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Sliverware
A Framework for Developing Collaborative Applications

Seth Michael Holloway, M.S.E.
The University of Texas at Austin, 2007

Supervisor: Christine Julien

Despite computers’ widespread use for personal applications, very few programming frameworks exist for creating synchronous collaborative applications. Existing
research in CSCW (computer supported cooperative work), specifically approaches
that attempt to make current application implementations collaboration-aware, are
difficult to implement for two reasons: the systems are focused too narrowly (e.g., on
Internet-only applications), or the systems are simply too complicated to be adopted
(e.g., they are hard to set up and adapt to concrete applications). Enabling real-time
collaboration demands lightweight, modular middleware—sliverware—that enables
the fine-grained interactions required by collaborative applications. In this paper,
we introduce sliverware and give a specific example in the guise of a distributed
keyboard that multiplexes input from several users into a single stream that each
user receives just like input from a normal keyboard. The result is simple, realvi

time collaboration based on a shared, distributed view of data that enables rapid
development of highly coupled coordinating applications.
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Chapter 1

Introduction
Even though computers worldwide are connected, the computer is still largely a
personal experience; CSCW (computer supported cooperative work) research has
focused on expanding the limitations of traditional computers to allow for more
collaboration amongst users. However, CSCW has mainly provided information
exchange rather than information sharing [6]. While both allow for collaboration,
information sharing provides real-time interaction with a consistent global view of
shared data. Despite the large volume of work that has been done in connecting
people, simultaneous collaboration and information sharing are still relegated to
face-to-face meetings and telephone or video conferences. Existing research into enabling collaboration is too narrowly focused to be usable by everyone; for example,
available solutions may only work online or with a specific operating system, or they
may rely on a particular programming framework. Additionally, the approaches often rely on heavyweight, unchangeable middleware systems which provide excessive
functionality; the vast amount of functions cannot be easily understood and fully
utilized yet they dominate the software size.
This paper discusses sliverware [9], which aims to simplify the development
of collaborative software. A sliverware component is a thin slice of a modular mid-
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dleware that provides a specific functionality appropriate to implementing collaborative software. Each piece of sliverware includes not only the programming abstractions a developer uses to create the particular interaction, but also the protocol
implementations required to realize that interaction. By hiding the details of this
implementation from the application programmer, sliverware allows developers of
collaborative software to focus on interactions instead of low-level communication.
An application requiring multiple modes of interaction pulls together exactly the
required sliverware components in a modular fashion to create a tailored middleware layer that implements the interactions’ underlying behavior. By providing
full application stacks within one sliver, collaborative programs can be constructed
out of sliverware with very little knowledge of distributed programming. Common
components among slivers are automatically optimized at compile time to provide
the smallest-possible implementation. Traditional middleware provides a horizontal
abstraction, but sliverware introduces the notion of lightweight, cross-cutting, vertical abstractions. Sliverware’s use-only-what-is-needed strategy greatly reduces the
necessary resources when compared to traditional, provide-all-possible-functionality
middleware.
Sliverware was specifically formulated with ad hoc networks in mind. Although the approach works well for centralized networks, we would like to increase
the number of applications running on ad hoc networks. By avoiding centralized
infrastructure, overall energy consumption is reduced for several reasons: transmissions are shorter and do not have to be replicated from the base station to the
receiver; the number of messages passed and the amount of overlap in communication ranges are reduced so we reduce the likelihood of collisions. Decreased collisions
make the network more efficient and improve quality of service. Another key benefit
of ad hoc networks is that they do not rely on existing infrastructure; this allows
ad hoc networks to be set up in rural areas or after disasters. Ad hoc networks
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also more naturally mirror collaboration: people communicate without relying on a
third party. For the above reasons, we feel that ad hoc networks provide an excellent
foundation for collaborative computing. With Sliverware, an application developer
can select a sliver and have an application running on any network, including ad
hoc networks, quickly.
This paper details the sliverware concept including an overview of the approach, details of each abstraction layer, and a description of how to program using
sliverware. We then show an example to demonstrate sliverware’s flexibility. This
example, the distributed keyboard, logically multiplexes multiple users’ inputs into
one input stream. By replacing the normal keyboard listener with a distributed
keyboard listener, an application developer can program real-time text-based collaboration. There are numerous applications in which the distributed keyboard can
play a critical role, including interactive presentations—lectures in which the professor’s material is broadcast to students instantly while students create annotations
on the fly—and simultaneous text editors that allow multiple people to author a
document simultaneously. These possibilities make the abstraction ideally suited
for educational software and software development tools although many more potential applications exist. Results show that the approach is easy to implement and
scalable.
In Section 2 we motivate this research and define the problem that sliverware solves; Section 3 details sliverware and its approach to program construction.
Section 4 covers the implementation details for one example of sliverware—the distributed keyboard, and in Section 5 we provide work related to sliverware and collaborative software. Section 6 provides some rationale and future work. Finally, we
conclude with Section 7.
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Chapter 2

