to be more open ended and to display diverse dynamics around
multiple camera and screen mirrors.

5.2.5 Debriefing Focus Group Interviews (30 Minutes). After the
participants completed the three tasks, we conducted a focus group
interview where we asked the participants to explain key episodes
that we identified with the live observation notes, as well as any
other example of a situation that felt particularly novel, fun or
challenging during the meeting.

One of our co-authors stayed in the primary room to provide
technical support and to guide the participants from one task to
the other on time. Other co-authors monitored the meeting from
a separate room by connecting to MirrorBlender from an extra
computer without sharing our video or audio feed. From there,
three researchers did live observations and took timed, detailed
notes of episodes where MirrorBlender played an instrumental role
in mediating interaction. We looked for episodes where participants
reconfigured (i.e., adapted) the position, scale and translucency of
their mirrors to support their communication with others; examples
of overlaying and blending mirrors with others; instances of failed

19We used a puzzle from the British Ordenance Survey’s Puzzle Book: https://getoutside.
ordnancesurvey.co.uk/guides/os-map-puzzles- to-challenge- your-skills/
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and successful deictic references to shared content; and generally
surprising appropriations of MirrorBlender to meet communication
needs between remote and co-located participants.

5.3 Data Collection

We video-recorded remote participants with a stationary camera
in each room and the primary room with co-located participants
was recorded with two separate cameras. We screen-recorded the
MirrorBlender interface and group interviews were audio-recorded.

5.4 Analysis

Two researchers watched the recorded videos and took additional,
detailed notes to those compiled during the study. Then, we con-
ducted a top-down (deductive) thematic analysis [7] on all the notes:
based on our observations, we first discussed preliminary themes
that aligned with our research questions and then grouped notes
into those themes. We used the content of the group interviews
to support our interpretation of the video-recorded data. We itera-
tively discussed the cohesion of the themes until agreeing on the
findings we present next.

6 RESULTS

The deployment of MirrorBlender showed diverse use of the system,
including both playful and novel kinds of interpersonal exchanges
facilitated by the prototype. The material is rich, yet for this pa-
per we focus on a thematic analysis that addresses the research
questions listed in the Introduction. The results are presented as ex-
ample situations (incl. screenshots from video recordings'!) under
the following themes: Malleable Blended Space (6.1), Deictic Gestures
(6.2), and Inclusion and Attention Grabbing (6.3).

For purposes of readability, we named the three groups as the
blue group, the red group and the green group. Remote participants
in each group are referred to as R1 and R2; whereas the co-located
participant, who is moderator, is referred to as MC1 and other
co-located participants as C2 and C3.

6.1 Malleable Blended Space

In the following, we describe instances of how participants used the
malleable blended space in MirrorBlender to support their deictic
gestures and engage others in playful interactions. In general, our
results show that users creatively appropriated the combination
of interaction techniques with the mirrors (i.e., changing scale,
position and translucency in a shared virtual frame of reference)
for diverse purposes of social interaction.

6.1.1 Optical lllusions of Interpersonal Space. The groups were
experimenting with shared optical illusions for blending the re-
mote participants into the primary room mirror. Throughout the
different tasks, especially remote participants were aware of their
own presence in the blended interpersonal space, as camera and
screen mirrors were moved around. Remote participants recon-
figured their mirrors not only for the purpose of having fun, but
also to achieve certain goals in the communication. An interesting
example of this happened in the status rounds in the red group,
where remote participants chose to create a forced perspective by

"The accompanying video shows clips of several instances described in the paper.
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Figure 9: Playful optical illusions. A: Remote participants place themselves on physical objects in the primary room; e.g., a
chair and a large screen. B: Placing remote participants on the faces of co-located participants. C: Blending a remote participant
with a co-located participant so that the remote participant “wears” the co-located participant’s torso.

co-locating their camera mirrors with physical objects and people
in the primary room. Right before the turn taking task started, R1
and R2 placed their mirrors on two empty chairs between C3 and
C2. However, to our surprise, the group ignored the round-table
arrangement in the blended space and did not let the remote partic-
ipants speak before all co-located participants were done. Because
the participants made the effort of arranging virtually in the real
seats, we expected their arrangement to govern the order of their
status round. However, this shows that the virtual sense of “being
there” is clearly something else than real co-location.

