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ABSTRACT

In recent years we have witnessed the emergence of
pervasive and mobile computing. Outdoors field
operations, greater team collaboration, and flexibility
demands have motivated the nurturing of pervasive
solutions that provide ubiquitous access to internal
networks and valuable data. However, the evolution of
small-scale and mobile devices has only recently brought
the idea of contributing mobile resources into the light.
With a suitably lightweight service framework and a
relevant middleware management platform, the efficient
and meaningful exploitation of functionality not found in
traditional distributed systems, can open up a whole new
range of opportunities for efficient data gathering and
dissemination. In this paper we briefly present the design
and implementation of our middleware platform for
collective and transparent management of mobile and
small-scale devices based on the ‘Virtual Cluster’
approach. More importantly we describe and analyze an
extended series of experiments that show the many
benefits of this approach in exploiting mobile and limited
devices for the purposes of mobile and pervasive
computing.
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1. Introduction

The Distributed Computing and more specifically the
Grid [1] community has traditionally focused on the high
performance and distributed computing, and e-Science
domains [2]. However, with the rapid emergence of
ubiquitous and mobile/nomadic computing, future
generation distributed systems need to adapt in order to
provide support for this already vast community. There
have been efforts lately to provide Grid resources as a
backbone infrastructure for limited and mobile devices in
order for mobile wusers to delegate demanding
applications/tasks to the backbone, thus not taking up
resources or draining battery from their own device.
Mobile users can submit their jobs usually through some
sort of Grid portals, and they can receive back the results
later.

Nevertheless, as such devices are becoming more and
more powerful, and considering the numerous mobile-
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aware applications/services that they can offer, in this
paper we follow a different route. We discuss why and
show how, mobile and possibly limited devices could
contribute location aware, flexible services to a wider
Grid community. Such devices may well contribute
traditional resources (CPU, memory, storage etc.) as they
become more and more abundant in these devices. Further,
they can provide significant aggregated computational
power when gathered in hotspots, where Grid systems can
be formed on site with the option for “instant” high
performance capabilities (for example in conferences,
meetings, seminars etc). The benefits of such integration
have been discussed in several recent papers [3, 4, 5].
However, we envision a different source of added value
for hybrid pervasive distributed systems. Mobile devices
can extend the Grid boundaries and usage of hybrid
applications to places where traditional wired
infrastructure cannot be deployed. For instance, in
outdoors field operations, such integrated system can
enable much better team cohesion and collaboration,
towards better and more efficient data gathering,
automated personnel scheduling and allocation, and
transparent data dissemination, and aggregation of
equipment such as wireless instruments, mobile facilities,
satellite imaging services, and more. Hence the core
feature that microdevices will provide is not performance
related, but mainly information related and utility
computing. As such it can add another dimension to the
current monolithic and relatively static concept of today’s
typical distributed systems.

For such complete integration to be smooth and efficient,
a number of challenges have to be considered. These
originate from two distinct domains: the inherent
limitations of the mobile devices individually, and the
challenges associated with the properties of the integrated
system as a whole (Section 2). To the best of our
knowledge, no current project tries to overcome
challenges from both domains. There are efforts dealing
with the small scale device limitations but not their
mobility, dynamicity, or integration and vice versa. Other
projects deal with accessing functionality in small scale
devices, but not in a standard way and with too many
restrictions (Section 3). The Virtual Clusters (VC)
architecture, presented in Section 4, focuses solely on



overcoming all the challenges associated with such
integrated environments, in an effort to facilitate
standards based access to mobile device functionality;
consider efficient communication and monitoring models
to handle dynamicity and heterogeneity in the mobile
domain; and introduce a complete proxy-based
architecture and the accompanying middleware to enable
transparent and collective management of the big number
of mobile devices. The implemented fully functional
prototype has reached mature versions and has been
extensively tested over significant time periods. Having
presented and described the VC platform in recent papers,
we now focus on the results acquired over this period and
their analysis (Section 5) to demonstrate the benefits of
the VC approach towards a truly pervasive and feature
rich integrated environment, able to support field
operations, and hybrid applications.

