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Fig. 1. SurfShare enables remote mixed-reality shared communication by establishing spatial consistency and object sharing
between two physical spaces. In (a) and (b), two geographically distributed users set up a merged view of their respective
surfaces by overlapping the virtual portals (white and green frames). Such a setup can allow two remote users to participate
in board games as if they are in person, as demonstrated in (a) and (b). SurfShare also enables the creation of shared virtual
replicas of physical objects. In (c), an instructor shows a remote learner how to use tangram puzzles to construct a fish.
Only the learner has the physical pieces of the tangram puzzles. Thus, the learner creates virtual replicas for the instructor
to demonstrate. Using the same technique, two remote users can collaboratively author virtual AR content. In (d), two
geographically distinct users collaboratively construct a virtual brick castle using virtual extrusions of physical shapes.

Shared Mixed Reality experiences allow two co-located users to collaborate on both physical and digital tasks with familiar
social protocols. However, extending the same to remote collaboration is limited by cumbersome setups for aligning distinct
physical environments and the lack of access to remote physical artifacts. We present SurfShare, a general-purpose symmetric
remote collaboration system with mixed-reality head-mounted displays (HMDs). Our system shares a spatially consistent
physical-virtual workspace between two remote users, anchored on a physical plane in each environment (e.g., a desk or wall).
The video feed of each user’s physical surface is overlaid virtually on the other side, creating a shared view of the physical
space. We integrate the physical and virtual workspace through virtual replication. Users can transmute physical objects
to the virtual space as virtual replicas. Our system is lightweight, implemented using only the capabilities of the headset,
without requiring any modifications to the environment (e.g. cameras or motion tracking hardware). We discuss the design,
implementation, and interaction capabilities of our prototype, and demonstrate the utility of SurfShare through four example
applications. In a user experiment with a comprehensive prototyping task, we found that SurfShare provides a physical-virtual
workspace that supports low-fi prototyping with flexible proxemics and fluid collaboration dynamics.
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1 INTRODUCTION

Mixed reality augments the physical environment with a layer of virtual space. As such, co-located, shared
experiences33 45 46 52 73 create a workspace where multiple users can communicate via both physical and
virtual content. As co-located users retain access to the physical space, they can collaborate with familiar physical
and social skills such as direct object manipulation and body langu@gg(. Achieving the same in a remote
setting enables remote users to collaborate on physical and virtual tasks more naturally and e ciently.

However, aligning heterogeneous remote spaces is challenging and often requires complex setup procedures
and hardware. For example, projection-based systedsi5 47] share a slice of the environment and are thus less
dependent on environment homogeneity. However, they require cumbersome hardware and rigid con gurations
and lack the exibility to transition between tasks and collaborative dynami@d4,[41]. Asymmetric remote
collaborative systemsl[l, 30 34, 65 72 virtually bring all users to a single physical location, but incur di erences
in context and environment delity for users and are usually applied to more specialized application areas such as
remote guidance40 25 65 74 and sightseeing11, 12. While symmetric remote collaborative systems are more
general-purpose, contemporary systems align physical environments by merging their reconstructics® £2,
which requires detailed scans of the environment and substantially similar physical spaces.

Users in remote collaboration also lack access to physical objects from remote environments, thus hindering
a seamless integration of the physical and virtual spaces. Systems that create virtual replicas from physical
objects [L5 56 better connect the physical and virtual spaces, while requiring virtual replicas to be modeled with
CAD tools. Itis possible to rapidly create virtual content through hand sketching and paper prototyping, Bl,
but the application of such capabilities in remote mixed-reality collaboration is not well-explored.