Another example is when one of the facilitators entered the
primary room to present the tasks. She stood exactly where R1 had
placed his mirror. This caused her face to be occluded behind R1’s
mirror. After a few seconds, R1 moved himself to another empty
chair between C2 and C3 to make the facilitator visible to everyone
again. But his mirror was placed this time above the chair to match
the head level of the co-located participants.

6.1.2  Embodiment and Playfulness in the Blended Space. Overall,
our observations show that the participants felt a sense of em-
bodiment in a blended interpersonal space; they would sometimes
forget about the location of their real body and they were able to
effectively create a large variety of shared optical illusions.

For instance, in order to immerse themselves in the blended illu-
sion, the co-located participants needed to focus on their mirrored
representation in the WYSIWIS canvas, rather than the physical
space with their co-located peers. This user experience is described
by two co-located participants in the green group during the de-
briefing interviews. C2 stated that even as a co-located participant,
it felt like being in a different space than others sometimes: “It
felt like we were all remote”. MC1: “I felt disembodied”. This was
followed by an anecdote that MC1 was nearly poking C2 in the eye;
the moment which is shown in Figure 10. The problem of parallax
with the MirrorBlender study setup causes a shift in the visual
perspective from the cameras mounted with a horizontal or vertical
offset to the center of the WYSIWIS screens. The instance in Figure
10 indicates a shifted sense of self-location [34], which means MC1
was temporarily immersed in embodying his mirror image to the
degree that he was less aware of his real body.

Our observations further indicate that the participants were
relying on the illusions for communicating more effectively. This

Figure 10: Embodiment and self-calibration. A-B: MC1 self-
calibrates by adjusting his arm pose to embody his own mir-
ror image. B: MC1 nearly pokes C2’s face by accident.

was especially clear during technical breakdowns. For instance, in
the blue group, when R2 and MC1 realized that MC1 did not see
correctly where R2 was pointing in her mirror (due to a breakdown
in the synchronization of the WYSIWIS canvas), MC1 concluded:
“Okay, so What You See Is Not What I See then.” This instance shows
that they started to rely on a shared illusion for their collaboration.

Beyond the goal-oriented use, we further observed that all groups
used the malleable mirrors and equal access to control for engag-
ing in playful illusions by manipulating the position and scale of
both their own and each other’s mirrors. See Figure 9 for several
examples of playful optical illusions. For instance, in the red group,
C2 made circular movements with R2’s and R1’s mirrors during the
training session and R1 immediately adapted to his manipulated
presence by making circular movements with his head, acting dizzy.

6.2 Deictic Gestures

The principles of WYSIWIS and mirror blending enabled both co-
located and remote participants to use their body and hands for
deictic gestures when referring to shared screen content (see Figures
11-12). Moreover, the reconfiguration of mirrors supported the
enactment of very diverse and expressive gestures.

6.2.1 Embodied Pointing and Self-calibration. Every participant
needed to make sense of their own body projections in order to have
agency of their mirrored representation. This was a clear pattern
in the users’ behavior for coping with the problem of parallax. Due
to the horizontal parallax arising from the Surface Hub’s camera
location (see Figure 7B and 7C-D), co-located participants showed
two different modes of embodied pointing: using their body to point
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Figure 11: Remote deictic gestures. A: Bimanual pointing in the blue group. B: Bimanual pointing in the red group. C: High-
lighting area by circling with a tiny feed as a cursor in the green group.

Figure 12: Co-located deictic gestures. A: A two-hand gesture to divide the labor of searching the map into groups of tiles for
different participants. B: A pointing finger as an indicator travelling over the map in the reading direction. C: A two-hand
gesture for indicating (and recalling) several name labels of interest.

in the real space and using their mirrors to point in the virtual frame
of reference. When co-located participants addressed each other,
they pointed with their finger on the screen, excluding the remote
participants from the interaction. The unconscious use of pointing
in real space was seen frequently among co-located participants in
the primary room to rapidly grab the attention of co-located peers.
In contrast, when they addressed the whole group, they pointed
with their finger in the primary room mirror to include the remote
participants. Pointing via mirrors requires practice and additional
mental effort, especially for the co-located participants that often
had to consciously switch from one mode of pointing to another.
For example, participants tended to first notice their own hand and
index finger in the mirror and then adjust its position to the desired
target. We refer to this practice as self-calibration (see Figure 10).