2. Challenges and Requirements

2.1 Mobile Computing Challenges

The inherent resource limitations of small-scale devices
present some very challenging issues when considering
service hosting. Typical Web servers (such as Apache
Tomcat/Axis), Grid middleware (such as Globus
Toolkit[6, 7]), application servers all have significant
requirements in terms of memory, storage and CPU
capabilities, and usually have a number of software and
technology dependencies as well. Thus, a major issue has
been the development of a suitable service-hosting
environment in order to access services and functionality
in mobile devices. Some experimental or proprietary
efforts do not have a generic applicability, and are
unsuitable for a hybrid environment where the backbone
system follows a service-based approach.

There are currently a number of efforts focusing on this
field, such as the Microservices Framework [8, 9], and the
Nokia/Symbian alliance to port Apache’s popular httpd
daemon and Web-hosting environment into the S60 Nokia
mobile phone series (Raccoon [10]).

Mobility may offer many benefits to the end user but it
has also introduced a number of relatively new quality
attributes, user/session and terminal/service mobility,
which when viewed in the context of an integrated hybrid
system, are magnified. This extra dynamicity induced in
the system makes management difficult, increases
utilization of system components dealing with non-
functional aspects (fault-tolerance, load balancing), and
reduces the stability. Current approaches fail to meet the
requirements of modern dynamic and diverse mobile
systems because they are built on the assumption of a
relatively homogeneous environment. Thus, they cannot
opportunistically exploit local resources (e.g. locally
available high-resolution screens, high performance
facilities), nor handle the diversity of the environment.
Finally, dynamicity can also originate from a wide range
of possible failures, due to intermittent connectivity, or
hardware failures such as battery drainage. This high rate

of failures in the mobile domain has a direct impact on the
application level failure rates and response times.

2.2 Integration Challenges

Even with the development of suitable service hosting
environments, handling each device as a single peer is not
efficient because of the limited usable resources. A
collective management framework would enable
leveraging resources from a number of devices to form
higher-level services and dynamic resource pools and
compensate for the limited individual contribution.
Furthermore, an efficient collective/ group abstraction
would ease software development and reduce
communication overhead for the higher layers.

Reduced dependability presents another argument against
treating mobile devices as full member of the system. As
more diverse and dynamic nodes join the system, the
average reliability and availability decreases and could
result in severe performance degradation. From a business
perspective, such integration should mean exploitation of
more resources without significant administration
overhead.

Heterogeneity issues also humble the mobile domain, and
at the heart of them all is the very large variety of
hardware platforms and operating systems, but most
importantly, the lack of interoperability at the application
development, and connectivity layers. At these layers
many distributed computing technologies may be adopted,
for reasons of either interoperability (Web Services -WS)
or performance (stripped down RMI, proprietary
approaches, plain sockets). However, in a mobile domain,
the adoption of a single standards based approach can
significantly reduce the set of nodes that can meet the
requirements and participate in the system. For example,
WS technologies induce a large processing and
communication overhead, and even lightweight Web
servers cannot be installed in some resource-constrained
devices. The variety of resource availability, device
models and functionality in the mobile domain, implies
that it is impossible for all devices to adhere to a specific
approach. In an integrated mobile system, openness and
agile computing are amongst the main design goals and
thus no unnecessary restrictions should be imposed. The
system should be able to seamlessly integrate a wide
range of different technologies and protocols.