Motivation and Problem
Definition
Real-time collaboration is long overdue in software; for nearly 40 years people have
only had access to single-user applications. With the advent of Internet-based communication, many people saw the power of multi-user applications. Today, almost
everyone communicates via a chat program such as AOL Instant Messenger [3].
However, while everyone is chatting with peers, they are working on single-user applications [14]. For increased collaboration, group members often meet face-to-face
rather than using their computers directly. This is due largely to the fact that existing collaborative software provides only coarse-grained interactive capabilities. The
types of tasks we commonly cooperate on demand varying levels of granularity and
sharing of dynamic data in real time.
If such flexible interaction primitives are available, software could further
enhance collaboration. For example, real-time collaboration in a shared word processor may improve productivity by allowing multiple authors to contribute simultaneously: everyone editing the document would see exactly the same up-to-date
version. In a setting where collaboration is employed, contributors have a shared
4

goal and work towards producing higher quality work in less time than is possible
using only non-collaborative word processors. Another example is a collaborative
software development environment that utilizes simultaneous text editing similar
to the collaborative word processor. Agile development methods such as extreme
programming (XP) [5] very nearly demand collaborative software environments.
Rather than waiting for code to be checked into a version control system, programmers could view one another’s progress in real time. The synchronous development
environment may be an ideal collaboration target because the developer is also the
end user, thus the end user has a solid understanding of the capabilities of software
which avoids many of the traditional groupware pitfalls [8].
There is also great promise in enabling interactive lectures, particularly in
an educational or industrial meeting. A growing number of lectures currently utilize computers through standard methods like slide shows and more diverse means
such as electronic whiteboards [1]. Many of these technological improvements have
removed several of the interactive qualities of traditional classroom environments.
Enabling digital collaboration during lectures would foster an interactive environment where students personally augment the lecture with relevant annotations in
real time. This method of note-taking gives students the opportunity to absorb the
lecture and clarify notes without having to focus solely on copying the lecturer’s
words. The synchronicity also allows the audience to review the lecture and understand how different parts relate as opposed to seeing notes scattered in the margin.
Real-time feedback from students enables lecturers to dynamically adapt the lecture’s content and pace. These combined effects would allow for a truly interactive
lecture with a room of active participants.
There are many CSCW ideas and applications related to this research, but
none have received widespread usage due to several fundamental problems. First
many collaborative approaches are complex and hard to use—the basic idea is in-
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comprehensible or the development method is ill-defined. In addition, there is a
general lack of programming tools tailored to enabling development of collaborative
applications—the granularity of programming constructs is too low-level, focused
on communication routines, and not tailored to the high-level interactive qualities
of collaborative applications. The CSCW approaches are also too specific so they
do not integrate with other systems easily. These combined challenges scare even
seasoned programmers away.
In summary, existing programming constructs do not adequately address collaborative software developers’ needs, including: expressive coordination and group
membership primitives, an extensible and easy to use programming framework, and
responsive communication-based interactions.
The work undertaken in this paper addresses the above challenges and presents
the following specific essential characteristics:
• Tailored collaborative abstractions: we introduce abstractions that make collaborative programs easier to write and deploy quickly by encapsulating interactive capabilities within reusable programming constructs.
• Extensible programming framework: our approach allows the system to be
modified by collaborative application developers at various levels of complexity.
• Lightweight software footprint: we provide a simple, efficient solution that
dynamically minimizes the resources required by applications.
The next section introduces sliverware, which stands to overcome barriers to
enabling collaboration in numerous ways. Sliverware supplies easy-to-understand
abstractions tailored to functionality necessary for collaboration so application developers can construct applications from existing components rather than programming applications from the bottom up. This also frees the programmer from writing
6

complicated, low-level communication methods. Finally, sliverware can be extended
and used in three distinct ways, providing tailorable abstractions for programmers
of all skill levels.