We presentSurfSharga general-purpose symmetric remote collaborative system with mixed reality HMDs. Our
system is lightweight and requires only a pair of unmodi ed, commercial Microsoft HoloLens 2 devices and access
to a wireless network. Our system creates a physical-virtual workspace between two remote users anchored on a
physical plane in each environment while assuming minimal similarity between the users' respective physical
environments SurfSharestablishes a spatially consistent shared space by allowing each user to create a portal (a
rectangular content frame) on a physical surface (e.g., oors, desks, walls, whiteboards) of their environment,
which de nes both an anchoring point in the environment as well as a region of the surface that will be shared
with the other user. To support physical collaborative tasks, our system captures and streams video of objects and
annotations (e.g. pen marks) appearing on each surface using the HMD camera, creating a merged view of the
physical surface. To better integrate the physical and virtual spaces and extend users' access to remote physical
objects, our system allows users to create and extrude virtual replicas of planar physical objects in the portals.
Users can directly manipulate the virtual replicas to demonstrate a physical task or edit the virtual replicas with
free hand gestures for low- delity virtual content creation.

We demonstrate the utility oSurfSharavith 4 example application scenarios in remote collaboration: surface
sharing and annotation, collaborative puzzle building, physical gaming with user-de ned virtual objects, and
collaborative prototyping. To evaluate our system, we rst conducted a 10-participant usability test with the
four application scenarios. We then explored the implications of a lightweight con guration and ad-hoc virtual
replicas in remote collaboration with a 12-participant dyadic user experiment.

SurfShareontributes a bi-directional symmetric remote collaborative system in Mixed Reality that 1) shares
physical surfaces in a lightweight manner, and 2) extends physical surfaces with a virtual workspace that enables
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ad-hoc creation of virtual replicas. We also proposed the potential applications of the system and qualitatively
evaluated it with a comprehensive user experiment.

2 BACKGROUND AND RELATED WORK

We situate our work in the domain of synchronized multi-user shared experiences with mixed reality. Here, we
rst lay the background by reviewing theoretical CSCW frameworks in workspace awareness and collaborative
proxemics. Then, we overview existing remote mixed-reality collaborative systems. Finally, we discuss the
integration of physical and virtual spaces with virtual replicas.

2.1 CSCW Workspace Awareness and Proxemics

Prior theoretical frameworks in remote CSCW have established the importance of workspace awareness. Gutwin
and Greenberg]q de ned WorkSpace Awareness as the real-time understanding among collaborators regarding
each other's 1) Who (e.g. n, user presence and identity), 2) What (e.g., actions, artifacts), and 3) Where (e.g.,
user location). Similarly, Buxtonl[(] proposed person space, task space, and reference space as the main
communication channels in remote collaboration. In particular, reference space is the integration of users'
presence and the tasks they perform. For contemporary remote collaborative systems, it has been common
practice to combine Buxton's communication channelg][in various ways. For example, prior research has
integrated users' presence [31, 74], eye-gaze [3, 40] and gestures [19, 35, 64, 66] into the task space.

A related concept to workspace awarenespisxemic$41], which posits that the interaction between people
is a ected by the spatial distance between them and their physical surroundings. The spatial relationship
between collaborators is related to what the environment provides (e.g., desks, walls, whiteboards, digital screens).
Researchers have also proposed the idea of proxemic transitdfsgointing out the fact that such spatial
relationships are dynamic. During collaborative tasks, people are likely to change spatial formations (e.g., face-to-
face, next to each other, or walking up to a whiteboard) to articulate their ideas and utilize resources in their
environment [38 44]. However, most prior work has only considergatoxemicgor co-located collaboration.
Researchers have developed interactive mediums to support co-located proxemic transitions such as shape-
changing furniture P2 and displays p3. More recently, Granbaek et. a2F proposed Partially Blended Realities
(PBR), which supports proxemic transition in remote collaboration. However, while PBR anchors each user's
workspace on physical surfaces, it only supports virtual tasks.