3. Related Work

The focus of this paper is not on suitable server-side
containers for limited devices, but rather on the enabling
middleware that will provide the means for an efficient
integration of mobile and limited services. We are not
aware of research efforts focusing on that area, and driven
by the challenges and requirements identified in Section 2.
AKOGRIMO (Access to Knowledge through the GRId in
a MObile world) [11, 12] aims to evaluate the mobile
Grid concept through challenging applications such as
eHealth, elLearning, and crisis management. It favours
research on ubiquitous access to pervasive and mobile
Grid services, Authorization, Authentication, and



Accounting, personalization and context awareness, and
the integration of Mobile IPv6 to support mobility in
dynamic Grids.

WSPeer [26] is a framework for hosting and invoking
Web services in an environment agnostic manner. Current
WS-RF implementations are based on a generic
architecture, which utilizes a service container where all
deployed services are statically deployed. Instead,
WSPeer enables the use of WS technologies (SOAP,
WSDL, WS-RF, WS-Notifications) in a late-bound P2P
context without the need for its own runtime environment,
and without requiring HTTP as the transport protocol.
This P2P orientation allows the use of WS-RF services in
more diverse application domains, while also enabling the
integration of mobile services into a SOA system.

Both AKOGRIMO and WSPeer, despite enabling mobile
services, do not discuss small-scale devices, or any
suitable collective management framework. Instead, the
developer (and clients) is exposed to the cardinality of the
mobile domain and its undesired dynamic characteristics
Another set of projects deal with exploiting functionality

on mobile and microdevices, namely LEECH and K*Grid.

LEECH [13] stands for Leveraging Every Existing
Computer out tHere and focuses on the aggregation of
raw computational resources in a proxy-based cluster of
small-scale devices, in order to execute computational
jobs in them through the use of an MPI [14] library.
K*Grid [15] aims to study and analyse current wireless
mobile networks, and mobile Grid technologies, and use a
testbed comprised of PDAs and wireless LANs to develop
and evaluate a resource harnessing mobile Grid
infrastructure. It is currently at an early stage and no
deliverables (and thus evaluation) have been reported yet.
K*Grid and LEECH share the same common drawbacks:
first, they only take into consideration raw computing
resources, when the core competence of mobile devices
clearly is on their context awareness and flexibility.
Second, they do not follow a standards based approach;
instead they impose certain restrictions on the
programmers.

There are a number of related efforts that focus on
integrated hybrid mobile Grid environments, but they
have significant shortcomings in more than one area. For
instance, Hybrid Flexible Clusters [3], MoGrid [16], and
the P2P Wireless Grid approach presented in [17], discuss
ways for enabling access to the Grid backbone through
mobile devices, and not exploiting mobile device
functionality. Finally, the generic field of Surrogate
Computing (or Cyberforaging) includes a number of
efforts [18, 19, 20, 21, 22] that focus on the offloading of
applications executing in mobile devices to nearby more
powerful nodes (surrogates).

From the above brief discussion, it becomes clear that,
realistically and to the best of our knowledge, there are no
middleware efforts focusing on managing an efficient
integration of small and mobile devices and dealing with
the vital issues identified in Section 2, namely service
mobility, services run on microdevices, lightweight
monitoring, collective management and cardinality

abstraction, enhanced collective operations, and failure
masking. The VC approach presented in the rest of this
paper is an effort to meet all these requirements in a
flexible, extendable, and efficient manner.

4. Architecture

The challenges identified in Section 2, all point to the
same direction: directly connecting each mobile device,
as a full member of the hybrid Grid system is not efficient
because of their unwanted properties and limitations. This
has been the driving force behind the design of the VC
architecture. It focuses on providing the means to
overcome the resource limitations, dynamicity, and
mobility, while at the same time enabling an efficient
collective approach and monitoring components to care
for stable availability. The main conceptual idea is to hide
the big cardinality in the mobile domain by exposing the
mobile devices as a single virtual entity in a proxy-based,
partially centralized design, where the Grid system is
merely extended to include a single extra node: the proxy.
The latter acts as the gateway for the underlying group of
mobile devices, which is now coined a Virtual Cluster.
An extensive set of simulations presented in [23]
validated this design and verified the efficiency of our
approach.