7

Chapter 3

Sliverware: A Constructive
Programming Model
Sliverware is thin modular middleware that offers the functionality necessary for
writing collaborative software. Application developers do not need to know vast
amounts of distributed computing solutions before using sliverware; instead the
programming model provides a hierarchical collection of components that each implement a specific functionality necessary to collaborative software. The sliverware
approach abstracts all aspects of collaborative programming into three layers: collaborative services (the collaborative functionality and application programming interface, or API), group membership, and network communication. A specific sliver
teams three components (one from each layer) to provide an abstraction that allows
programmers to develop collaborative applications quickly and effectively. Novice
programmers can use particular slivers through the slivers’ high-level programming
interfaces, while more advanced developers can combine components in a different
manner to create new slivers.
Sliverware provides all the functionality application developers have come
to expect from middleware while also allowing for execution on more resource8

constrained devices. The latter benefit stems from the fact that sliverware’s modularity enables an application developer to incorporate only the middleware components required for the particular application instance. The framework implements
many common collaboration tasks through the reuse of components. The model
is flexible because it can provide many varying potential solutions from a vast library and ultimately trims the system at compile time. Sliverware is also specifically
collaborative-oriented which allows it to tailor the programming interfaces and functionality underlying them to a specific set of tasks. This simplifies the complexity
of the development task while still enabling a large number of similar applications
as described in the previous section. Finally, sliverware is component-based which
provides developers the ability to mix and match components at varying levels of
abstraction.

Applications
Programming Interface
API

Sliverware

Collaborative Functions

Collaborative
Services

Group Membership
Network
Communication

Figure 3.1: Sliverware-program interaction model. Sliverware extends vertically
through three layers: the network communication layer, the group membership layer,
and the cooperative services layer. The sliverware hooks into the application with
an API.
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Fig. 3.1 depicts the sliverware-program interaction model, and shows that
sliverware interacts with four layers in the application stack: the network, group,
service, and API levels. Fig. 3.2, the sliverware component model, shows the essential components of a single sliver. High level sliverware functionality is decomposed
into pieces for each of the three layers. An underlying network protocol is necessary to enable coordinating partners to exchange information; this is handled by
the network communication layer. It plugs into the sliver via an adapter and the
communication interface, described in Section 3.3. Collaboration also requires the
coordinating partners to be organized into a group that contains all of the distributed
application components that must be kept consistent. The group membership layer
provides support for organizing and coordinating the group itself, and may provide specialized logic for distributing information to all group members. This group
membership and the group interface for connecting group policies to collaborative
services is described in Section 3.2. Finally, we think of the implementation and
API layers as a single entity that encapsulates the collaborative functionality which
is separate from the coordination or distribution method. This layer, described in
Section 3.1, incorporates algorithms that provide collaborative support for the local
application such as the methods to allow information sharing (e.g., creating periodic
snapshots of to build a consistent global view or processing snapshots from other
group members). In the remainder of this section, we describe the responsibilities
of each of these component layers in more detail. We then describe how developers
program with slivers and how slivers can be combined automatically to optimize the
resultant, tailored sliverware.

3.1

Collaborative Services

The uppermost layer in the sliverware model logically combines the collaborative
functions and an API that presents the programming model to the developer to
10

Service API
Collaborative
Service
Group interface

Group
Membership
Comm interface

Adapter
Network
Communication

Physical
Communication

Figure 3.2: Sliverware component model. An individual sliver combines one component from each of the three layers.
create a suite of collaborative services. This layer is founded on the premise that
programming collaborative applications can be made easier if the programming
primitives focus on functions integral to collaboration while hiding the necessary
underlying group cooperation and network communication protocols. Implementations at this layer provide discrete fine-grained services that enable different pieces
of functionality required for collaborative applications. For example, collaborative
applications may exchange input information (e.g., keyboard or mouse events) occurring across a set of distributed devices, diffs of the same file open concurrently
on multiple machines, simple idle/active status information of participants, or even
screen shots for each connected user. For each such function, a collaborative service
is defined that implements exactly the behavior dictated. A collaborative applica-
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tion can then be defined by integrating one or more such collaborative functions and
providing application-specific behavior on top. This application-specific behavior is
not part of the sliverware model, and includes determining how shared information
is displayed and how often information should be exchanged. Some collaborative
services may also automatically collect context information from the user or device
generating data and attach it as part of the collaboration information.
Section 4 gives an example of a specific collaborative function, the distributed
keyboard. In this collaborative service, every participant in the collaboration group
has attached a keyboard listener to a particular component in the application. When
a keyboard event occurs in that component, the event is not only displayed appropriately on the user’s local device (e.g., by displaying the letter typed), but the
event is also automatically distributed to all other group participants. The distributed keyboard’s API is defined to interact with the application in both directions
(event generation and event reception). The information exchanged when interacting with different collaborative services likely differs greatly (e.g., interacting with
a distributed keyboard listener is clearly quite different from interacting with a distributed mouse listener). In the sliverware model, we present this service interaction
through a common serviceListener that can be subclassed by a sliver component
developer to be made to resemble local interfaces with which the developer is familiar. All context collection and event distribution is hidden from the application
programmer and handled by the implementation of the collaborative service, and,
ultimately, by the underlying communication and coordination protocols described
next.
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3.2

