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Abstract

Service Composition, that is, the development of customized services by discovering, integrating and executing
existing services has received a lot of attention in the last couple of years with respect to wired-infrastructure or
Internet web services. With the advancement in the wireless technology and rapid deployment of mobile devices,
we envision that in the near future wirelessly connected mobile devices in a given vicinity will also provide
services that can be leveraged in the composition process. This is particularly true of what have been described as
“pervasive computing” environments. However, wired-infrastructure based service composition architectures are
not designed to consider the various factors like mobility, device heterogeneity, resource variability and reliability in
a mobile environment. In this paper, we describe the issues related to service composition in mobile environments
and evaluate criteria for judging protocols that enable such composition. We present a distributed architecture
and associated protocols for service composition in mobile environments that take into consideration mobility,
dynamic changing service topology and device resources. The composition protocols are based on distributed
brokerage mechanisms and utilize a distributed service discovery process over ad-hoc network connectivity. We
present simulation results of our protocols, and compare them with a centralized service composition protocol
traditionally used for wired-infrastructure environments. The results show that our approach clearly outperforms

the existing centralized approaches, and that our protocols are able to adapt and better utilize the changing

*This work is supported in part by NSF awards 9875433 and 0070802, DARPA DAML program and IBM



service topology and resources in a mobile environment.

1 Introduction

Service composition refers to the technique of creating composite services with the help of smaller, simpler and easily
executable services or components. By “service”, we refer to any software component, data, or hardware resource on
a device that is accessible by others. For example, we can consider the GPS on a mobile device to be a service that
provides location coordinates of that device.

Technological advances in mobile device design and development as well as wireless networking are leading us
towards a vision where devices all around a person, either embedded as a part of smart spaces, or being carried by
other people in the vicinity, will provide an array of services [40, 24, 23] that she might want to use. Service discovery
infrastructures [35, 2, 17, 16, 34, 39] are being developed to discover services in mobile environments. User queries
often however look for services that are not pre-existent on any device but can be obtained by appropriately combining
already existing services in the environment. Examples of such queries range from mobile commerce environments to
army warfront environments, sensor networks to deep space exploration research. In mobile commerce environments,
often times users look for the best deals in various shops in a mall that can be obtained by appropriately combining
information given out by various shopping services in the physical vicinity. Warfront activities and sensor networks
often need to integrate data (that are offered by services on various devices/sensors) from heterogeneous sources
to discover meaningful trends. Other examples of service composition in mobile environments are dynamic traffic
information aggregation from various services and sensor data collection from multiple sensors.

There has been research [37, 18, 4] in development of composition architectures for wired-infrastructure environ-
ments like Internet. In the future, along with services in the wired-infrastructure, we will also be able to access services
present in the various mobile devices in our vicinity. Service composition architectures for mobile environments will
be expected to utilize these services in addition to the services available in the wired-infrastructure.

Research in service composition has predominantly followed two directions. One direction defines languages to
formally specify services and composite services [14, 22, 15] in terms of service input/output, service pre-condition
and post-conditions, fault handling, joint exception handling and service invocation mechanisms. This research also

includes developing complex planning engines [12, 25] that utilize these service descriptions to generate declarative



specification of workflows that compose different services. The other direction of research aims to develop architec-
tures [38, 18, 19, 33, 5] that enable service composition. These architectures assume a declarative specification of a
composite service! and performs the task of discovering, integrating and executing the actual services. In this paper,
we focus on service composition architectures since we believe that it is critically important in a mobile environment
and requires a different approach from currently available wired-infrastructure based composition architectures. We
leverage our prior work [6, 7, 8] and the emerging DARPA Agent Markup Language for Services (DAML-S) [14]
standard to provide the semantically rich declarative specification of a composite service.

Current service composition architectures [4, 18, 26] have been designed with the inherent assumption that
the services are resident in the wired infrastructure. Thus, services are assumed to be on stable nodes/devices
and connected to each other over high bandwidth reliable communication channels. Composition architectures
are centralized and consist of a preconfigured composition manager or broker residing on high-end machines. The
composition manager performs service coordination and management that involves managing issues like service path
creation [11], delegation of service discovery to the proper discovery manager, appropriate combination of different
services and management of the information flow between service components. Such architectures do not work well in
mobile environments, especially ad-hoc mobile environments. Some of the notable limitations are: (1) Central Point
of Failure: Centralized design approach of wired-infrastructure based composition architectures is prone to single
point of failure in a mobile environment. (2) Mobility: Mobility changes the topology of a mobile environment. This
changes the service topology (distribution of services on various mobile nodes). Current composition architectures lack
support for mobility. (3) Fault Management: Mobile nodes are prone to various kinds of faults. Faults range from
network level disconnection, service discovery failures, and service execution failures to node failures. Composition
architectures for mobile environments need to be adaptive and resilient to these failures.