The main entity in the realization of a VC is the
aggregator service (or simply aggregator). An aggregator
resides at the proxy, and is responsible for a group of
mobile devices that provide a similar resource or service
(where similarity is determined by the implemented
interfaces). Aggregators allow us to present single, and
consistent interface points to functionality available in
multiple devices, generally unreliable, and possibly
resource limited. Each aggregator is generated and
deployed automatically, the first time that a particular
service registers in a VC. For instance, when a provider
contributes an image acquisition service that has not been
aggregated before, a new aggregator will be generated to
represent this new functionality. If another provider joins
the VC and provides the same service, the latter will be
integrated in the existing aggregator. Hence, there is one
aggregator for each different service or resource type. Fig.
1, depicts the VC architecture and the most important
middleware service groups: monitoring for controlling
dynamicity, discovery for managing mobility, collective
layer for management of large numbers of dynamic nodes,
and there is also a number of supporting service groups,
including indexing, invocation and more. Details of the
aggregation procedure are available in [24].

Following the brief high-level description of the
architecture and its most important entities, each of the
requirements identified in Section 2 is now mapped to a
specific architectural aspect or one or more service group
components.
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Fig. 1. High level overview of the most important components

e Dynamicity and Dependability Issues: The building
block for handling failures in the mobile domain is the
proxy layer on top of the unreliable fabric layer. This
enables the encapsulation of internal failures, protecting
this way the rest of the system from the inherent
instability of the underlying nodes. Dealing with device
failures directly, encompasses two features: failure
prediction, and failure detection. Prediction is possible
due to the nature of the failures in the mobile domain.
These are caused mainly from mobility and battery
drainage. The monitoring component monitors the battery
levels with a tiny “agent” installed in the device, and
tracks mobility facilitating Virtual Distance mechanism
[25] to calculate the probability of a device moving out of
coverage. Failure detection is accomplished by a
lightweight heartbeat mechanism. The absence of the
heartbeat triggers a “suspicion” period and denotes that a
silent failure may have occurred.

Dealing with the consequences of device failures has a
three-fold meaning: fault tolerance -for high reliability,
failure masking -for stabilized availability, and failure
recovery -to support both. To achieve fault tolerance, the
VC takes advantage of the cardinality of the underlying
services in the mobile domain, to automatically mirror the
execution of a task to more than one available services.
For failure masking, failures within the cluster generate
notifications that only go up to the proxy layer while they
are dealt with internally with mechanisms such as state
migration or redistribution. Finally, for failure recovery,
and since the nature of failures in the mobile domain is
fundamentally different than in traditional static domains,
slightly different techniques are required. First of all, a
temporary disconnection of the device, due to intermittent
wireless connectivity, is regarded as a failure in a
traditional system. However, the device might actually
come back online almost immediately. In such case, there

is enough flexibility in the VC platform, to allow the
immediate reactivation of the device, without any
consequences in the higher layers, and without the need to
redistribute or restart the execution. If, however, the
failure is permanent or non-recoverable, then there is
build-in support for automatic redistribution of the task to
available services, as well as support for migratable
services in case of predicted failures. In [25] an extended
discussion about dependability issues in such hybrid
environments is presented, along with the detailed
description of the VC approach to dependability.

o Resource Constraints: The platform allows the
integration of server-side components, exposed through
different technologies (such as RMI components, Web
Services, Grid Services, JB through Plain Sockets) in
order to provide freedom of choice of the most suitable
framework for each small scale device. Further, an
efficient pull-based communication model has been
introduced, and communication is minimized. in addition,
to compensate for the limited contribution of each single
peer, the server side components are virtualized to form
single virtual resource pools through the aggregators.
Further exploiting the virtualization of the underlying
services, the ability to attach enhanced functionality to the
aggregators is now acquired. This comes in the form of
two main additions: an asynchronous invocation facility,
and, most importantly, a collective layer. The latter is
responsible for the collective management of the
underlying nodes, and provides a number of advanced
interfaces, namely a mirrored interface, for higher
reliability and fault tolerance; a parallel interface, for
data-parallel distribution towards high performance; a
voting interface, for operations like leader elections, and
reaching consensus; and finally, a scatter/gather interface
to support data acquisition in an MPI pull-like scheme.