Group Membership

One of the most important aspects to supporting the collaborative services described
above is the ability to support collaborative groups. Without defining the group that
is collaborating (even if this group contains only two participants), then it is difficult to understand and specify the collaborative behavior (in the layer above) or to
implement the collaborative behavior (which relies on the communication protocols
described in the next section). For these reasons, group membership specification
and implementation is the second, middle component, of any sliver in our model,
and this component handles all steps necessary to store, collect, and learn group
identities. The group membership policy that dictates how members are added to
the group can present varying levels of complexity depending on how restrictive,
consistent, and/or private the group should be. For example, the simplest group
policy allows anyone who hears a communication to be part of that group. This
policy offers no consistency guarantees however, because there is no information
provided about which parties have received the message. More complicated group
policies may require potential members to explicitly join, they may require members
to periodically update their status to remain active, or they may even require members to know a shared password to participate. A single application may require
different methods of authentication. For example, consider an application designed
for use in meetings that allows users to view the presenter’s slides; the users share
a common group membership policy, but the leader must remain singular and secure to prevent contention. Many applications on the same device may require a
multitude of different group membership policies. For example, if a student is simultaneously chatting with the entire classroom while chatting with a small group
of students from the surrounding area, and viewing the professor’s lecture materials,
the device may be hosting three different group membership layers.
Regardless of their semantics, groups are represented by well-defined data
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structures that contain the following components, if applicable:
group , (groupN ame, groupAddress, members)
This group data structure is maintained independently by each member; unless
explicitly implemented by the group policy, no guarantee is provided that every
group member has the same view of the current group. The groupName is a unique
group identifier, groupAddress contains the group IP address for multicast purposes,
and finally a members is a list of all group participants. Any of these fields can
be empty; though such null values make some sliver combinations impossible (for
example, if the multicast address is not set, but the underlying communication
is provided by a multicast protocol, there is no way to contact the other group
members). These subtleties, their implications, and how our sliverware model and
framework handles them are discussed in the next section. The members portion of
the group data structure is a list of individual members each presented in the form:
members , (name, address, attributes)
where name is the group member’s identifier, address is the group member’s IP
address, and attributes contain any other information that the program may track.
As with the group data structure, none of these aspects are required; if the underlying
communication protocol is using a multicast address, it is possible that an IP address
for each individual member is superfluous. The attributes are largely open-ended,
and different group policies may use them for different purposes. As one example,
if the group policy requires periodic heartbeats from each group member for it to
remain in the group, the time to the next expected heartbeat would be included as
an attribute for each member. Context information about the node, such as physical
location, can also be included in the attributes.
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The actual implementation of a group membership component depends on
the particular policy employed by the group membership protocol. In our prototype, we present two widely applicable group membership policies: announce and
n-heartbeat. The first of these, announce, provides open access to the group by
allowing anyone to join by simply announcing their intent. The policy does not attempt to prune unproductive members and instead relies on explicit departures from
the group. To join the group, an application component broadcasts a join request
for the group. This is received by every node in the network, and, if the node supports an application participating in the specified group, the associated group data
structure is updated with information about the new member. At this point, when
any member of the group sends collaborative information, it is received by all other
members specified in the group data structure if they are still connected. When an
application component wishes to depart the group, it sends a depart message to all
nodes it knows to be part of the group.
While the announce policy is useful for supporting many applications that
are relatively static, more complex policies are necessary to support more sophisticated applications. For example, more stringent joining processes or more rigorous
exit criteria may be programmed to suit the application. This brings us to our
second prototype group membership policy, n-heartbeat, which requires that all
participants periodically broadcast heartbeat messages; if a member does not communicate within n heartbeat periods, the member is assumed to have disappeared
and is removed from each member’s group data structure. Each member performs
this removal independently; there is no guarantee that all members will have the
exact same lists at all times, but if a node is no longer sending heartbeat messages,
every active group member will eventually remove that node from the group data
structure. To join a group, a new member sends a join request as above, but
in addition, the node must periodically send a short message indicating it is still
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present and active. Still more sophisticated group membership policies are possible,
for example, based on relative physical location and its implied notion of future
connectivity [10].
Because of its modular design, the sliverware framework allows for more
group membership policies to be integrated quickly and easily. A group membership component developer simply needs to provide functionality for joining the group
and any constraints on the group interactions. The interface the group membership
layer presents to the collaborative service layer contains a send(Message m) (for
calls coming from a collaborative service above) and a GroupListener for delivering group events from other group members to the collaborative service. Before
invoking the on the collaborative service’s listener, the group membership implementation is responsible for ensuring that the message received is in fact destined
for this group and that the sender is a part of the group. The interface the group
membership protocols use to interact with the lower, network communication layer
contains some additional methods and is discussed in more detail next. In summary,
to add a new group policy to the framework, the policy developer is responsible for
understanding how to use the underlying communication interface, for providing an
implementation of the send method called by the collaborative service, and for invoking any registered group listener to deliver messages to a registered collaborative
service.

