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V. EGOSPACES MIDDLEWARE

The programming constructs described above enable novice
programmers to build complex mobile applications. Section VI
will demonstrate some of these applications. In this section,
we describe EgoSpaces, the middleware that provides the
programming abstractions. Figure 4 shows the middleware’s
high-level architecture. Gray boxes represent components we
assume to exist (message passing and the ad hoc physical
network) or components the programmer provides (the appli-
cation). White boxes represent pieces of the architecture we
provide.

Fig. 4. The EgoSpaces system architecture

A. Supporting Packages

To build EgoSpaces, we implemented three support pack-
ages that provide lightweight implementations of services
necessary for implementing the view abstraction and view
operations.

1) Discovering Network Neighbors: In ad hoc networks,
all hosts serve as routers. To distribute messages, a host must
maintain up-to-date knowledge of its current neighbors. We
utilize a discovery service with periodic beaconing parameter-
ized with policies for neighbor addition and removal. The error
associated with neighbor knowledge is directly dependent on
the beaconing period. The impact of this error is explored in
detail in Section VII.

2) Monitoring Environmental Conditions: We have devel-
oped CONSUL [18], a general-purpose monitoring framework
which maintains a registry of sensors available locally and
on neighboring hosts (within one hop). An application tailors
CONSUL to its needed capabilities. As an example, to add a
location monitor, the application provides code that interacts
with, for instance, a GPS device. In general, a monitor contains
its current value (e.g., the value of a GPS monitor might be
represented by a variable of type Location) and allows
an application to access the value or react to changes. The
information EgoSpaces gathers from CONSUL is essential in
enabling the communication protocol to adapt to the changing
context.

3) Defining Network Metrics: To provide network con-
straints, we use the SICC protocol [27], [39] to construct a
subnet of the ad hoc network based on network properties.

As it processes queries in a distributed fashion, SICC uses
local sensor information from CONSUL and the view’s metric
and bound to build a tree over the subnet of the network
that contains exactly the hosts that satisfy the view’s network
constraints. When the application accesses the view, the system
routes over this tree to service queries. The protocol also
maintains the tree as hosts move and path costs change. The
protocol provides EgoSpaces the ability to send messages to
exactly the hosts in the context, i.e., those hosts that contribute
to the view.

B. Application Interaction with EgoSpaces
EgoSpaces reduces programming context-aware mobile ap-

plications to simple operations tailored to novice program-
mers’ capabilities. An application developer extends the
Agent base class, which allows access to view specification
mechanics and communication capabilities.

public abstract class Agent {
protected final AgentID aID;
protected AgentProfile profile;
public Agent();
public AgentProfile getProfile();
protected final void register();
protected final void out(ETuple tuple);

}

Fig. 5. The API for the Agent class

1) Agent Extension: Figure 5 shows the API of the abstract
Agent class. An application’s agent inherits two fields: the
unique AgentID and the AgentProfile. An AgentID
consists of the unique id of the host on which it was created
coupled with a counter incremented by that host. Even if the
agent moves within the network, it retains an id associated
with the host where it was first created. An agent’s profile
fosters coordination by allowing other agents to include or
exclude the agent from coordination based on its properties
(via agent constraints). Initially, the profile contains two fields
named “Agent ID” and “Host ID” that contain the AgentID
and the id of the agent’s host. An agent can add, remove, and
modify properties in its profile (except for the AgentID and
the HostID, which are controlled by the system).

In extending the Agent base class, an application agent
receives two methods. The first registers the Agent with the
local EgoManager which delegates responsibility for data
management and communication. The second method, out
allows an agent to create tuples. When the agent is registered,
these data items are available for coordination.

2) View Definition and Use: Once registered with the
EgoManager, an agent can define views. The View API
includes a constructor, data access operations, and the ability
to enable behaviors. The constructor requires the agent to
provide the four constraints that define a view (data, agent,
host, and network constraints). The network constraints are
provided via a metric and bound as required by the SICC
protocol. Because EgoSpaces represents profiles as tuples, the
remaining constraints can be provided as patterns over tuples.
Once a View is defined, the reference agent sees it as the set
of data items that satisfy the associated restrictions and uses
the constructs discussed in Section III to access data.
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Fig. 12. (a) Operation latency for the six single operations in EgoSpaces (in seconds). (b) Overhead per operation issued for each operation type (in bytes).

