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Abstract—In collaborative editing, consistency ma
of the copies of shared data is a critical issue. In
decade, Operational Transformation (OT) approach r¢
a suitable mechanism for maintaining consistency. Unfec
none of the published propositions relying on this apg
able to satisfy the mandatory correctness properties
TP, defined in the Ressel’s framework. This paper
this correctness issue by proposing a new way to mo
state by retaining tombstones when elements are res
instantiation of the proposed model for a linear dat:
and the related transformation functions are provide

I. INTRODUCTION

Collaborative editing systems allow users to edi
document from multiple sites across Internet. Dej
the work context, users can work synchronousl
chronously. Synchronous collaboration is also call¢
editing since when a user performs some modif
the document, these modifications are instantly s
users who can see them without any delay. In t
in asynchronous collaboration, users may not °
same time. They work in isolation: they can dec
publish their modifications and when to integrate n
performed by other users.

In these systems, the shared documents are
replicated at multiple sites. Parallel modificatic
copies may happen and therefore potential inconsi
occur. One of the main issues in collaborative e
to maintain consistency of shared documents co
tency maintenance mechanisms are classified in t
depending on whether they are pessimistic or 0]
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ABSTRACT

Peer-to-peer (P2P) networks are very efficient for distribut-
ing content. We want to use this potential to allow not only
distribution but collaborative editing of this content. Exist-
ing collaborative editing systems are centralised or depend
on the number of sites. Such systems cannot scale when
deployed on P2P networks. In this paper, we propose a
new model for building a collaborative editing system. This
model is fully decentralised and does not depend on the
number of sites.

Categories and Subject Descriptors

C.2.4 [Computer-Communication Networks|: Distrib-
uted Systems—Distributed applications; H.5.3 [Informa-
tion Interfaces and Presentation|: Group and Organiza-
tion Interfaces— Collaborative computing, theory and models

General Terms

Algorithms, Design, Human Factors

Keywords

CSCW, Collaborative editing, Optimistic replication, Con-
currency control

1. INTRODUCTION

Currently, peer-to-peer systems demonstrated how they
can ensure scalable content distribution. In their survey [4],
Androutsellis-Theotokis et al. wrote:

“Peer-to-peer content distribution systems rely
on the replication of content on more than one
node for improving the availability of content,
enhancing performance and resisting censorship
attempts.”

We want to reuse these characteristics not only for content
distribution but also for content editing. Currently, P2P
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not made or distributed for profit or commercial advantage and that copies
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networks mainly distribute immutable contents, we want to
distribute updates on this content and manage collabora-
tive editing on it. We are convinced that if we can deploy a
group editor framework on a P2P network, we open the way
for P2P content editing. It means that all existing collab-
orative editing applications such as CVS and Wiki can be
redeployed on P2P networks and take advantage of availabil-
ity improvements, performance enhancements and censor-
ship resistance of P2P networks. For instance, Wikipedia [2]
is currently a collaborative encyclopaedia that has collected
more than 4,700,000 articles in more than 200 languages.
Wikipedia has more than 50 million of page requests per day.
200,000 changes are made every day [1]. However, Wikipedia
needs a costly infrastructure to handle the load. Hundreds
of thousands of dollars are spent every year to fund the in-
frastructure. A P2P massive collaborative editing system
would allow to distribute the service, tolerate failures, im-
prove performances, resist to censorship and share the cost
of the underlying infrastructure.

Collaborative editing systems such as CVS or Wikis are
currently centralised and cannot be adapted to peer-to-peer
networks. Collaborative systems based on the operational
transformation approach [7, 23] can be decentralised.

However, existing algorithms such as GOTO [23], ABT[16]
and SOCT?2 [21] rely on vector clocks to detect concurrent
operations. OT approach supposes that each operation is
immediately executed locally, stored in a local log and then
broadcast to other sites in order to be re-executed and stored
in their logs. A vector clocks is associated to each opera-
tion. A vector clocks [17] is an array of logical clocks, one
clock per site. It is used to detect the happened-before rela-
tionship and therefore the concurrency between operation.
It causes no problem if the number of sites is fixed and low
but if the number of sites grows, the size of the vector clocks
is unbounded. Thus, messages exchanged between sites will
grow as well as the size of local operation. Also, the time ef-
ficiency of operation on vectors clocks will decline as vectors
clocks grow. Clearly, vectors clocks prevent these algorithms
to scale and represent a serious bottleneck for their deploy-
ment on P2P networks.

