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Figure 1: Seamless mixed reality chess game between two players in their own physical environment utilizing differently sized
chessboards. Each user is able to play with physical chess pieces, while their remote opponent’s pieces are rendered virtually

on the board.
Abstract

Mixed reality (MR) offers transformative potential for social inter-
action by blending physical and virtual worlds. However, achieving
congruent shared experiences is challenging as virtual elements
must seamlessly integrate with multiple users’ diverse, often con-
flicting, physical environments. While universal solutions for all
social MR scenarios remain elusive, we argue that for specific, com-
mon interaction paradigms — such as a seated, tabletop chess appli-
cation — a more robust congruency can be achieved. We propose a
conceptual shift towards using static virtual anchors as the primary
reference points within the shared MR space. Instead of users inde-
pendently manipulating shared virtual objects for local calibration,
they align and scale themselves relative to a stationary virtual scene
yielding a congruent MR experience despite using differently sized
chessboards. Moreover, because chess interaction is primarily local
to each player, individual physical pieces can provide congruent
haptic feedback. The proposed concept was implemented and is
available on the Meta Horizon platform.
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1 Introduction

Mixed reality (MR) offers new avenues for social engagement by
blending physical and virtual worlds, enabling shared experiences
where digital content interacts with users’ surroundings [Milgram
et al. 1995]. However, achieving congruent remote multi-user MR,
where virtual elements are perceived consistently across diverse
physical environments, presents significant challenges [Costanza
et al. 2009]. Unlike virtual reality’s (VR) fully synthetic environ-
ments, MR must consider each user’s distinct physical reality. Dis-
crepancies in users’ physical spaces (e.g. room layouts, furniture)
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Figure 2: Illustration of two different placement approaches. 1. the physical user (black) repositions the virtual chessboard
within the shared virtual 3d scene thereby impacting the remote user’s (blue) calibration. 2. The user moves himself (i.e. his
camera rig) relative to the static virtual scene leaving all other relative spatial relationships intact. The resulting relation
between the user and the chessboard is the same as in scenario 1 (yellow arrow).

can lead to conflicting interactions with shared virtual objects, re-
sulting in desynchronization or unrealistic behaviors if the system
attempts to maintain synchronicity across these disparate envi-
ronments. Universally resolving such spatial incongruities for all
dynamic interactions is a formidable problem, making general so-
lutions elusive.

This paper argues that robust congruency is attainable for spe-
cific, common interaction paradigms, such as a seated, tabletop
experience, like chess. In this scenario, participants interact around
a central shared virtual workspace. Chess is particularly well-suited
for this exploration because, by design, it requires minimal player
movement, thereby inherently reducing a common source of spatial
incongruency. Additionally, since interaction in chess is predomi-
nantly with one’s own pieces, introducing physical counterparts
for these provides individual haptic feedback without introducing
a harmful haptic MR incongruency (Figure 1).

Nevertheless, even in this focused tabletop chess scenario, ensur-
ing congruent perception of the shared virtual space remains a crit-
ical hurdle. If users have physical tables of varying sizes requiring
differently sized chessboards, the shared virtual scene (VS) might
appear inconsistently. Attempts by each user to independently cali-
brate the virtual chessboard to their local setup can easily lead to
desynchronization for the other user (as illustrated conceptually in
Figure 2, scenario 1).

This paper proposes a solution for these hurdles: the use of a
static virtual anchor. By establishing a key shared virtual element (in
this case, a virtual chessboard) as an anchor with a fixed position and
orientation within the shared virtual 3D scene, a more stable and
congruent experience can be fostered. Instead of users relocating
the chessboard with regards to the shared virtual 3D scene, they are
guided to modify their own virtual user-position and scale relative
to the static virtual anchor to achieve their desired local alignment
(see Figure 2, scenario 2).

Lastly, to validate this paradigm, the proposed system was real-
ized in a fully functional mixed reality chess application.

2 Related Work

Mixed reality encompasses all usage scenarios that fuse real with
virtual content [Benford et al. 1998; Billinghurst et al. 2000; Costanza
et al. 2009]. It therefore encompasses both augmented reality and
augmented virtuality, as categorized in Milgram’s "Reality-Virtuality
Continuum" [Milgram et al. 1995]. Creating convincing mixed real-
ity applications requires understanding the physical environment
and its constraints to seamlessly fuse virtual content into it [Dargan
et al. 2023; Hertel et al. 2021].