they require an extra round of communication between the
requester and the data provider to ensure that the data item is
removed. As expected, the atomic operations take significantly
more time to complete than the scattered probing operations,
but, perhaps surprisingly, the atomic probing operations take
more than twice as long as the blocking operations. This is
due to the fact that, in order to be able to reliably return
a null value assuring the application that the data item did
not exist, an atomic probe must perform a two-phase commit
protocol. These transactional semantics are expensive, but, as
discussed previously, necessary for some applications. A final
thing to notice about Figure 12(a) relates to the expense of
an EgoSpaces transaction. Recall that a transaction can be
made up of any sequence of non-blocking operations. Given
the results displayed in the figure, a transaction consisting of
five dependent operations (meaning each operation must wait
for the previous one to finish before being issued) takes less
than half of a second. For applications that demand this added
consistency, this latency represents a reasonable tradeoff for
the strengthened semantics.

Figure 12(b) shows the amount of overhead (in bytes) gen-
erated for each request that is sent. In counting the overhead,
we counted everything except the one-way transmission of
the data item. Also, each propagation of the same packet is
counted as another packet of overhead. What is important,
then, in this characterization, is not necessarily the number
assigned to the overhead but the relationship between the
overhead for different operations. First, as in the latency, the
overhead for the in(∗) operations is slightly larger than for
the rd(∗) operation because the former require extra control
communication to confirm the removal of a data item. The
overhead for the atomic operations is greater than for the
non-atomic because they require a beaconing mechanism that
enables each node to keep track of its neighbors. In these
simulations, a beacon interval of one second. The effect of the
beacon interval on overhead is explored in more detail below.
For the probing operations, the beacon is used to ensure the
transactional semantics (i.e., to ensure that every participant
in the view has been queried before returning), while in the

blocking operations this is to ensure that nodes moving into
the view are notified of an operation while nodes moving out
of the view can remove the operation. As above, the overhead
for a transaction is dependent on the number of operations
it comprises, and the overhead of a reaction is similar to the
blocking operations.

C. Impact of Environmental and Network Factors

To be able to perform transactions on changing views and
to maintain views as they change over time, it is necessary for
hosts to have an up-to-date knowledge of its neighboring (one-
hop) nodes. This is accomplished through a beaconing mech-
anism in which each node periodically broadcasts a “hello”
message. Nodes that hear other nodes’ beacons add them to
their neighbor lists. After not hearing a node’s beacon for
three beacon intervals, a node removes the departed node from
its neighbor list. This beacon interval can have a significant
impact on the performance of the EgoSpaces middleware.

Figure 13 shows two measurements on the same graph.
The simulation settings are the same as above, and a rdp
operation was used to generate these results. First, the dashed
line indicates how the measured overhead changes with chang-
ing beacon interval. Not surprisingly, as the beacon interval
increases, nodes send fewer beacons, so less overhead traffic
is generated. This decrease in overhead comes at a cost,
however, with respect to the consistency guarantees that can
be provided. The solid line measures the degree with which
EgoSpaces could guarantee the consistency of an atomic
operation. The distance of this line from 1 indicates the
percentage of times that a rdp operation had to abort, i.e., it
could not return a data value, but it could also not guarantee
that one did not exist. For example, with a beacon interval of
one second, 91.5% of rdp operations completed successfully
(either with a matching data item or with a guaranteed null
value). The value compounds in a transaction consisting of
multiple atomic probes; a transaction of five dependent rdp
operations would complete successfully only 64.1% of the
time. This value decreases with increasing beacon intervals
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Fig. 13. The tradeoff between guaranteed consistency and overhead for
changing beacon intervals (for rdp operations).
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Fig. 14. The relationship between the size of the view and the latency of
the operations (solid line) and the overhead incurred (dashed line).

due to the fact that the neighbor lists are increasingly in-
consistent. Two other important points should also be noted.
First, in inp operations, we did not encounter any instances
in which a discovered data item could not subsequently be
removed. Second, every time the consistency assumption was
not met (even in inp operations), it was possible to notify
the application and rollback the operation. However, the same
would not necessarily be true in a transaction consisting of
multiple operations. These simulations did not incorporate
the safe distance algorithm [22] described earlier. Doing so
would further restrict the size of the view but provide greater
reliability to the application.