2.2 Remote Mixed Reality Collaboration

Researchers have explored remote Mixed Reality collaboration systems with various symmetry, modalities, and
placements on the reality-virtuality continuun48 49. For example, asymmetric remote collaboration virtually
brings remote guests into the same physical space. The remote guests can annotate the streamed environment
[20 25 65 72 and perform a real-time demonstration with an embodied avaté®,[65. Asymmetric remote
collaboration has found rich applications in remote guidance in manufacturiag,[clinical operation P9, and
sightseeing 1. As asymmetric remote collaboration focuses on the local user's physical environment, it is more
suitable for specialized applications in the domains of remote instruction [62, 65] or tourism [11, 12, 37].
Symmetric remote collaboration supports richer bi-directional interactions and generality. As such systems
simultaneously consider more than one workspace, they face more challenges in establishing a common reference
space. Prior research has explored projection-based surface sharing, which merges two remote desk areas together
by overlapping real-time videos of them and enabling a shared physical workspzi§eHurther works have
explored projection-based tabletop sharing without identical tabletop layo@t 47 and enabled projecting
digital contents that align coherently with physical object§§. However, projection-based surface sharing
has a heavy setup, making it hard to recon gure as the task context changes. The rigid setup also assumes a
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static spatial relationship between the collaborators (e.g., sitting face-to-face with each other), thus lacking the
exibility for dynamic proxemic transitions [21] in user collaboration.

Researchers have also investigated symmetric remote collaboration in 3-dimensional space with spatial
capture and reconstructionZ8 58 71]. In the person-space [( of remote communication, prior works
have enabled users to place a life-scale projection or 3D reconstruction of a remote user into their physical
[34,58 61] or virtual environments [L7, 67], mimicking face-to-face communication. In the task-spadé€][ prior
research has also studied creating a room-scale shared space by projecting and merging physical environments
of remote users ], 39 47. However, fully merging two remote 3D spaces with spatial consistency assumes
substantial similarity between remote spaces, and often requires a cumbersome 3D reconstruction pipeline with
external sensors. Utilizing similar physical elements in the environments, recent research has enabled spatial
alignment [18 69, 7(] and proxemic transition PJ for remote users' virtual embodiment. Nevertheless, while
such systems were anchored on physical space, they only focused on virtual tasks.

2.3 Integrating Physical and Virtual Space with Virtual Replicas

Gutwin and Greenbergd€q identi ed artifacts as important sources of awareness information. However, while
users can access all the shared virtual content, a user cannot directly access physical artifacts in a remote
environment. This disparity between the level of physical and virtual access makes it hard to integrate the
physical and virtual spaces. As a result, contemporary remote mixed-reality collaborative systems focus on either
physical or virtual tasks, thus limiting their generalizability. For example, most asymmetric remote instruction
systems R0, 62, 65 77 focus on physical tasks while only using virtual contents as annotations. On the other
hand, systems such as virtual content authoring [53, 55, 67] often detach the physical space entirely.

To fully harness the potential of both physical and virtual space requires them to be better integrated. Jansen
et al. [33 demonstrated a co-located physical-virtual board game with virtual proxies. Prior resedrgtbp 59
has also explored and demonstrated the e ectiveness of virtual replicas in remote instruction, but they require
the virtual replicas to be created in advance with CAD tools. Virtual objects can also be created dynamically via
e.g. hand sketching and paper prototyping, [7, 8]. However, while such techniques can reduce the technical
barrier for rapid prototyping mixed-reality applications43 53 54, the potential of ad-hoc creation of virtual
props in remote mixed-reality collaborations has not been well explored.

3 DESIGN GOALS AND CONCEPTUAL MODEL

Distilling the common considerations and gaps covered by the related works above, we identify 3 design goals
and propose our conceptual model.

3.1 Design Goals

D1: Lightweight and Flexible System Con guration : Our work is inspired by prior projection-based
physical surface-sharing systems as described in Section 2.2. However, such systems are heavyweight and
hard to recon gure, and thus only support a static collaborative setting (e.g., face-to-face). Modern mixed-
reality devices can perform inside-out environment sensing without static instrumentation. Therefore,
our work sets out to contribute a lightweight mixed reality surface-sharing system that provides better
exibility and recon gurability, enabling more uid user dynamics in remote collaboration. The system
should only rely on the sensing capability o ered by o -the-shelf mixed-reality headsets, while stably
tracking and streaming the surface area selected by the user despite the moving camera.