e Abstractions: The implementation of the VC
abstraction, enables a unified and consistent interface to
multiple and dynamic services/resources, possibly
utilizing  different binding protocols.  Server-side
components available in the underlying fabric layer can
make use of a variety of transport protocols, such as WS,
RMI, plain TCP sockets, and more. At the programming
level, the VC abstraction will significantly ease software
development and simplify some high-level programming
models, such as the master-worker and the voting models,
and will provide the foundations for collective (group)
operations on the VC. Furthermore, it provides
transparency from the underlying binding protocols and
dynamic addressing schemes, and works as a bridging
layer that provides unified access to heterogeneous
services. Finally yet importantly, an Application
Programming Interface (API) is made available to
developers that want to have total control over the VCs.
Communication with the higher layers is achieved
through either of two widely adopted technologies: WS
and RMI. Access to the underlying functionality is
facilitated through the aggregators, which are exported as
standard Web Services and RMI objects in a local (in the
proxy) RMI registry. Furthermore, the provided API is



built around RMI. Most core middleware services are
implemented as RMI objects and are accessible through
the API. Communication within the system (i.e. between
the middleware components) is facilitated using RMI or
plain sockets in some cases.

Entities in the higher layers may include: Portals, that will
display the whole VC as a single resource; Grid
middleware, where again, the VC is a static, permanent
Web service; Application Clients, that need not change
although with minor modifications they can make use of
the enhanced functionality offered by the aggregator
services (collective interfaces, index queries, monitoring
information and more); Application Developers, who can
take advantage of the enhanced functionality available by
the aggregators, and make use of the extended API;
Integration middleware, which can easily integrate both
the WS and the RMI based aggregator services into
existing distributed systems.

5. Experimental Results and Evaluation

5.1 Evaluation Plan

The collection of comprehensive evaluation results entails
analysing the effectiveness and performance of the VC
platform from a variety of perspectives:

e Architecture design level: validation of the design is
necessary to ensure the suitability of the proxy-based
architecture and has been presented in [23] after a series
of simulations that indeed validated the VC approach.

e Lightweight middleware: in order to be deployable in
mid-to-low range devices. This stems from mainly two
target goals: ability to deploy the platform to non-
dedicated and potentially resource limited devices, and
second, to support and enable infrastructure-less
environments, where a lower-level device can act as a
proxy (or group super-node).

e Invocation overhead: since the proxy handles requests
on behalf of the higher level clients, there might be an
overhead involved due to this delegation of
responsibilities. However, this absolute overhead is
balanced out by the efficient communication model, and
the much-reduced index queries involved due to the full
knowledge of the proxy for the topology and bindings.

e As it is all about collective management and
clustering, an number of experiments were run to evaluate
the performance and benefits of the collective interfaces.

5.2 Monitoring and Control Overhead

The evaluation of the resource requirements is necessary
to ensure suitability for constrained and non-dedicated
environments. Management and control procedures
involve the aggregation of services, the registration of
services as they come online, and the overhead involved
in index and service availability queries. The latter is part
of the invocation process and hence is studied and
analysed under the performance evaluation section.
However, the most demanding aspect of the platform is
the monitoring service group, and more specifically the
heartbeat scheme for monitoring and failure management.

It should be noted that the aggregation and registration of
services are fixed cost operations. Hence, the evaluation
of the control overhead was based on the only variables
that affect the operational overhead of the platform: the
heartbeat interval and the number of nodes in the VC.