3.3

Network Communication for Collaboration

Communication is a necessary part of collaboration—without proper communication there is no collaboration. With real-time collaboration in mind, communication
should generally include every group member, be immediate, and ensure that every
contribution that is made is registered. However, many factors influence the quality
and cost of communication, including the degree of synchronicity, priority require16

ments, timeliness, etc. Combinations of these factors lead to numerous ways to
provide communication for collaborative applications. Complicating this is the fact
that different applications have different performance requirements and communication approaches perform differently when faced with different operating constraints.
Given these discrepancies, it becomes apparent that there is no common communication approach that is the best choice for all applications or even for a particular
application in every scenario. For this reason, the sliverware programming model
simply defines a common interface, or adapter [7], that communication approaches
must adhere to in order to be usable by the other, higher level, sliverware components. This is similar to the requirement above that new group policies adhere to
the specified interface, but in this case we make the particular interface an explicit
individual component because we do not modify the communication protocols themselves. Because a standard interface is used, an application developer can swap in
different communication implementations without altering any of the higher level
implementation components.
The basic interface for collaborative communication in our sliverware model
allows both communication with a single member of the collaborative group and
simultaneous communication with the entire group. While reliable multicast [13]
appears at first glance to be an obvious widely applicable solution, it is difficult
to implement in the dynamic, lightweight, wireless systems we are targeting [12].
A reliable multicast implementation may be the correct choice in some cases, but,
depending on the situation, a simpler flooding-based broadcast may be sufficient. In
other cases, more tailored protocols may be appropriate. For example a cooperative
text editor that will only involve a select group of individuals in the same boardroom
(such as in a meeting) could utilize simple flooding, while the same application
connecting a small group within in a large audience (such as a conference) may
use ad-hoc on-demand distance vector routing (AODV) [16] or multicast ad-hoc
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on-demand distance vector routing (MAODV) [19]. In either case, the application
developer needs only to select the proper network communication component for
the sliver and the common send interface (defined by the adapter) will distribute
the necessary data to the group.
Method
join(String name)

depart(String name)

send(Address a, Message m)

sendAll(Group g, Message m)

receive(Message m)

Description
called by the group membership layer on the
network communication layer to enter the callee
into the group with the specified name
called by the group membership layer on the
network communication layer to remove the callee
from the specified group
called by the group membership layer on the
network communication layer to send the specified
message to a single recipient: the node indicated
by the specified address
called by the group membership layer on the
network communication layer to send the specified
message to all members of the specified group
called by the network communication layer on the
group membership layer to deliver the specified
message; implemented within the
CommunicationListener

Figure 3.3: The interface between group membership and network communication
The methods comprising the interface between group membership and network communication are shown in Fig. 3.3. The join and depart methods were
discussed previously; they are used by some group membership protocols that need
to explicitly join and leave groups. At first glance, one might think these methods ought to be implemented within the group membership layer itself and not
involve the network communication layer, but some join activities require participation of the communication protocol (e.g., joining a multicast group) while others do
not (e.g., communication that relies on broadcast for every message). Because our
foremost goal is pushing all knowledge of communication to the network layer, we
require the group membership layer to know only the name of a group in which it
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participates, and the protocol delegates knowledge of how the communication protocol operates to whatever implementation resides in the network communication
layer of a particular sliver. In this manner, the group membership protocol performs
exactly the same behavior regardless of the nature of the underlying communication
protocol.
The remaining three methods allow data to be exchanged among group members. The common element in these three methods, Message, includes the group
name, the source, and the data to be transmitted. The functionality required to
send a message to everyone in the group changes with the networking protocol,
but the interface distances the application developer from low level details. Overall
multicast functionality is provided by the sendAll(group, message) method; here,
group refers to the data structure presented earlier that contains the group name,
group address, and members list. Recall, however, that the group data structure
does not have to contain each of these elements for the communication protocol to
be able to function correctly. For example, AODV does not support multicast, so
the group address provides no useful information. However, if the elements of the
members list are omitted, AODV cannot reach the other group members since it
relies on unicasting the message to each of them. In this case, the method triggers
a NoMulticast exception. On the other hand, MAODV is a multicast protocol that
automatically provides group-wide communication. In this case we expect the group
element to contain a group address, and we trigger an exception if the element is
undefined. It is important to note that we do not alter the communication protocol
implementations themselves and instead implement these behaviors in the adapter
interface. As an example, the code implementing sendAll for an AODV adapter
looks like the following:
void sendAll(Group g, Message m) throws NoMulticast {
if(g.members == null){
throw new NoMulticast();
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return;
}
for(int index = 0, index < g.members.size(); index++){
AODVSend(g.members[index].address, m);
}
}