2.1 Co-Located Mixed Reality:

Adding multi-user functionalities to MR scenarios increases their
complexity [Fidalgo et al. 2023]. Co-location refers to multiple
users sharing a single physical environment in MR [Billinghurst
et al. 2000; Marques et al. 2021; Radu et al. 2021], a concept also
explored in VR [Born et al. 2019]. Such setups often necessitate
initial calibration, for instance, by detecting and synchronizing
spatial anchors [Michiels et al. 2024] or simultaneous localization
and mapping (SLAM) data [McGill et al. 2020] between clients to
establish a shared virtual coordinate system. Some MR use-cases,
like 3D annotations during medical procedures, do not require
traditional spatial synchronization. Instead, Yu et al. proposed live-
streaming a user’s 3D view to duplicate the workspace, facilitating
annotations without physical interference from the annotator [Yu
et al. 2022].

2.2 Remote MR:

Users inhabiting separate physical locations, further complicates
multi-user MR by attempting to sensibly fuse these varying (and
often mutually exclusive) environments. One common approach
is to merge environments using shared spatial features [Benford
et al. 1998; Fink et al. 2022; Keshavarzi et al. 2020; Yang et al. 2024].
This can involve methods like algorithmic alignment of dissimilar
room layouts for teleconferencing [Lehment et al. 2014] or even
physical furniture rearrangement to maximize mutual space [Ke-
shavarzi et al. 2020]. Another strategy is to subtly modify avatar
movements to embed remote users naturally into the local envi-
ronment [Congdon et al. 2018; Jo et al. 2015; Wang et al. 2022],
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Figure 3: Scaling the chessboard requires scaling the own camera rig. Instead of shrinking the chessboard, the physical user
(PU) increases his size (2) such that the chessboard and remote user (RU) appear to be smaller from PU’s perspective (1).

with some systems employing Al for semantically correct avatar
repositioning as the physical user moves [Yoon et al. 2020]. Specific
collaborative systems have also been developed; for example, Mar-
ques et al. integrated remote VR participants into co-located MR
scenarios [Marques et al. 2024]. Grenbaek et al. explored aligning
tables and whiteboards for productive MR collaboration, although
this required similarly sized physical tables [Grenbeek et al. 2023].
In contrast, our work addresses differently sized tables by enabling
users to scale their view, thereby retaining a congruent experience.
Other techniques relevant to remote interaction include sharing
a first-person perspective among multiple users, as explored by
Simdes et al. for VR collaboration [Simdes et al. 2024].

3 Static Anchors for Congruent Social MR

To address congruency challenges in seated, tabletop social MR
arising from heterogeneous physical environments, we propose the
use of static virtual anchors. This approach shifts the paradigm from
users manipulating shared virtual objects (see Figure 2, scenario
1) to aligning and scaling themselves within an immutable, shared
virtual reference frame (see Figure 2, scenario 2).

3.1 Concept

While tabletop MR with a shared focus simplifies general congru-
ency issues (e.g. by naturally limiting the range of physical move-
ments), users’ varying physical setups like table size and location
still pose problems. Defining shared virtual chessboard properties
(position, orientation, scale) to suit everyone is often impossible.
Similarly, independent adjustments to the shared board by one user
would desynchronize others’ views (Figure 2, scenario 1). Using
individually altered local duplicates is also unsuitable, causing non-
congruent experiences, such as interaction misalignments if boards
are scaled differently.

3.1.1  The Static Virtual Anchor Paradigm. Our approach shifts con-
trol: users relocate themselves within the shared VS, not the in-
teractable virtual objects. A virtual chessboard, immovably fixed
at the VS origin (0,0, 0), serves as this static shared anchor. All
other virtual content, including avatars, is positioned relative to
this anchor, maintaining a globally calibrated scene.

Users adjust their own virtual pose (position, orientation) and
scale relative to this static anchor. When a user seemingly relocates

the virtual chessboard by grabbing and moving it, the system in-
stead modifies their own virtual camera rig (i.e. viewpoint) and
avatar within the VS. Consequently, remote participants see the
user’s avatar move within the static scene. The active user, however,
grounded by his static physical surrounding, perceives the virtual
chessboard as moving, which provides a familiar manipulation
experience.

3.1.2  Scaling for Individual Fit: To accommodate varying physical
table sizes, users adjust their own virtual scale, analogous to self-
positioning. This alters the perceived size of the statically-scaled
virtual chessboard and other shared elements (see Figure 3). For
instance, increasing one’s own virtual scale makes all other ele-
ments appear smaller. This method allows each user to perceive a
chessboard appropriately sized for their physical table, while all
interactions remain congruent within the single, underlying shared
virtual scene.