We next evaluate the scalability of the view concept with
respect to increasing the size of the view (i.e., the number of
participants in the view). Figure 14 compares a view’s size
(in number of hops) along the x-axis to both the latency of
operations issued on the view (in this case, rd operations) and
the overhead incurred in both issuing the request, and, in the
case of the rd operation shown, maintaining the view until the
request is satisfied or cancelled. The latency of the operation
increases significantly from the one-hop case to the multi-hop
case, but only marginally thereafter. This is due to the fact that

the one-hop case requires only a single broadcast to distribute
the request, while the multi-hop cases require the request to
be rebroadcast, resulting in interference and the need for the
lower protocol layers to backoff to ensure message delivery.
The overhead for distributing view requests increases a bit
faster than linearly, but the increase is directly proportional to
the increasing number of view participants.

Our final measurements, shown in Figure 15, compare the
impact of changing the average node speed on the over-
head of issuing operations. We use a blocking operation
(rd) for this measurement since it requires maintaining the
view until a matching data item is found or the operation
times out (whichever is first). In this example, the view’s
size was still two hops, but we varied the duration of the
registration between .5 seconds (the value used above) and
60 seconds (indicating a significantly longer registration, and
therefore a significantly longer portion of time over which
the operation remained registered). Figure 15(a) compares
the two registration durations based on the same normalized
byte overhead metric used previously. As expected, a longer
duration registration incurs significantly more overhead. In
both cases, the overhead associated with maintaining the view
while the operation is registered increases as the speed of the
nodes increases (i.e., as the network becomes more dynamic),
but the increase is very gradual. Figure 15(b) shows the same
information, but amortizes the overhead incurred over the
duration of the registration. In this case, the overhead for a
longer duration registration is much lower than for the short
registration, indicating that most of the overhead incurred
stems from the initial multicast request, and the subsequent
overhead incurred by the distributed algorithm that maintains
the view is comparatively small.

The view concept’s use of asymmetric coordination repre-
sents such a significant deviation from existing coordination
mechanisms that it is difficult to compare its performance to
alternatives. Through this evaluation, we have shown that our
implementation of the view concept is manageable within rea-
sonable traffic and mobility assumptions. In addition, results
in, for example Figure 15, demonstrate that the maintenance
aspect of the view is inexpensive in comparison to distribution
of multicast messages over a dynamic network, which is the
approach that underlies most other coordination approaches.
We have also shown that maintaining the consistency assump-
tion required for providing atomic operations is feasible to a
certain extent, with two benefits worth repeating. First, when
the atomicity assumption does fail for a particular operation,
the application can be notified, and, for single operations, data
was never left in an inconsistent state (i.e., the removal portion
of an in operation never failed). Second, combination of the
view’s construction mechanism with the our consistent group
membership can guarantee consistency for transactions of a
longer duration, but may require further restricting the view’s
participants according to the calculated safe distance.

VIII. RELATED WORK

Our experiences and the above applications have shown that
EgoSpaces’s programming abstractions dramatically simplify
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Fig. 15. (a) Overhead per rd operation for varying node speed (in bytes) (b) Normalized overhead per rd operation per second of registration (in bytes).

the development of mobile applications. These abstractions are
founded on the observation that representing the dynamic en-
vironment through an egocentric data structure allows natural
interactions for any novice programmer and reduces the need
for complex and error-prone network programming.

EgoSpaces is not the first programming environment to
use such abstractions for mobile computing. LIME [33] aims
to simplify the software development process and has been
shown to facilitate context interactions [32]. LIME enables mo-
bile coordination by abstracting communication into a global
virtual data structure, the tuple space. At any instant, a device’s
perception of the world is through this tuple space which
contains the data available on all connected devices. LIME
requires strong assumptions about the operating environment
that fail to hold as the number of devices, connections, and
the degree of mobility grows. This is because LIME requires
distributed transactions to perform any and all coordination
among mobile parties. EgoSpaces, which evolved from LIME,
still allows such transactional semantics but couples them
with weaker guarantees and a grouping mechanism (the view)
that, by utilizing asymmetric coordination, does not require
distributed transactions to maintain. Limone [15] centers the
coordination tasks around acquaintances, and knowledge of
specific coordinating partners is essential to Limone’s func-
tionality. EgoSpaces, on the other hand, takes a device agnostic
view, favoring complete abstraction of the network and its
devices in to the available context or data items.