—o—1sec —@—5 secs 15 secs
2
T 1.5 //
= 1
S o5 :,‘j/./l/.
0
2500
@© 2000 n
> 1500 pa— —
g 1000 +—,
2 500 -
0
__1.00%
£ 0.75% -
S 0.50% A
£ 0.25% -%; .
Z 0.00% = : : .
12 nodes 30 nodes 60 nodes 90 nodes

Fig. 2. CPU, Memory, Network requirements of the VC platform

The proxy middleware was installed and tested in a mid-
range Laptop in an idle condition. Results (Fig. 2) showed
that CPU utilization is minimal (around 1 - 2%) and does
not in any way affect the normal operation of the laptop.
Similarly, memory overhead remains very low as well.
The total memory requirements remain under 2MB of
memory even for a very high number of monitored nodes
(90) and frequent intervals (every second). Finally, the
Network utilization overhead is negligible, as it never
goes beyond 0.8% in the 24MB /s wireless channel used
in the experiments. This is attributed to the extremely
small heartbeat packages, and the relatively fast 802.11g
Wi-Fi protocol in use. While an extended discussion of
these results is not in the scope of this performance
oriented evaluation, we must point out the very small
CPU, memory and network footprint of the platform,
rendering it suitable even for non-dedicated proxy servers
running on “small” devices —and not only typical server
machines.

53 Performance Evaluation

The experimental environment consisted of a total of 6
nodes, 2 of each representative performance levels:

e 2x Type B laptops: 1.6GHz AMD laptops, 512MB,
Windows XP, Axis/Tomcat plus RMI Registry.

e 2x Type A laptops: 2.2GHz Intel laptops, 1GB,
Windows XP, Axis/Tomcat plus RMI Registry.

e 2x CDC Smart-phones: Sony Ericsson P990i, VC
Lightweight Socket-Based Server-Side Container.



All of the devices are equipped with an 11MB/s Wireless
Interface Card, and the supporting network was based on
24MB/s 802.11g, and a backbone of 100MB/s Ethernet.
While this initial testbed consists of a relatively small
number of test nodes, it demonstrates the response of the
system in failures, and its benefits stemming from its
aggregation and dynamic reconfiguration capabilities.
Further, scalability and management using a very large
number of nodes has been addressed in extensive
simulations in [23]. The simulation results for up to six
nodes were verified by the experimental measurements
within 2-3%, adding confidence that the simulation
results are equally valid for larger number of nodes that
we were not able to test experimentally.

The application used exhibits the possibilities of such
integrated environments, and involves aggregating
content from dynamic and heterogeneous sources. It can
be used, for instance, in geological studies where a mobile
operation centre can gather content from wireless
instruments and portable equipment, analyse it, and
automatically re-allocate the field personnel in response
to the latest findings (for example to focus more on a
specific area or re-tune some of the instruments). For this
scenario the mobile centre requests and gathers scanned
3D images of the area where each instrument is deployed.
Of course the evaluation discussion that follows remains
generic and not application-specific. For the purpose of
studying the impact of failures in the VC platform, we
injected hard failures during the service operations in
order to study the reaction of the system and measure the
overhead involved in responding to failures. We used a
small script to inject failures during the executions at
various points: near the beginning of the execution -
around the 25% of total execution time, (+5%), near the
middle of the execution -around 50% (£5%) and finally,
as the execution was closing in termination -around 75%
(£5%). All the results presented here are the averages
from around 500 runs of each scenario, meaning that any
possible interference or environmental effects that could
skew some of the measurements have become negligible.
The participating wireless nodes expose this functionality
through different means: the laptops as both a Web
service and an RMI component, while the PDAs using a
Lightweight Server-side Container (LSC) we developed
specifically for our experiments [27].