6.2.2 Bimanual Pointing Gestures. During the map task, remote
participants frequently pointed at labels by combining a deictic
gesture with dragging their camera feeds along the screen. While
they used one hand to drag their camera feed next to a label, they
used the index finger of their other hand to point precisely at it. We
refer to this as bimanual pointing gestures (see Figure 11A-B for
examples).

Co-located participants in the primary room engaged in collabo-
rative bimanual pointing to help each other. In the red group (see
Figure 12B), MC1 was using his finger as a moving indicator to
track their progress top-down. However, the bottom part of the

map was not overlapping with the primary room mirror. Without
being asked, C2 helped MC1 by dragging their mirror down.

6.2.3 Two-Hand Gestures. During the map task, participants dis-
cussed the most efficient strategy for accomplishing the task as well
as how to divide the labor. Co-located participants would some-
times use confirming gestures to make sure that all participants
had an equal understanding of the division of labor. For example,
C3 from the blue group tried to distribute responsibilities among
participants and divided the map into four areas by using both
hands to indicate a vertical and a horizontal axis (see Figure 12A).
Two-hand gestures were also utilized to point at multiple places at
the same time, e.g., for keeping track of which labels the group had
already found on the map (see Figure 12C).

6.2.4  Malleable Mirrors as Cursors and Pins. A common limitation
of screen sharing in video-conferencing systems is that only one
person’s cursor is visible at a time. With MirrorBlender, both co-
located and remote participants discovered alternative ways of
using their malleable mirrors as multiple simultaneous cursors for
deictic gestures around screen content. The following examples
reveal a legacy bias towards pointing with a mouse cursor, but also
point to new opportunities from using malleable mirrors.

In the green group, during the map task (see Figure 11C), R1
had just found a label on the map. To draw the others’ attention
to it, she made her mirror tiny and used it as a cursor for making
a circular movement around the area. During the planning task,
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Figure 13: Territoriality and attention grabbing. Participants in the red group keep their own screen mirrors and camera
mirrors together, self-organizing in personal territories. A: R1’s and MC1’s territories interfere as MC1 shares his screen. B:
R1 politely moves out of MC1’s territory. C: C3’s screen is placed in the center, the group territory, and made opaque for

everyone to collectively plan the flight itinerary.

MC1 from the blue group discovered that he could blend his screen
mirror with another screen mirror to use his own mouse cursor for
pointing to content on the other screen.

During the map task, participants often needed to make persis-
tent marks on the screen. In the green group, they first used both
their hands as pins on name labels (Figure 12C). Later, the group
switched to using a painted overlay to more easily make pin on
previously checked labels: they came up with the idea that R2 could
share a mirror of a full-screen painting tool. He blended this mirror
with the map and created an annotation overlay from which he
could draw pins and mark the parts that they had already checked.

In the blue and the red group, we observed territorial behavior
with the mirrors of the remote participants: They used their mirrors
to pin themselves to a group of tiles in the map in order to claim
the territory. This was negotiated in the very beginning of the map
task, when dividing the labor. For instance, C3 in the blue group,
assigned tasks to the remote participants with a two-hand gesture
(Figure 12A). As R1 had already positioned her mirror in the top-
right corner of the map, C3 assigned her the responsibility of that
area. R1 remained pinned to this territory. The red group similarly
divided the map into territories of responsibility (in this case, top,
middle, and bottom) by pinning one camera mirror to each.

6.3 Inclusion and Attention Grabbing

MirrorBlender supported diverse ways for remote participants to
grab attention and build a sense of being included, not only through
the pointing via embodied mirrors but also by supporting territorial
behavior [33] in the WYSIWIS canvas.