The above is an example of the simple interfacing code that a sliver developer must
write to be able to include a new communication protocol as a component in the
network communication layer.
If the network communication is implemented by a brute-force broadcast
protocol, the sendAll method will deliver the message to every connected node,
even those that do not support members of this particular group. As the group
membership layer is communication agnostic, so the network communication layer
is group agnostic. When the network communication layer receives a message, it
delivers it to the group membership layer. It is then the group membership protocol’s
responsibility to filter these messages and ensure only proper messages are delivered
to the collaborative service and ultimately the application.
There may also be a need for communication between single members of the
group; this may be used to implement join and depart, but it may also be useful
for sidebar coordination within the group. This unicast style of behavior is achieved
through the send method in Fig. 3.3. In AODV this method is the base functionality,
so little extra work is necessary. In the case of MAODV and flooding we rely on
the group membership layer to filter all messages where the target address does not
match the host address.
All incoming messages trigger the receive method in the CommunicationListener
interface. This method’s implementation is likely quite simple in all cases; it is a basic pass-through of information from the network to the group membership layer. If
the message received was not sent by a member of the group, or if the group identi20

fier in the message does not match a group id of the receiver, the group membership
layer filters the information rather than passing it to the application layer.
Our prototype contains an implementation for flooding, unicast, and multicast based protocols; a sliver component programmer can easily insert another
protocol by creating an adapter for that protocol. In no cases is it necessary for the
programmer to modify the existing communication protocol implementation; the
adapter simply changes the interface to conform to our framework. Therefore, this
system allows very low-impact changes to the network layer while providing extreme
flexibility and extensibility.

3.4

Programming with Sliverware

Sliverware is an extensible, modular model for enabling collaboration in applications.
The abstractions provide collaborative services that are easy to understand and
use. Referring back to Fig. 3.2, each sliver provides a discrete collaborative function
and comprises the local implementation of that function, the implementation of a
group membership policy that defines who participates in that collaboration, and
a network communication component that facilitates physical message exchange.
Programming collaborative applications with the sliverware model is straightforward
and simply requires a developer to select, use, and combine slivers that provide
the high-level collaborative functions the application demands. This programming
may result in a sophisticated application that encompasses several collaborative
functions and may even combine views of information from multiple different groups.
For example, in a classroom support application, a group may be defined for the
entire class so the teacher can share materials with every student and there may
be additional groups defined for a team project. A single student’s display may
simultaneously show information from both of these collaborations side by side.
From the programmer’s perspective, each of these behaviors is programmed
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independently as a single sliver. When the application is compiled, the sliverware
framework optimizes the resulting implementation by combining functionality that
is duplicated across slivers. Fig. 3.4 shows this process in a bit of detail. The left of
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Figure 3.4: A visualization of the sliverware simplification; components that are
reused are combined to create a minimal set of functionality that is lightweight yet
functional.
the figure pictorially represents an application that combines three separate slivers:
a distributed keyboard shared with all of the members of the class, a distributed
keyboard shared with the team members, and a distributed mouse shared with the
team members. The classroom application may have a dedicated window for keyboard events shared with the class and a separate window for keyboard and mouse
events shared with the team. When a keyboard event occurs, the collaborative application implementation (not shown) first determines which window had the focus
and then triggers the appropriate collaborative service.
When compiled, the actual middleware deployed in support of the application
is shown on the right of Fig. 3.4. The duplicate components (i.e., the MAODV implementation used and the group membership policy implementation for the team) have
been combined for efficiency. When a message is received at a node, the MAODV
implementation passes it to both group implementations (because it doesn’t know
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how to read or process group information). Each group processes only the messages
destined for its members (as indicated by the groupName carried in the message).
The team group implementation passes all group messages to both collaborative
services (i.e., both the distributed keyboard and the distributed mouse), but each of
these services only passes along events whose data portions match the type for that
service. In general, duplicated network communication protocols are always combined. Duplicate group membership protocols can only be combined if they share the
same network communication protocol. Ultimately, the compiler optimizes the set of
slivers to create a tailored lightweight middleware. This is in contrast to traditional
approaches where an entire middleware system must be deployed and invariably
contains functionality that will not be employed by every application. Sliverware’s
approach leads to a much leaner execution environment which can translate into
increased performance and greater support for heterogeneity.
The flexibility described above illustrates an important property of the sliverware programming model: the ability to create new slivers by adding and exchanging
components. Overall, sliverware can be programmed by three distinct classes of developers with increasing levels of programming expertise. First are the collaborative
application developers who access suites of available preconfigured slivers and combine them into applications as described above. Second are the sliver developers
who combine sliverware components from each of the three layers to create new
combinations presented as slivers. Finally, the most experienced class of programmers, sliverware component programmers can develop new sliverware components
that can be used in sliver combinations. For each component level, we discussed
previously the steps this developer must take to create a new implementation that
adheres to the well-defined sliverware model.
Sliverware allows users of all skill levels to use and extend the sliverware system by the unique hierarchical structure of the sliverware approach. Multiple layers
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of abstraction lead from the low-level implementation to useful high-level functionality. By providing a complete framework based on multiple layers of abstraction,
sliverware is a flexible, extensible, and reusable model that provides collaborative
services.
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Chapter 4