The first experimental scenario involved the invocation of
the same image service first facilitating direct
communication with the service and then through the VC
proxy, in order to measure the overhead induced by the
VC. As already presumed, the VC proxy introduces a
slight overhead in the range of 1.5 - 2.5% compared to
direct invocation (Fig. 3). The measurements from this
first experiment also verified the performance superiority
of our LSC container to RMI and WS. However, a
number of remarks will clarify the results a little more.
Both the direct and VC single invocations assumed prior
knowledge of the service endpoint and the binding
protocol. In a more realistic scenario, the direct
invocation would involve a query to discover available

services (hard-coded addresses are unrealistic for mobile
environments). In contrast, the VC proxy always has full
knowledge of the underlying services, topology,
addresses, and binding protocols (thanks to its monitoring
and indexing components). Such benefits become clearer
when studying the performance of the collective
interfaces, but also in the next set of experiments, when
we introduce failures in the system.
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Fig. 3. Comparison of Direct and VC single invocations

When injecting a single failure in the system during
execution (Fig. 4) the benefits of the VC approach
become evident: as the proxy has full knowledge of the
topology and capabilities of the available devices, the
system is guaranteed always to select the best possible
node for execution recovery. For instance, in the
experiments run, the proxy would always redistribute the
task to the second laptop available if the first one failed
(leading to performance gains of up to 37% in the best
case), whereas in a direct approach, there is always a
chance to select the lower scale PDA to failover to. The
latter can occur because of lack of complete knowledge or
metadata for each system, lack of dynamic state
information that can affect the performance (e.g. current
load), or lack of availability information, which happens
very often when dealing with very dynamic environments.
The last column in Fig. 4 corresponds to automatic
mirrored invocation (clearly superior to the other
methods), which is discussed in detail later in this paper.
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Fig. 4. Direct, VC, and VC Mirrored invocations with one failure

However, even if we assume that a relatively intelligent
brokering or registration system helps select the best



possible resource in the direct approach, a possible failure
would still have to propagate as high as at least the
brokering system, sometimes up to the client level. In
contrast, in the VC approach it only goes up one level —
one hop in essence, till the proxy, which takes care of
redistribution immediately due to its full a priori
knowledge of the cluster condition. This contributes to a
small redistribution gain in the region of 2 - 4% in the
case of the proxy.
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Fig. 5. Direct and VC invocations with two failures

The benefits of the VC platform are even better in the
case of two failures, a laptop and PDA (Fig. 5): the PDA
failure would never affect the execution in a VC-based
system, as the failover always happens to the more
powerful laptop instead. Hence, the performance gains in
this experiment are justified by the fact that even if there
are two device failures, there is actually only one task
failure in the VC-based system.

When both laptops fail they do so in a sequential order,
thus leaving the PDA as the sole “survivor” able to take
over the execution of the task. Hence, the gains in this
example (in the area of 3-5%), originate from the masking
and internal handling of the failures in the VC approach,
while in the direct approach, both failure notifications
propagate up to higher-level components, generating
more load and more resource queries in the process.

5.4 Collective Layer Performance Evaluation

An integral part of the middleware is the collective
interfaces, that enable the efficient utilization of scarce
resources and individually small contribution if the
mobile devices. The benefits of the collective layer have
been discussed and analyzed in [25]. In this section, we
evaluate the benefits of mirrored execution, which adds to
the overall reliability and availability of the VC, and the
parallel and gather interfaces that enable the distribution
of tasks to many nodes, and the effortless gathering of
data from multiple nodes respectively.

Mirrored Interface

Mirrored execution guarantees to return in the shortest
possible time since the first service that completes returns
immediately. We run a number of experiments, where a
brokering and scheduling system with no metadata
information provided the resources upon which to execute
the required task. We also run the same experiment

utilising our VC mirrored functionality with resource
indexing. The comparison shows that the mirrored
execution at least matched and usually was far better than
the traditional system.