6.3.1 Reciprocal Acts of Inclusion. Co-located participants tried
to include remote participants in their collaborative activities and
remote participants also tried to include themselves by grabbing
attention through the features of MirrorBlender. A common act of
inclusion towards remote participants was when co-located partici-
pants switched from pointing with their real body to pointing with
its representation in the mirror (see Figure 10). Our group inter-
views support that in the map task, embodied pointing with mirrors
was used a lot, which made remote participants feel more included.
R1 from the red group further explained that when the co-located
participants “did it wrong” (referring to pointing on the actual
screen), it made him feel excluded. Moreover, all groups agreed
that there were less acts of inclusion in the planning task, where
participants relied more on screen mirrors than camera mirrors.

We observed a balanced distribution of acts of inclusion that re-
duced the primary room dominance typical of hybrid meetings [18].
Both remote and co-located ends tried to reciprocally include each
other in the social interaction. Remote participants proactively re-
quested that co-located participants point in inclusive ways: in the
blue group, C3 was pointing on the real screen, and due to the
parallax, his index finger was outside the field-of-view. R1 objected:
“I cannot see where you are pointing”. MC1 corrected the pointing
by using the primary room mirror to point so that the remote partic-
ipants are included in the current co-located discussion of a name
label on the map. Remote participants also used their embodied
mirrors to grab their attention, relieving co-located participants
from a one-sided responsibility of keeping them included. For ex-
ample, as the WYSIWIS canvas tended to be crowded with several
overlapping mirrors, remote participants often wiggled their own
mirrors (a form of embodied kinetic gestures [10]) while adding
verbal cues such as “Here  am” or “I want this”. Especially in the
planning task, when co-located participants were not standing in
front of the Surface Hub, remote participants helped them by ad-
justing the appearance of the camera and screen mirrors based on
their requests. These hybrid collaborations can be considered a
direct outcome of supporting equal access to control of mirrors in
the WYSIWIS canvas.

6.3.2 Negotiating Attention in Personal and Group Territories. We
saw evidence of a sense of inclusion in how remote and co-located
participants negotiated the terrotoriality of the WYSIWIS canvas in
equal terms. Some of the examples we described in Section 6.1 show
how remote participants positioned their mirrors to be next to phys-
ical objects and co-located participants (see Figure 9), presenting
themselves as part of the primary room. Furthermore, remote par-
ticipants often followed each other to stay close. C2 from the green
group mentioned that “usually in hybrid meetings, remote people
are large and end up taking up too much space in the meeting. In
this system [MirrorBlender], people can be more on the same level”.

We noticed the formation of group and personal territories [33],
especially in the planning task (see Figure 13). The activities in
the planning task required more diverse use of content (internet
searches, notes, etc.), which resulted in the screen mirrors receiving
more attention than the camera mirrors. Screen mirrors that were
relevant to everyone were large, opaque and in the center of the
WYSIWIS canvas, indicating a space for group interactions. Addi-
tionally, both co-located and remote participants tended to keep
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their screen mirrors within proximity of their mirror image in the
periphery, denoting personal territories.

The distribution of personal and group territories supported
different strategies for grabbing attention. During the map task,
remote participants used the act of moving their camera mirrors
into the map area as means for jumping into the conversation (see
examples in Figure 11). Co-located participants, on the other hand,
would walk closer to the display and camera of the Surface Hub
to appear larger. Despite using different methods for grabbing the
attention, they were able to participate more equally. In fact, remote
participants were often more mobile than the co-located ones since
moving the mirror is quicker than moving one’s real body. During
the planning task, the pattern was reused. This time, however, by
all participants with their individual screen mirrors (see Figure 13).
They often dragged their screen mirrors to the center to report their
task progress or ask for opinions, then back into the periphery.

Remote participants also leveraged the periphery of the screen
to avoid attention. After connecting to the meeting, they tended to
adjust and move their camera mirrors to the most available part of
screen, which usually was the empty corners. R2 from the green
group explained his logic behind this behavior: “I wanted to not
disturb the other parts. This was the only corner that was free”. We
see such situations as more evidence of how remote participants
felt included in the meeting, since they had to take concrete actions
to avoid attention when they did not need it.