We categorize mobile environments into infrastructure-based and infrastructure-less or ad-hoc environments.
Infrastructure-based mobile environments have access to services/resources in the wired infrastructure through gate-
ways, proxies and base stations. Example of such environment are wireless office networks, WiFi. Thus these
environments may be able to leverage from centralized composition managers to some extent (with appropriate sup-

port for mobility, faults). However, infrastructure-less mobile environments (e.g. warfront activities, ad-hoc sensor

Lwe shall use the term composite service and composite request interchangeably throughout the remaining of the paper. This is because
composite request in this work is nothing but a declarative specification of a composite service.



networks, walkways in cities that are created on-the-fly) call for an alternate design approach of service composition
architectures.

We focus our work on infrastructure-less mobile environments since we believe that (1) Infrastructure-based mobile
environments are just a special case of the infrastructure-less environment where some devices are fixed, resource-rich
and have infrastructure support. (2) Solutions for this environment can be as easily adapted to infrastructure-based
mobile environments. For the remaining of the paper, we shall use the term mobile environments (ME) to mean
infrastructure less mobile environments.

We have developed a distributed service composition architecture that primarily supports two distributed broker-
based protocols for service composition in ME. We leverage our prior work in service discovery [9] and service-centric
routing [10] to support discovery and routing underneath our composition protocols. This paper describes the
architecture and two associated composition protocols. Our composition protocols are based on the concept of
efficient selection of brokers to handle composite requests.

Salient features of our protocols are (1) Decentralized Control: Our composition architecture is immune to
central point of failure. (2) Mobility-Dependent Dynamic Composition Model: Our composition protocols
utilize the dynamically changing service topology to select the appropriate atomic services in a composite request.
(3) Efficient Utilization of Mobile Resources: Mobile resources include mobile services, computation power on
the devices, memory and battery life. Our composition protocols distribute the composite requests amongst devices

in the mobile environment.

2 Background

Service discovery and composition has been studied widely in the context of wired-infrastructure based web ser-
vices [1]. Systems like eFlow [4], CMI [37], Ninja Service Composition Architecture [18] and Sheng’s framework
[3] on declarative web service composition address various problems related to service composition in the wired-
infrastructure. The architectures for wired-infrastructure service composition are centralized. All composition re-
quests are directed to a preconfigured composition engine that manage the composition. Moreover, these architectures
assume that the services are on static nodes. The architectures do not concern themselves with issues relevant in

a mobile environment like hop distance of the service from the composition manager, network disconnection, and



current load on the node where the service resides. The underlying network infrastructure is invisible to the com-
position manager. We argue that in ME, the composition architecture should take the changing network topology
(network graph) into account.

There has been very limited work in the development of distributed protocols for service composition targeted
towards ME. In prior work [32], we developed a middleware-based architecture to handle composite requests from
mobile devices with the help of infrastructure-based services. Our middleware platform sits on the edge of the wired
network and serves as a proxy to integrate various web services and present them to mobile users. Limitation of such
a system is that it depends only on the wired infrastructure for services. Moreover, middleware-oriented protocols
are essentially semi-centralized and hence unsuitable for ME.

Basu et al. [31] have described a hierarchical task-graph based approach to enable service composition in ad-
hoc networks. In this work, a composite service is represented as a task-graph with leaf nodes representing atomic
services. Different sub trees of the graph are computed in a distributed manner in a MANET (Mobile Ad-hoc
Network). Service composition is coordinated by the source of the request. Their approach selects the source of
the request as the composition manager for itself. Our architecture considers the source of the request and the
composition manager as logically separate entities. We believe that the proper selection of the composition manager
for a request increases the efficiency of composition (defined in section 7) and decreases the network load. Moreover,
their approach employs network intensive global broadcasting techniques whereas, our architecture is based on the
strategy of localized search thus reducing the protocol overhead.

There is a plethora of work in trying to define languages to represent services, invocation mechanisms and
composite services. This class of work in service composition, nonetheless important is not an issue of this paper.
For the purpose of this paper, we assume that the composite service can be represented in any of these languages.
Examples of such work include DAML-S[14], OWL [21], WSFL[22], XLANG[13] and BPEL[15]. In particular, we
have used DAML-S to represent composite services. This is primarily because DAML-S derives semantically rich
reasoning capabilities with the service description from DARPA Agent Markup Language (DAML) [20]. It also offers

a rich set of declarative constructs to appropriately represent composite services.



3 Design Rationale

We describe issues that were of concern in the design of our architecture for ME.

