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Figure 1: An illustration of VRGit. A History Graph (HG) that represents non-linear version history is anchored on the user’s
left arm, where each node is a 3D miniature of that version. Inside each miniature, objects are highlighted using color coding if
they are changed compared to the previous version. Mini avatars are anchored in the HG to represent which version users are
in. Users can also create portals to monitor other users’ first-person views. A shared history visualization facilitates group
discussion by anchoring the HG on a surface and allowing users to preview a version and reuse objects collaboratively.

ABSTRACT

Immersive authoring tools allow users to intuitively create and ma-
nipulate 3D scenes while immersed in Virtual Reality (VR). Collab-
oratively designing these scenes is a creative process that involves
numerous edits, explorations of design alternatives, and frequent
communication with collaborators. Version Control Systems (VCSs)
help users achieve this by keeping track of the version history and
creating a shared hub for communication. However, most VCSs are
unsuitable for managing the version history of VR content because
their underlying line differencing mechanism is designed for text
and lacks the semantic information of 3D content; and the widely
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adopted commit model is designed for asynchronous collaboration
rather than real-time awareness and communication in VR. We
introduce VRGit, a new collaborative VCS that visualizes version
history as a directed graph composed of 3D miniatures, and en-
ables users to easily navigate versions, create branches, as well as
preview and reuse versions directly in VR. Beyond individual uses,
VRGit also facilitates synchronous collaboration in VR by providing
awareness of users’ activities and version history through portals
and shared history visualizations. In a lab study with 14 participants
(seven groups), we demonstrate that VRGit enables users to easily
manage version history both individually and collaboratively in
VR.

CCS CONCEPTS

« Human-centered computing — Interactive systems and
tools; Collaborative and social computing systems and tools.
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1 INTRODUCTION

Virtual Reality (“/R) can enable intuitive and compelling experiences
for users to explore immersive, three-dimensionaib) content. For
instance, immersive authoring tools o er a What You See Is What
You Get experience by allowing users to create, edit, and evaluate
3D content directly while immersed invr [1, 25 30 47, 79, 80.
Research has also shown thar provides an e ective tool for users

to evaluate ideas for 3D spatial content in multiple creative domains
such as game desigii§j, architecture 7,55, urban planning g§,

and interior design Bg. Furthermore, as modern workforces in
these domains are becoming diverse in terms of their skill sets
and backgrounds, better collaborative content creation support is
needed for coordination among various roles including designers,
developers, and customers/end-users [5, 40].

Collaborative content creation is an iterative process in which
users may perform numerous editing operations, explore various
design alternatives, communicate with collaborators, and shift be-
tween individual and shared activities frequentl3®, 33 72. Keep-
ing track of version history in this process is important for providing
the ability to revert to previous states if necessary. In addition, pro-
viding rich history-keeping can help users explore di erent design
alternatives in the task of creative content productio64. In col-
laborative settings, keeping track of version history is even more
challenging since users may also need to maintain awareness of col-
laborators' activities. For example, imagine you are collaborating on
designing avRscene, and you would like to explore a design variant
of the current scene without interfering with your collaborators'
design. Moreover, when you and your collaborators are working on
di erent design variants, you would like to know which versions
your collaborators are working on and communicate ideas with
them. If all the versions of the scene, including di erent branches
that collaborators are working on, are preserved and visualized in
VR, you could easily travel between versions and communicate
with your collaborators across versions or branches. While existing
systems enable compelling experiences for creating and manipulat-
ing 3D content inVR, most only enable basic history-keeping (e.g.,
a linear timeline) for single users iwR.