Comparing across groups, they developed different organiza-
tional patterns for solving the tasks, which shaped their territorial
behaviours. Both the blue and the red group used a divide-and-
conquer strategy, dividing the map space into territories and dis-
tributing independent tasks for planning the trip. However, the
green group developed a tighter coupling style in their collabora-
tion with less explicit territoriality. This group came up with the
idea of blending the map with a painting tool, and their work during
the planning task happened more in plenary with MC1 taking a
prominent coordinator role.

These insights show how important it is that our tools for video
communication are malleable and flexible for different activities
and group dynamics.

7 DISCUSSION

In the following, we discuss the three research questions we have
posed in the Introduction with the design and study of Mirror-
Blender and put our results in the context of prior work. We further
outline the implications of our work and how it points to future
directions for supporting video-based collaboration.

7.1 Beyond Being There with MirrorBlender

We have investigated how our concept of malleable mirrors enable
users to create blended spaces that go beyond being there (RQ1).
Several optical illusions added value to the social interactions
between the meeting participants. They created several playful
illusions such as stitching one participant’s head to the body of
another (see Figure 9C). Some effects even occurred across different
groups, such as pinning remote participants to physical objects in
the primary room (see Figure 9A). These illusions were instrumental
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in creating an informal atmosphere where participants across the
distributed spaces had fun together and teased each other.

The territorial behavior (using the center and periphery of the
WYSIWIS canvas) shows that they effectively adopted the Clear-
Board effect for conversations and coordinated actions around the
same content. The effect goes beyond being there in several ways.
It supports being face-to-face while simultaneously looking at the
same content. This is not typical of co-located collaboration (un-
less you actually stand on either side of a clear-glass whiteboard).
Additionally, remote participants are more mobile and in control in
the virtual reference frame than the co-located participants. The
increased mobility of remote participants compensates for their
inherent disadvantages (e.g., audio delay and limited video field-
of-view). This shows the value of going beyond the approach of
physical realism; doing so can shift the traditional power dynamics
in hybrid meetings [18, 31] towards more equal participation.

These findings point to future work that investigates how differ-
ent blended interpersonal spaces may change the power dynamics
of meetings. MirrorBlender could further be used for deriving pat-
terns in malleable blended spaces. Such patterns could be used
to inform the design of (intelligent) presets for spatial structures
of mirrors, so that it is less effort for the users to reconfigure the
meeting layout for different meeting activities.

7.2 Embodying Mirrors for Deictic Gestures

We have investigated the feasibility of using mirror images for
deictic gestures in a virtual frame of reference (RQ2). Our results
suggest that users can embody their mirror image for effective de-
ictic gesturing. However, they also reveal that there is mental effort
associated with switching between modes of embodied pointing
due to the problem of parallax (elaborated in Section 7.4).

We found that every group independently discovered the tech-
nique of self-calibration when attempting to do deictic gestures
via their mirror. Moreover, while co-located participants would
forget to point via their mirror, they still exhibited very rapid self-
calibration when needing to include remote participants. The deictic
gestures were also more expressive than what can be achieved with
a mouse cursor. For instance, several participants were using their
body for expressing complicated gestures like using both arms
simultaneously to divide the map into separate areas.

Additionally, while mostly expecting the use of mirrors for deictic
gestures, our results further show how participants discovered
other kinds of gestures. For instance, kinetic gestures like wiggling
a mirror for grabbing attention, or spatial gestures like moving and
pinning mirrors to personal and group territories in the WYSIWIS
canvas. In conclusion, while deictic gestures via mirrors require
mental effort, they provide value in terms of including other people
through video, providing equal opportunities for deictic expression,
and enabling more expressive use of body language.

7.3 Inclusion of Remote Participants

Finally, we have investigated how the design principles of Mirror-
Blender support inclusion of remote participants (RQ3).

Quotes from the debriefing interviews suggest that the malleable
mirrors enable the remote participants to include themselves more
in the primary room and feel more equal to them. The provided
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example situations have further shown that they have several new
mechanisms for grabbing the attention of the group.