¢ Distributed Coordination Model: Service Composition involves the use of a coordinating entity (referred
to as broker) that manages the discovery, integration and execution of a composite service. Coordination and
management of a composite service in mobile environments (ME) essentially involve discovering the necessary
component services, integrating the information obtained from the discovery, invoking the individual services,
managing the order of execution and handling faults. Coordination and management need to be primarily
adaptable to the topology changes of the mobile environment and handle mobility, network disconnections and
other types of node or service failures. However, unlike infrastructure-based composition architecture, ME
cannot presuppose the existence of a centralized powerful machine. A centralized composition manager might
not be able to access all the necessary services and secondly, a centralized composition manager might become
unreachable from a device in the ME. Moreover, such an architecture is prone to single point of failure. Hence,

composition architectures for ME need a distributed coordination model.

e Resource Heterogeneity and Awareness: Devices with varying resources and capabilities exist in the
geographical vicinity of one another. A service composition protocol should be able to utilize these varying
resources available to it. Resources refer to either services or computation power that are available and vary
amongst devices. An efficient composition protocol should ideally be able to compose a service with the most
efficient use of the surrounding environment and with minimum network overhead. It should also be able to
utilize the spatial distribution of the services (refered to as service topology) and computation resources in the
vicinity. In sections 5 and 6, we show how our protocols are able to utilize the service topology for efficient

composition.

e Mobility Management and Adaptability: Service composition protocols should be able to able to adapt
themselves to the changing neighborhood. In particular, it should be able to utilize newly arrived services that
were not available before. A composition protocol should be able to select a possible set of services based on
their mobility patterns, platform battery life, how long they would be in the vicinity etc. Mobility changes the

underlying service topology. Composition protocols for ME should be able to adapt their execution model to



suit the changing service topology.

e Fault Tolerance and Reliability: Mobile device often have a short switched-on time and often are unable to
process remote requests due to system overload or network level disconnections. A robust composition protocol
should be tolerant towards such failures and degrade gracefully with increasing service/resource unavailability.
Faults may range from network level disconnections, service discovery failures to node failures and service
execution failures. The composition architecture should be resilient towards these failures and apply appropriate

fault control mechanisms to ensure the processing of the composite request.

e Efficient Network Utilization: Network bandwidth is a very important parameter to be considered while
designing any composition protocol for ME. By default, service discovery and composition protocols are usually
broadcast-based and essentially impose a relatively high network load. An efficient composition protocol should
try reducing network wide broadcasts. However, reducing network wide searches may reduce the chances of a
service being discovered and hence reduce composition efficiency. Our architecture follows a strategy of greedy

localized searches to compose services and tries to conserve network bandwidth.

4 System Model

Our system consists of mobile nodes each providing one or more services that can be invoked by peer devices. We
assume that these devices are connected to each other using ad-hoc networking protocols. Resources like computation
power, battery life vary from one device to the other. We do not distinguish between a client and a service provider.
Composite requests are sent out by multiple nodes. A node sending out a composite request can itself participate in
another composition. Figure 1 depicts the system environment. We define some key terms that we would be referring

to in the remaining part of the paper:

1. Request Source (RS): Mobile device from where a particular composite request originates. Note that a node

is referred to as the Request Source only with respect to its request.
2. Service Provider (SP): Mobile device that contains services that are accessible from other peer nodes.

3. Composition Manager (CM): The device that manages the discovery, integration and execution of a com-

posite request. This node can itself be the Request Source or a Service Provider for another composite request.



4. Description-level Service Flow (DSF): Declarative description of a composite service or a composite
request. We use DAML-S for specifying a composite service. Our specification consists of a list of service

descriptions along with the desired flow of execution that constitutes the composite service.

5. Execution-level Service Flow (ESF): A complete specification of the composite service with execution-level

details required to invoke the services in the SPs.

6. Atomic Service: A service that resides on a single SP and can be invoked from other devices. This service
may consist of further components, but the components must reside on the same SP in order to make the

service atomic.

7. Composite Service Length: Number of distinct atomic services that constitute a composite service.

Figure 2 shows an overview of the components that are resident on each mobile node in Figure 1. We briefly
describe the functions of the various layers. This paper primarily describes the mechanisms in the service composition
layer. Although our work leverages from our prior work in the lower layers (network and service discovery), our

composition protocols can also run on other standard routing and discovery protocols.