Mirrored invocation has even more significant advantages
in the light of failures occurring in the fabric layer, in that
it offers a certain degree of fault tolerance. As is obvious
from Fig. 6, not only are the gains massive (especially
compared to the non-VC, direct invocation) at times
halving the total time cost, they are also stable regardless
of the failure time -as the task has already been
distributed to all three devices, thus not requiring
redistribution and restarting when a failure is encountered.

O Direct: Laptop & PDA Fail B VC: Laptop & PDA Fail
& VC Mirror: Laptop & PDA Fail ® Direct: Both Laptops Fail

= VC: Both Laptops Fail B VC Mirror: Both Laptops Fail
90

75

(@2}
]
|

8
1
1]

Time (sec)
N
wv

[Eny
(%2}
1

o

25% 50% 75%
% of Execution Completed Before Failures

Fig. 6. Direct, VC, and VC Mirrored invocations with two failures

The trends in the case of two failures (Fig. 6) tend to
amplify the importance of transparent mirrored invocation
whenever there is resource availability. Total time costs
when a laptop and a PDA fail, are almost halved
compared to the direct approach, and there is significant
improvement (from 15% up to 85%) when compared to
the VC single invocation.

Finally, in the last scenario, both laptops fail sequentially,
thus leaving the execution burden to the single available
PDA. The total time cost in the mirrored execution is
equal to the total time taken by the PDA to complete the
task, since the failures do not require redistribution. Once
again, there is a clear improvement when using the
mirrored interface compared to both the direct and the VC
single invocation.

Parallel Interface

The last category of experiments, focused on evaluating
the performance of the simple data parallel interface. In
order to extract some baseline results disregarding failure,
the same image gathering application was executed using
three different image sizes. The application was first
executed on a single Type A laptop to measure single
non-parallel execution. Then, three distributed versions
were executed, first on a Type B laptop and a PDA, then
on two Type B laptops, and finally, on two Type B
laptops and a PDA.

Following the execution runs, there are a number of
observations that can be made from the results as
demonstrated in Fig. 7. First, the correlation of the size to



the total time required is approximately linear, and thus
the rest of the experiments will use only 512KB image
sizes without loss of generality and in order to simplify
the charts. Second, and as expected, due to the limited
nature of the participating devices, the effect of the
distribution is not linear on the number of nodes.
Distributing to a laptop and a PDA does not (and could
not) yield an improvement of factor 2. Instead, there was
a reduced, albeit significant, improvement in the region of
20-30%. In the case of distributing to two laptops, results
were of course better, yielding an improvement around
35-42%. Finally, the best results were obtained when
distributing to all three devices (two laptops and a PDA),

when the performance gains were at the region of 36-48%.
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Fig. 7. Direct and data parallel invocation, two laptops and one PDA

To study the affect of failures in the parallel execution, an
extended environment of four laptops and two PDAs was
used to provide backup for the failovers. For the initial
distribution of the application load, two Type B laptops
and one PDA were used. From the diagrams in Fig. 8, it is
clear that even in the worst case of two failures,
parallelization can yield significant results (thus providing
a virtually stable and reliable environment) of around a
factor of 2.0 at best, and near a factor of 1.3 at the worst
cases.
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Fig. 8. Impact of two failures in parallel invocation

6. Conclusions

The results presented in this paper exhibit the suitability
of the Virtual Cluster approach through an extensive set
of experiments. All the results have demonstrated the
significant benefits that the VC proxy- based platform can
have in integrated hybrid Grid systems. These benefits
include not only the very straightforward and quantifiable
performance gains, but also the simplification of
otherwise troublesome procedures, such as resource
availability = querying, resource selection, failure
notifications and general management of the mobile
domain. Further, they have shown that parallel execution
is suitable even for very dynamic and limited
environments, when the VC platform is deployed to
encapsulate the dynamicity and failures. This enables the
rapid high-level hybrid application development, which is
further enhanced through the VC abstractions, the VC
API, and the collective interfaces.
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