In this paper we propose a new model called WOOT for
building group editors that is suitable for dynamic P2P sys-
tems. Compared to existing decentralised group editor mod-
els, the number of sites involved in group editing is not a
variable.

The remainder of this paper is organised as follows: Sec-
tion 2 describes the WOOT approach and details the con-

sistency model. Section 3 presents a formal definition of

WOOT
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ABSTRACT

Real-time group editing has been envisioned as an effective man-
ner of collaboration. For years, operational transformation (OT)
has been the standard concurrency control mechanism for real-time
group editing, due to its potential for high responsiveness to local
editing operations. OT algorithms are generally non-trivial to be
error-free and are computation intensive. Recently, commutative
replicated data types (CRDT) have appeared as an alternative to
OT. The state-of-the-art OT and CRDT work still lacks the basic
functionality found in single-user text editors. In particular, there
is no published work that supports both string-wise operations and
selective undo. This paper presents an approach that combines and
extends OT and CRDT strengths. It is fully decentralized and sup-
ports string-wise editing operations and selective undo. Our perfor-
mance study shows that it provides sufficient responsiveness to the
end-users.

Categories and Subject Descriptors

C.2.4 [Computer-Communication Networks]: Distributed Sys-
tems—Distributed applications; H.5.3 [Information Interfaces and
Presentation]: Group and Organization Interfaces—Collaborative
computing

General Terms
Algorithms, Performance

Keywords

Real-time collaborative editor, commutative replicated data type,
operation transformation.

1. INTRODUCTION

A real-time group editor allows multiple users to simultaneously
edit the same document from different places. Fully decentralized,
or peer-to-peer, collaboration has generally the advantage of avail-
ability, scalability and resistance to censorship and surveillance,
over collaboration via a central server.
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Operational transformation (OT) has been established as a con-
currency control mechanism for real-time group editing due to its
potential for high responsiveness to local operations [4, 5, 6, 7,
8, 10, 14, 15, 16, 17, 18, 19, 21]. Local operations are executed
immediately at local peers and later transformed and integrated at
remote peers. OT algorithms are sophisticated. Counterexamples
of several published OT algorithms have been reported. Moreover,
they have time complexity in the length of operation history of the
document been edited, which potentially grows endlessly.

Recently, a new class of mechanisms called commutative repli-
cated data types (CRDT) have been proposed [2, 11, 12, 13, 22,
23]. Concurrent operations of a CRDT are mutually commutative,
so that a document is eventually kept consistent at all peers.

A real-time group editor should support at least the most basic
functionality found in a single-user text editor. At its minimum,
it should support insertion and deletion of single characters and
strings of characters, as well as the undo and redo of the insertions
and deletions. String-wise operations are important as they are the
basis for other useful operations like copy-paste, select-delete and
find-replace. Surprisingly, there is currently no published work that
supports both string-wise operations and their undo.

Our work supports both string-wise operations and their undo by
combining and extending existing OT and CRDT approaches.

The rest of this paper is organized as follows. Section 2 presents
background and related work. Section 3 gives an overview of the
approach. Section 4 presents the view-model architecture and the
data structure of the model. Section 5 describes operations and up-
dates in view and model. Section 6 describes how model and view
are synchronized. Sections 7 and 8 describe how local and remote
operations are integrated into the model. Section 9 shows the cor-
rectness of the approach. Section 10 presents performance results.
Section 11 discusses some open issues. Section 12 concludes.