Version Control Systems/€s) have been used widely for keep-
ing track of version history of digital content among collaborators.
Most currentvcs, however, are designed for text rather than spa-
tial data such as 3D scenes. Researctidsfor 3D modeling has
explored some e ective mechanisms for one or two features of a
vcssuch as comparing and merging scenes or models on 2D dis-
plays [9, 10 18 20, 63, but still lacks knowledge regarding how
to enable multiple users to track version history without breaking
the uidity of immersive authoring. On the other hand, although
collaboration systems in VR have long been an exploration in the
area of HCl and CSCW8Bp 58 59, 78, most of them lack version
control capabilities and keep only one versionzi scenes at atime
for all users. In this work, we aim to explore providing visualization
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and interactions of version history that are appropriate for collabo-
rative immersive environments. We provide a complete, standalone
design and implementation for version control ¥R in order to
Avoid breaking the immersion and the work ow of collaborative
content creation, to leverage intuitive interactions ther a ords,
and to harness people's spatial skills for understanding and navigat-
ing 3D environments. We also take a di erent approach by enabling
collaborators to stay in di erent versions afD scenes and explore
supporting awareness and communication among collaborators
across di erent versions.

We introduceVRGit a newvcsfor collaborative content creation
in VR. VRGit enables novel visualization and interactions for version
control commands such as history navigation, commits, branching,
previewing, and re-using. VRGit is also designed to facilitate real-
time collaboration by providing workspace awareness, whether
users are working on the same version or di erent versions. More
speci cally, when users are in di erent versions, our system en-
ables shared views for understanding where collaborators are and
what they are doing. VRGit also introduces a shared visualization
to reduce friction during group discussions when users are in the
same version, by providing awareness related to version control op-
erations such as navigating version history and re-usgmcontent.
Finally, we describe an exploratory lab study with 14 participants in
which we evaluate the usability and utility of VRGit. Results show
that it enables users to easily keep track of non-linear version his-
tories and improves the collaborative work ow of content creation
in VR.

The contributions of our paper argi) the design and imple-
mentation of a newvcsfor collaborative content creation iR,
and (i) results and design insights gained from an exploratory lab
study that evaluated the usability and utility of thecsfor content
creation invR.

2 RELATED WORK

Our work draws inspiration from prior literature invCss for 3D
scenes, graphical history visualization, collaborative virtual envi-
ronments, and visualization and interaction techniquesvir

2.1 Version Control Systems for 3D Scenes

A Version Control System, also known as a Revision Control Sys-
tem, enables users to keep historical versions of digital content.
VCs such as Git 29 and Subversion 3] have been popular in
the domain of software engineering to help developers keep track
of the history of source code by committing changes along with
text messages that describe the changes. Mast also support
asynchronous collaboration among multiple developers at remote
locations by allowing them to manually create and merge branches.
However, most existingyCs are unsuitable for tracking and under-
standing changes dfd scenes because the underlying line di er-
encing mechanism is designed for tracking changes of text les and
thus lacks high-level semantic information of spatial data such as
two-dimensional £D) images andD scenes. Recent work, primarily
from the Computer Graphics community, has thus explored tech-
niques for tracking changes in media les such asimages [L3
and3Dscenes9, 10, 18 20 21, 63, which can be categorized into
two approaches: state-based and operation-based.
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Table 1: Summary of prior vcsSsand VRGit. VRGit contributes
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toafull vcsin collaborative immersive environments.

System Content Type Version Control Features State/Operation Real-time Collaboration Immersive
Navigation Commit Branch Di Merge

Git [29] Text X X X X X State-based

Chen et al. [13] Image X X X X X Operation-based

Dobds et al. [21] 3D Scene X X X X X State-based

MeshGit [18] 3D Scene X X State-based

SceneGit [10] 3D Scene X X State-based

MeshHisto [63] 3D Scene X X Operation-based X

CSculpt [9] 3D Scene X X Operation-based X

Spacetime [78] 3D Scene X* State-based X X

Lilija et al. [45] Spatial RecordingsX State-based X

VRGit (this work) 3D Scene X X X X* X Operation-based X X

Navigation : History visualization and navigation.