Reactive tuple space approaches like MARS [7], TuC-
SoN [34], and TOTA [30] augment tuple spaces with reactive
capabilities. Mars and TuCSoN focus on coordination among
co-located mobile agents but do not enable coordination across
the networks, requiring agents to move to hosts where re-
sources are located to perform their computation. EgoSpaces
favors a more distributed approach due to the heterogeneous
nature of computational devices, and the increased overhead
of constantly transporting agents instead of simple data.
TOTA provides an alternative to EgoSpaces, but instead of
EgoSpaces’s egocentric pull-based interactions, TOTA prop-
agates tuples away from a reference node based on context

properties, in a manner similar to content based multicast [50].
Recent middleware have been developed to enable the

rapid development of pervasive or ubiquitous computing ap-
plications. GAIA [41] introduces Active Spaces as immersive
computing environments for context-aware applications. Users
move from one Active Space to another, seamlessly integrating
into new spaces. GAIA functions in small networked envi-
ronments where the available resources in the space can be
centrally managed by a kernel. This approach does not map
well to large-scale applications in mobile ad hoc networks that
necessitate an entirely decentralized solution. CORTEX [45]
proposes an infrastructure for context-awareness in nomadic
mobile environments. CORTEX focuses on quality of service
guarantees within a region of the network. Similarly, Solar [10]
provides an infrastructure to support context acquisition and
operation for nomadic wireless networks. The goals of these
systems are in line with our goals—to support large-scale
mobile computing—but the target environment differs in that
the concerns apparent in ad hoc networks require specialized
solutions not applicable in nomadic networks.

While EgoSpaces abstracts all of the context as data items
stored in a distributed tuple space, other context-aware middle-
ware approaches use the service abstraction to represent avail-
able resources. Context-aware resource bindings then update
the connections between clients and services as processing or
environment dictates [4], [28]. Context-sensitive bindings [19],
[40] uses a follow-me session to transfer a service connection
from one provider to another. This approach builds on the
EgoSpaces notion of an asymmetric definition of context.
Service-oriented network sockets [42] provide a similar ab-
straction but use existing service discovery mechanisms to
gather all matching services locally before deciding which
services to connect to. This can incur significant amounts of
overhead in environments that are highly dynamic. iMash [2]
presents a dynamic application session handoff scheme that
relies on a knowledgeable intermediary to handle service
switches on behalf of applications. Similarly, Atlas [12] uses
a central server to mediate the transfer of a service binding
from one provider to another.
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A complementary approach to coordination relies on event
based interactions. Context-aware publish subscribe systems
have also been proposed [5], [8], [13], [14], [31], [48],
in which events are generated and propagated through the
network towards matching subscriptions. EgoSpaces’s event
generation mechanism is analogous to these approaches, yet it
further allows an application to express its interest in an event
based on the view concept, further restricting the network over
which a subscription must be propagated.

Other middleware approaches adapt services within the
infrastructure to changing context properties, allowing ap-
plications to become relatively ignorant of the restrictions
their environment might impose. MobiPADS [9] essentially
employs adaptive fidelity techniques to adapt services based
on a particular device’s capabilities or on network properties
like available bandwidth. CARMEN [3] uses mobile agents
that track client devices, providing customized services based
on user profiles and environmental conditions. ReMMoC [17]
similarly attempts to simplify the development of applications
that rely on distributed services by unifying the discovery
and interaction mechanisms through a single web-services
based interface. Satin [49] uses encapsulation and compo-
nent mobility to dynamically reconfigure services to adapt to
applications’ changing needs on-demand. These approaches
have a significantly different goal than our work. EgoSpaces
focuses on enabling applications to adapt to changes while
these systems place the adaptation in the middleware, making
the application and user experiences that same regardless of
the environment.

In addition to the specific differences highlighted above,
EgoSpaces focuses specifically on enabling context-aware
coordination through data sharing. Our approach chooses to
abstract available context information into a data structure
that we allow applications to access and adapt in response
to. We have explicitly favored application-awareness over
transparency in an effort to enable applications to dynamically
respond to their environments in manners that are tailored to
the applications’ instantaneous needs.

IX. CONCLUSIONS

This paper describes a simplified application development
process for programmers in ad hoc mobile networks. The
investigation began with a careful study of emerging appli-
cations and the classification of these needs into a redefinition
of context-awareness. Given the lessons learned from this
exploration, we built a conceptual model of mobile applica-
tions. The use of context-awareness within mobile computing
and for the purpose of simplifying development for novice
programmers has shown significant promise. It is coupled
with the introduction of asymmetric coordination (via the view
construct). The need for asymmetry is based on the observation
that mobile applications tend to be egocentric in that they
define their needs from the environment independent of the
needs of other applications. The usefulness of the EgoSpaces
middleware has been demonstrated through the successful and
simple construction of dynamic applications from varying do-
mains and its performance characterized through simulation.
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