2. BACKGROUND

OT was first introduced in [4]. The basic idea is as the follow-
ing. A shared document is replicated at different peers. An editing
operation is first executed at a local peer and then propagated to
remote peers. Suppose two peers start with “012”. Peer 1 inserts
“a” between “0” and “1” with ins(1, “a”) and Peer 2 deletes “2”
with del(2). The states after local executions at the two peers are
“0al2” and “01”. Now if the two peers execute the remote opera-
tions as is, the states at these peers become “0a2” and “Oal”, which
are inconsistent. With OT, the remote operations are transformed
to include the executed concurrent operations, into ins(1, “a”) and
del(3) respectively. The two peers are in consistent state “0al”
after executing the transformed operations.

There are some challenges with this basic approach. First, a re-
mote operation can only be transformed to include a concurrent
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ABSTRACT

The introduction of WebRTC has opened a new playground
for large-scale distributed applications consisting of large
numbers of directly-communicating web browsers. In this
context, gossip-based peer-sampling protocols appear as a
particularly promising tool thanks to their inherent ability
to build overlay networks that can cope with network dy-
namics. However, the dynamic nature of browser-to-browser
communication combined with the connection establishment
procedures that characterize WebRTC make current peer-
sampling solutions inefficient or simply unreliable. In this
paper, we address the limitations of current peer-sampling
approaches by introducing SPRAY, a novel peer-sampling
protocol designed to avoid the constraints introduced by We-
bRTC. Unlike most recent peer-sampling approaches, SPRAY
has the ability to adapt its operation to networks that can
grow or shrink very rapidly. Moreover, by using only neighbor-
to-neighbor interactions, it limits the impact of the three-
way connection establishment process that characterizes We-
bRTC. Our experiments demonstrate the ability of SPRAY
to adapt to dynamic networks and highlight its efficiency
improvements with respect to existing protocols.

Categories and Subject Descriptors

C.2.1 [Computer Systems Organization]: Computer-
Communication Networks— Network Architecture and De-

sign
General Terms

Network, algorithm, simulation

Keywords

Large scale distributed applications, random peer sampling,
browser-to-browser communication, WebRTC
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1. INTRODUCTION

Peer sampling constitutes a fundamental mechanism for many
large-scale distributed applications both on the cloud [4] and
in a peer-to-peer setting. Services such as dissemination [6,
19], aggregation [12] and network management [13,21] have
been based on peer sampling and the recent introduction
of WebRTC" opens the opportunity to deploy such applica-
tions on browsers that can run on laptops, desktops and mo-
bile devices. In this context, WebRTC drastically simplifies
deployment even within complex network systems that uti-
lize firewalls, proxies and Net Address Translation (NAT).

Unfortunately, WebRTC has several constraints that make
existing peer sampling services inefficient or unreliable. Brow-
sers can run on small devices in mobile networks. Hence,
keeping the number of connections as low as possible is a
major requirement. However, peer sampling services such
as CYCLON [20] do not adapt the number of connections to
the real number of participants. For instance, a user must
maintain 10 connections with other remote browsers when
only 6 are enough. On the other hand, the peer sampling ser-
vice ScAMP [10] is adaptive but uses random dissemination
paths to establish connections which is much more costly
and likely to fail in the WebRTC context.

In this paper, we introduce SPRAY, a random peer sam-
pling protocol inspired by both Scamp [10] and CycLoN [20].
Compared to the state of art, (i) SPRAY dynamically adapts
the neighborhood of each peer. Thus, the number of con-
nections grows logarithmically compared to the size of the
network. (ii) SPRAY only uses neighbor-to-neighbor inter-
actions to establish connections. Thus, the connections are
established in constant time. (iii) SPRAY quickly converges
to a topology exposing properties similar to those of a ran-
dom graph. Thus, the network becomes robust to massive
failures, efficiently disseminates information etc. (iv) In the
experimental setup, we show the adaptiveness of SPRAY and
highlight its efficiency improvement compared to CYCLON
and ScAMP, at the cost of little overhead.

The rest of this paper is organized as follows: Section 2 re-
views the related work. Section 3 details the SPRAY proto-
col. Section 4 shows the properties of SPRAY and compares
them to state-of-the-art random peer sampling approaches.
We conclude and discuss about the perspective in Section 5.

‘http://www.webrtc.org/
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