3.1.3 Haptic Experience: The aforementioned camera rig adjust-
ments also enable the integration of a user’s own physical chess-
board. Users manipulate their camera rig until the location and
scale of the static virtual chessboard precisely align with their phys-
ical board. After hiding the virtual board’s visuals, they can play
on their physical board, interacting with their own tangible chess
pieces. This setup allows for a haptic experience while maintaining
congruency with the shared virtual game state (see Figure 1).

3.2 Implementation

The concepts and deliberations for congruent remote MR tabletop
gameplay presented in this paper were implemented in a fully func-
tional mixed reality chess application, titled MR Chess, developed
using the Unity Engine. The application runs on Meta Quest 2/3
and is publicly available on the Meta Horizon platform [Riicker
2024]. To manage the real-time, multi-user interactions and ensure
a synchronized game state across different sessions, we integrated
the Photon networking engine.

The core challenge in implementing our static virtual anchor par-
adigm was to invert the standard interaction model. Typically, users
manipulate objects directly by "grabbing" them with a controller,
which locks the object’s position to the user’s hand. Our approach
required the opposite: the central virtual object - the chessboard
(CB) - remains stationary in the shared virtual scene, while the
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Figure 4: Repositioning the user by calculating the distance
vector between the chessboard (CB) and the user’s hand (left
side) and adding this vector to the camera rig (CR) on a frame-
by-frame basis (right side).

user’s virtual representation - their camera rig (CR) - moves in
response to their hand movement.

To achieve this, we implemented a script that executes on ev-
ery frame. When a user "grabs" the virtual chessboard, instead of
moving the board, the system calculates the displacement vector
between the user’s hand and the chessboard’s fixed position. This
vector is then added to the position of the user’s camera rig. The
result is that from the user’s perspective, the chessboard appears to
move as they expect, while for the remote opponent, it is the user’s
avatar that is seen moving within the VS. This user-repositioning
logic is illustrated in Figure 4 and can be concisely expressed as:

CR.position += CB.position - Hand.position;

This calculation effectively moves the camera rig by the same dis-
tance and direction that the user intended to move the chessboard,
maintaining an intuitive feel while preserving the scene’s congru-
ency. Note that since the chessboard is fixed in the VS origin, the
camera rig is effectively moved inversely to the users hand position.
Rotating the chessboard was handled equally utilizing Euler-angles.

Scaling the chessboard required a similar inverse logic: The
system captures the intended scaling factor for the chessboard
but instead applies the inverse of this factor to the user’s camera
rig. This ensures that all interactions remain consistent within the
shared, un-scaled virtual space. The scaling relationship is defined
by the following equation:

1

CR.scale = ———
CB.scale

This alignment process can also be configured to execute only
once: The user first manipulates a local, temporary copy of the
chessboard to the desired position and orientation. Once the user
confirms the calibration, the respective transformations (i.e. the dis-
placement between the local and the shared chessboard) are applied
to the camera rig in a single step to achieve the final alignment.

For users wishing to use a physical chessboard for a full haptic
experience as depicted in Figure 1, the rendering of the virtual
chessboard and the user’s own pieces can be disabled after initial
alignment. To synchronize physical moves with the shared virtual
game state, the application utilizes hand tracking. A move is initi-
ated by registering a pinching gesture as the user grasps a physical
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piece and is concluded when the gesture is released over the target
square.

By implementing these mechanisms, MR Chess successfully demon-
strates how the static virtual anchor paradigm can resolve congru-
ency issues in a practical application, providing a seamless and
shared tabletop experience for remote users.

4 Conclusion

Achieving spatial congruency in social MR across diverse physical
environments is a significant challenge. This paper addressed this
for seated tabletop chess by proposing static virtual anchors - a fixed
shared virtual chessboard that users do not directly manipulate.
Instead, users align their own virtual viewpoint and scale relative
to this anchor, a method that preserves synchronization and a
consistent shared virtual space while accommodating individual
independent physical setups. This user-centric paradigm enhances
congruency and immersion by ensuring consistent interaction with
shared elements, allowing users to independently tailor the virtual
chessboard to their physical constraints.

Notably, this approach requires no ongoing system modifications
to maintain congruency after initial user calibration due to the im-
mutable nature of the shared virtual space, fostering a strong sense
of co-presence. Implementing these principles MR Chess [Riicker
2024] exemplifies how focusing on specific interaction paradigms
can elegantly resolve significant MR congruency challenges for
truly shared experiences.
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