D2: Integrate Physical Surface and a Virtual Workspace : Mixed reality seamlessly overlays a virtual
space onto physical environments. Therefore, it is natural to extend the capabilities of shared physical
surfaces to the virtual space. However, projection-based physical surface sharing systgms][are
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limited to the physical space. Virtual replicas bridge the physical world with the virtual space while existing
work [15 33 56 59 require them to be pre-modeled in CAD software. Therefore, we explore 2D virtual
replica creation from physical 2D objects (e.g., hand-drawn sketches and shapes cut from paper) shared on
physical surfaces. The creation of such virtual replicas should be instantaneous. We hope such a system
capability can support more direct remote instruction and collaborative low- prototyping.

D3: Spatially Consistent Object Sharing and Workspace Awareness : All the content shared by our
system, whether physical or virtual, should be anchored to a common reference space, such that the system
maintains workspace awareness among users. While spatial awareness and workspace awareness are
well-established in the CSCW literature, the approach to achieving them is system-speci c. In particular, for
our system, it is important to have simplicity in mind such that the e ort for spatial awareness con guration

is consistent with our system's lightweight naturéXl). Therefore, we include this design goal as it is the
technical premise for our system to be usable.

3.2 Conceptual Model

We design our conceptual model revolving around the concept of virtual portals . They are virtual rectangular
frames snapped onto physical surfaces, sharing a sliced view of them. They are also spatial anchors that establish

Fig. 2. The conceptual model 8urfShareA key concept in our system is thertual portal Top: Each user sees a local portal
(white) and a remote portal (green). These portals serve as spatial anchors that set up a common reference frame for remote
users, as well as virtual displays that share a slice of their physical environments. Users can flexibly configure the positioning
of the portals, allowing proxemic transitions. For example, they could overlap the virtual portals to create a merged view of
their physical surfaces (le ) or arrange the portals next to each other separately to have individual physical workspaces (top,
bo om-center, bo om-right). Users can also use virtual portals to transmute physical objects to the virtual space (bo om
center). All the shared virtual replicas are customizable and spatially synchronized between users (right).
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spatial consistency and align the users' workspace awarenB83. (The virtual portals are easy to set up with
common mixed-reality ray pointing gestures, and allow repositioning anytime during the remote collaboration
(D1). In addition to sharing physical surfaces, the virtual portal segments 2D physical objects on the surface and
allows users to virtually replicate them. Thus, our system extends the shared surfaces to a virtual space anchored
to virtual portals and transmutes physical objects into their virtual twinBZ%). We illustrate our conceptual
model in Fig. 2 and detail how our system implements it in the following sections.

4 SURFSHARE SYSTEM DESIGN OVERVIEW
4.1 Virtual Portals and Spatial Consistency Initialization

To initialize the system, users start by de ning the virtual portals. The rst user uses a pointing gesture to select
the corners of their local portal. This portal then becomes visible as a movable rectangle in the second user's
view. The second user uses a pointing gesture to place the rst user's portal in their environment, then uses
pointing gestures to de ne their own portal. Placing this second portal de nes the initial relative transform
between the local and remote portals. To sati§f@, this relative transform is then automatically applied to the

rst user's environment, thus initializing their remote portal. Our system attaches a 1x6 menu under the local
portal, providing several functions: initiating physical surface sharing, creating virtual objects, toggling user
avatars, enabling background subtraction, and repositioning portals. Finally, once both portals are established,

@ (b)

(© ()

Fig. 3. Users oBurfSharenitialize their communication by se ing up virtual portals. In (a), the first user uses pointing
gestures to define the corners of their local portal. In (b), the second user places the first user's portal in their environment,
then in (c) they use pointing gestures to define their own portal. In (d), the portal the second user defines appears automatically
in the first user's view, placed at the same relative position.
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