An Example Sliver: the
Distributed Keyboard
Sliverware enables collaborative applications to be developed quickly and removes
repetitive, burdensome communication and coordination methods. To aid understanding of sliverware we present an example application, a chat program in which
a group of users shares keyboard inputs that occur within the application. The
collaboration is achieved using a distributed input device, the distributed keyboard.
The distributed keyboard listener replaces the traditional keyboard listener and multiplexes all the users’ key-presses from within the application into a stream similar
to the input from a standard keyboard.
Fig. 4.1(a) demonstrates how the traditional keyboard listener connects individual users to their machines. Fig. 4.1(b) shows the simple approach taken by
the distributed keyboard listener; the individual inputs are joined into one logical
distributed input device which is fed to each machine. This approach allows individuals to remain at their own computer while maintaining a consistent global view.
The distributed keyboard appears to function as a standard client-server, however,
instead of routing all packets through a server, the sliver automatically multicasts
25

Figure 4.1: The traditional keyboard listener connects a single user to a computer
(TOP). The distributed keyboard listener connects multiple users while still allowing
them to use their local machine (BOTTOM).
users’ input to the group. Bypassing a central server speeds the implementation
allowing for more immediate interactions. The result is a chat program that immediately broadcasts each group member’s key-preses and displays the input in a text
box which is consistent across the group.
Fig. 4.2 shows the application stack underlying the Chat Application implementation. The collaborative application programmer contributes only the uppermost block of this stack. The programmer uses the ServiceListener interface and
the notify method to plug into the sliver used (in this case, a distributed keyboard implementation). The distributed keyboard demultiplexes events from other
group members and delivers them to the application. It also receives the local
user’s events, packages them, and sends them to the group implementation (in this
case, an instance of the announce group). Through the GroupListener interface,
the announce group implementation distributes incoming events to the registered
collaborative service (i.e., the distributed keyboard). The announce group imple26
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Figure 4.2: The application stack for our Chat Application.
mentation also passes the message from the local collaborative service on to the
communication implementation through the sendAll method which delivers the
key event to all other group members. The interfaces between the layers in Fig. 4.2
are generic sliverware interfaces included in the sliverware framework. Regardless of
the type of component employed at each layer, it is a given that the same interfaces
are used. These generic interfaces enable sliverware components to be exchanged
for each other without impacting other components in the sliver.
Fig. 4.3 shows a screen shot the sliverware chat application. Each group member appears in the chat window; as the user types, their key-presses are displayed
in real-time on all connected users’ screens. This particular application chooses to
display distributed key events from different users based on the events’ relative times
of arrival. Other application uses of the distributed keyboard may also use cursor
position information to allow users to edit a single, shared document.
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Figure 4.3: The distributed keyboard listener in action.

4.1

Performance Overhead

The distributed keyboard sliverware is a scalable, low-overhead approach—sliverware
provides real-time collaboration without consuming large amounts of bandwidth. By
transmitting each key-press on-demand, sliverware generates small packets which are
received almost immediately. For example, if we assume a participant types at a
moderate pace of 60 words per minute with an average of five characters per word
then a key-press is transmitted once every fifth of a second. With modern wireless
communication speeds conservatively around 11Mbps, a single key-press (encoded
as a two-byte character) transmitted in an IP packet would produce near-immediate
transfers with very little network traffic. Under these conditions, the system could
handle over 1,000 concurrent users typing 60 words per minute with no collisions.
Since basic flooding would have collisions, the true number of users drops; however,
it is possible that an intelligent TDMA protocol could handle the situation more
gracefully.