X*: The system allows users to compare di erent versions instead of calculating the di erences.
X**: The system allows users to reuse content from di erent versions instead of merging all changes.

State-based approaches aim to build e ective mechanisms that
can automatically derive changes by comparing two states, e.g. a
version and its successor, after the changes occur. Prior work fo-

history. For example, Klemmer et al. built upon snapshots of states
of collaborative web editing sessions and embedded non-linear
branches in the timeline view3g. Nakamura and lgarashi cap-

cusing on state-based approaches has strived to derive changes attured the Graphical User Interface i) input and output history of

di erent levels of granularity [10, 18 20, 21]. For example, Dobo?
and Steed versionD assets at a coarse granularity of individual
nodes of a scene graph such as individual mest8s31]. SceneGit
can derive changes at a ner granularity of vertices and fac&§|[
In the domain of drawing, techniques such as object-oriented draw-
ing can also preserve states of individual attributes and allow users
to revert to previous states of an attribute without interfering with
other attributes [/7. The other approach is operation-based, which
records changes while they occur. This approach typically records
editing operations that users make, and then applies the operations
to a state to transform it to the successor sta 13 63. For exam-
ple, MeshHisto stores and transmits mesh di erence by encoding
them as sequences of primitive editing operatio®§ In our work,
VRGit uses operation-based change tracking since it is more precise
and e cient in determining the di erence between two states and
provides functionality such as replay and undo. It has also been
applied to prior content creation tools such as modelling [63
and sculpting [9].

Our work contributes to existing literature irvCss for 3D scenes
by introducing a fullvcsin collaborativeandimmersiveenviron-
ments (Table 1). While prior work has been focused on one or two
features of ascssuch as di ng and merging and has targetedcs
on 2D screens, VRGit aims to explore novel visualization and in-
teractions of avcsand provide real-time workspace awareness in
collaborative content creation iwR.

2.2 Graphical History Visualization

Enabling intuitive graphical visualization and interactions for ver-
sion or operation history has long been an area of exploration in
HCI. Prior work has explored visualization of history using repre-
sentations such as layers of operatior], snapshots of before-
and-after states43, and timeline views of history 62. Later work

has then built on these representations and explored techniques
that enable users to better understand and interact with operation

graphical documents and visualized the snapshots with annotations
of detailed operationsg(. Chronicle instead captures the video
history of graphical documents and provides users with a set of
probes to lter the revision history B1. More recently, Chen et
al. explored using a Directed Acyclic GrapbAG) for versioning
image editing operations][d. However, all the above systems for
visualizing and interacting with version history are designed for
text or 2D content such as paintings and images.

Most graphical history representations f@D scenes today have
primarily focused on viewing and interacting througkb displays.
For example, commercial Computer-Aided Design tools such as
Autodesk Maya or Vistrails are able to record modelling history
and provide a list of operation history in the editor. Another line of
research in this space is focused on interactive summary of long
sequences of editing operations. For example, MeshFIoivgnd
3DFlow [19 are proposed to summarize the history of mesh editing
by clustering editing operations. Closer to our work that visualizes
history in VR, Lilija et al. introduced techniques of visualizing ob-
jects' trajectory in3D scenes and allowing users to view the history
of spatial recordings invR[45, though not in the context of asCs
Our work expands on prior work to explore graphical representa-
tion and interactions of non-linear history (i.e. branching) invics
for immersiveVvRr authoring.

2.3 Collaborative Virtual Environments

Researchers have acknowledged the importance of designing real-
time collaborative systems that support workspace awareness, i.e.
understanding of other collaborators' interaction with the shared
workspace BZ. Prior work has explored various techniques for
supporting awareness of other users in collaborative virtual envi-
ronments such as the use of gaZ&d], gestures 2 58 7€, and
pointers [24. Recent advances of the underlying sensing technolo-
gies have also allowed for capturing and rendering full bodies of
users viazD projection (e.g. Room2Roonsq) or 3D hologram
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