It is important to stress that MirrorBlender is intended to support
users in coping with the asymmetry of group interactions in hybrid
meetings, rather than erasing it. Le., we focus on designing new
interaction mechanisms for inclusion rather realistically aligning
remote spaces. For instance, the users can deliberately manipulate
unrealistic scales of participants. According to Ens et al. [8], this
is an under-explored concept for collaborative mixed reality. Our
results show that the ability to manipulate the scale of meeting
participants and screen content in MirrorBlender supported the
dynamic adaptation of the WYSIWIS canvas for different config-
urations of attention. For example, co-located participants in the
primary room mirror were persistently large and remaining in the
background of all other mirrors. This made is easier for remote
participants to read the body language of co-located participants.
Aside from scale, remote participants would mainly adjust their
translucency and position in the canvas to configure how much
they were in focus. Thus, both position, scale, and translucency
showed to be important for including remote participants.

Equally important is the nature of how users can manipulate
these properties. In contrast to most current video-conferencing
systems, MirrorBlender supports continuous gestures for config-
uring the degree to which users grab others’ attention: at one end
of the extreme, a camera mirror can be shortly moved into the
center of attention and back out (without resizing or adjusting the
translucency). At the other end of the extreme, a camera mirror
can be scaled up, made opaque and more persistently claim the
center of attention for a period of time. With this additional control
of their own presence, remote participants would often configure
the attention of the group by gradually making themselves more
prominent in the meeting.

These novel gestures show the potential of continuous input
to provide remote participants with mechanisms for feeling more
included by being able to conduct themselves more appropriately.

7.4 Limitations and Future Work

While the tasks invoked gestures that leveraged MirrorBlender for
deixis and inclusion, our results are also limited to the specifics of
the tasks and setup. Future work is required to better understand
how frequent and relevant such deictic gestures are in real meetings,
how well the WYSIWIS concept scales to larger groups, and how
the power dynamics in a real team would hinder or emphasize the
acts of inclusion that we observed in our study.

Additionally, a clear limitation of the deictic gestures with Mir-
rorBlender is the parallax problem. Especially, the co-located partic-
ipants had to spend significant cognitive effort on self-calibrating
to compensate for the parallax. They struggled more than the re-
mote participants because the horizontal parallax of the Surface
Hub is less common in everyday computers, such as laptops. The
horizontal parallax was further amplified when being close to the
Surface Hub to be able to view its content. However, thanks to the
parallax issue, we were able to identify concrete efforts of inclusion
that may have been taken for granted otherwise.

Granbak, et al.

Studying the effect of the parallax problem for video-mediated
deictic gestures under more controlled conditions would be an in-
teresting avenue for future work. We saw hints of a training effect
where the participants would be increasingly comfortable with
pointing through mirrors, but a more controlled study would be
required to document this effect. Furthermore, the problem of paral-
lax is also the case for direct eye contact, which is not supported by
MirrorBlender (as opposed to, e.g., ClearBoard [17]). This limitation
is shared with other systems that rely on off-the-shelf technologies.

Another limitation is that video feeds are sometimes hard to
blend, where two overlapping feeds easily render the content un-
intelligible. Simple visual optimizations would be to remove the
background of remote participants (as possible in Zoom or Skype)
to reduce visual clutter, or to have more fine-grained mechanisms
for controlling color blending.

Finally, in the planning task, we observed challenges in transi-
tions between closely coupled and loosely coupled collaboration
where the primary room would accidentally exclude the remote
participants (e.g., occluding the primary room mirror). Future work
could include analysis of our data with a focus on collaborative
coupling styles, e.g., using Neumayr et al’s [27] framework.

8 CONCLUSION

We have built MirrorBlender to study the potential of malleable
video-conferencing systems in supporting the complex dynamics
of hybrid meetings. Our results show that the ability to manipulate
the position, scale and translucency of video feeds in a WYSIWIS
canvas supports users in negotiating a blended interpersonal space
for collaboration. The support for deictic gestures and continuous
control of mirrors in MirrorBlender shows potential for facilitating
more equal participation in hybrid meetings. While users some-
times struggled or forgot to point to shared content in an inclusive
way, our data exposed numerous instances where they embodied
and leveraged their mirror images for deictic gestures and playful
interactions. Our work lays out exciting new directions for support-
ing non-verbal communication and more inclusive participation in
hybrid forms of video-mediated collaboration.
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