28

Chapter 5

Related Work
Since the rise of CSCW, there has been a great deal of research devoted to enabling collaboration; however, current collaborative approaches are largely based on
asynchronous communication such as that provided by the Microsoft Suite’s Track
Changes function [4]. To collaborate on a document, a group member can turn on
Track Changes then edit the document, save it, and distribute it to the rest of the
group. This edit, save, send cycle leads to an asynchronous communication that effectively locks the document while someone else edits. Another common approach,
simply emailing an individually edited document to another team member, also provides only asynchronous collaboration based on information exchange. Sliverware
provides more synchronous communication that allows all connected group members
to make and share changes concurrently.
Similar to sliverware, many new products offer synchronous editing. For
example, Writely [21] provides an online collaborative word processor with the use
of AJAX. There are a raft of similar solutions as part of the WebOS revolution [2]
including SynchroEdit [20] and JotSpot Live [11]. While these systems are a great
step forward in real-time cooperation, they have a reliance on an external server
which may not always be accessible or secure. Also, software functionality can only
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be provided by the product team; users must trust the content provider to protect
the data and add necessary features in a timely manner. Sliverware can be used
to provide similar functionality for applications on the Internet or the desktop with
greater control of the application which allows for greater security and extensibility.
The aforementioned applications are written with a specific collaborative
goal in mind, so while they may be useful, they are only useful for the tasks they
can already perform. Sliverware is an extensible framework and has broad goals for
enabling collaboration through diverse means. Sliverware shares goals with existing
CSCW frameworks such as DISCIPLE and BSCW which allow users to simultaneously change documents. DISCIPLE [15] is a framework for sharing JavaBeans
applications in real-time through the use of CORBA to replicate objects. BSCW
provides information sharing across the world wide web with a web server that is
extended using CGI scripts. DISCIPLE and BSCW provide limited usability due
to the reliance on web programs; while the ideas may be extended to existing applications, the frameworks themselves cannot. Sliverware’s collaborative abstractions
work in desktop publishing applications as well as web applications. Sliverware
focuses on a broader abstraction to enable collaboration on a larger scale.
One of the first systems to demonstrate information sharing is Hypercode [17,
18] which is built on web technologies; Hypercode allows a distributed team to perform code reviews with nothing but an internet browser. Hypercode is not specifically geared towards the development of collaborative software although the primitives employed in the system could easily be transferred to other domains. Sliverware
components could be coded to provide the style of collaborative function used in
Hypercode; in this way, Sliverware can provide a generic approach to supporting
collaborative development methods.
While all the related work in collaboration is useful, the offerings do not explicitly define a simple framework for adding synchronous collaboration to existing
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systems across domains. Sliverware enables collaboration in a manner that is comprehensible and easily extended. Collaborative application developers have complete
control of their product without spending valuable time on low level programming.
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Chapter 6

Discussion and Future Work
In Section 3 we discuss the three Sliverware layers and their interactions with one
another as well as the user. The three layers (network communication, coordination, and collaborative service) represent the fundamental building blocks of any
collaborative software. The abstraction was derived from knowledge of distributed
computing, however, it is also evident in examining all human interactions: we
agree on a method of communication, we organize groups and establish fairness,
and finally, we achieve some specific goal. These three steps correlate perfectly with
Sliverware’s three layers. With fewer layers we risk lumping too much dissimilar
functionality together which hinders reuse. With more layers the high level objectives are skewed and the system is more complex; each Sliverware interaction
(application development, sliver generation, and component creation) would require
the user to delve into lower level details which slow traditional collaborative software
development.
These three layers represent natural break points in program logic, yet they
are easily connected through the API we defined in Section 3. Glue code, the code
that ties the layers together, is simply a call to the lower or upper layer’s API.
We envision that a novice programmer could simply pick up a pre-made sliver and
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quickly finish a usable collaborative application.
To further our goals of increasing the variety of hardware utilized in collaborative applications and producing more ad hoc applications for general use we would
like to
• furnish a large collection of pre-made slivers that provide functionality often
repeated in collaborative software.
• detail the steps necessary for each level of sliverware interaction.
• demonstrate useful applications on many different platforms
Due to time constraints, this work must be accomplished in the future.
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Chapter 7

Conclusions
Sliverware is designed to enable collaboration in applications through an extensible, lightweight framework that is easy to understand and easy to use. Sliverware
provides the same benefits as traditional middleware, but unlike traditional middleware which provides a horizontal layer that pre-invents the wheel, sliverware focuses
on thin vertical pieces of the complete application stack—network communication,
group membership, and a collaborative service. Additionally, while traditional middleware provides a great deal of functionality regardless of the applications’ needs,
sliverware provides more focused pieces of functionality that can be optimized to
ensure that the system remains as lightweight as possible.
Sliverware’s extensible framework enables programmers at all levels to contribute to and use the system. Sliverware provides a framework to quickly enable
collaboration in programs by furnishing a set of lightweight middleware modules;
application-developers can build a system by assembling sliverware and writing minimal amounts of code to utilize the collaborative service through the API—the developer is not bogged down with low-level details and can instead focus on high-level
programming.
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