Network Layer: The Network Layer encapsulates networking protocols that provide wireless or ad-hoc connec-
tivity to peer nodes in the vicinity. Examples of such network connectivity range from protocols like 802.11(a,b,g)
in ad-hoc mode, Bluetooth [27], Infrared to ad-hoc routing protocols like AODV [30], TORA [28], DSDV [29], GSR
[10]. In prior work, we developed a routing protocol, Group-based Service Routing Protocol (GSR) [10] for providing
efficient routing support below service discovery applications. We have used GSR as our routing protocol. GSR is
on-demand and utilizes the path used during service discovery for end-to-end data transmission. We have shown in
[10] that integrating routing with service discovery in mobile ad-hoc environments increase system efficiency. Addi-
tionally, our routing protocol provides end-to-end session management that detects disconnections, performs session

packet buffering, handles retransmissions and facilitates service-centric routing.

Service Discovery Layer: The service discovery layer provides the system with the protocols required in order to

discover services residing on nodes in ME. Our composition protocols use an efficient distributed group-based service



discovery protocol (dubbed GSD), described in a separate publication [9] to discover services. We briefly describe
the protocol for the sake of completeness.

Standard protocols for service discovery in mobile environments are either request-broadcast based or advertisement-
broadcast based [16, 6, 2]. A typical request-broadcast protocol broadcasts a service discovery request globally to
all nodes in the network. Conversely, an advertisement-broadcast-based protocol broadcasts advertisements of the
local services in each node to all other nodes in the network. These advertisements are cached by the nodes. Apart
from the fact that these protocols are inefficient in terms of bandwidth and resource usage (as the request has to
be processed by all the nodes including those with limited processing capability and battery power), they impose
a huge load on the network [36]. In [9], we introduced GSD for MEs, which reduces global broadcasts to a large
extent and efficiently uses network bandwidth for discovering services (if present). GSD is based on the concepts
of peer-to-peer caching of service advertisements in a limited vicinity and group-based selective forwarding of dis-
covery requests. We use and ontology developed using DAML [6, 20] to effectively describe services. Services are
classified into a hierarchical group based on their functionalities. We use the class-subclass hierarchy in DAML to
model service groups. Each SP (Service Provider) advertises its services to other peer nodes in a limited vicinity.
Advertisements also include a list of the several service groups that the SP has seen in its vicinity. This information
is used to selectively forward discovery requests to SPs. In [9], we show that GSD reduces network-wide broadcasts

and achieves increased efficiency in discovering services.

Service Composition Layer: This layer encompasses protocols responsible for carrying out the process of man-
aging the discovery and integration and execution of composite services. We introduce two distributed reactive
protocols for service composition in ME. Reactive service composition refers to the type of composition that is ex-
ecuted on-demand. These two protocols are the primary contributions of this paper. Both reactive protocols are
decentralized, immune to central point of failure and take maximum advantage of the mobility of the nodes, service
topology and currently available resources in the vicinity. Both protocols carry out a broker arbitration that decides
on the Composition Manager (CM) for a certain request. Thus, each composite request may be assigned a different
CM.

The composite request consists of a Description-level Service Flow (DSF) of the composite service formulated

using DAML-S. DSF of a composite service contains high-level description of the services needed for the composition



and the execution flow. Figure 3 presents a sampl of a DSF to view a PDF file (by first downloading it and then
printing it) in case the client does not have the capability to do so.

CM on receiving a composite request performs the process of service integration where it discovers the required
services and constructs an execution-level service flow (ESF). ESF contains specific information (device address,
invocation mechanism among others) used to invoke various component services. The service integration is followed
by service execution where each service participating in a composition is executed. This layer manages the execution
order of the multiple services and monitors faults. The broker arbitration module, the service integration and
execution module and the techniques employed within it plays a vital role in making our architecture fundamentally
different from static infrastructure-based service composition. We describe our composition protocols in detail in

sections 5 and 6.

Application Layer: The application layer embodies any software layer that utilizes our service composition plat-
form. The application layer encompasses different GUI facilities to display the result of a composed service and

provides the functionality to initiate a composite request.

5 Dynamic Broker Selection based Protocol

The Dynamic Broker Selection-based protocol is primarily based on the concepts of distributing composite requests to
composition managers (CM) distributed in the ME and single-CM execution policy per request. The Request Source
(RS) of each composite request carries out a broker arbitration to select a CM from the ME. Each mobile device
is a potential candidate for CM. The broker arbitration consists of controlled broadcasting of solicitation requests
to devices in the nearby vicinity of the RS. The broker arbitration module in each device replies with information
regarding its potential to be a CM for the request. The RS elects the best possible CM from the available devices
and sends the Description-level Service Flow (DSF) to it. The elected CM on receiving the request increments its
load level (number of executing composite requests) and starts processing it.

The CM performs the following tasks for processing the composite request. (1) It extracts the atomic services
from the DSF and uses the underlying service discovery protocol (GSD) to discover the services; (2) It obtains

invocation details of the services that has been discovered from GSD and stores them; (3) Once all services have been

10



discovered, the CM constructs an Execution-level Service Flow (ESF) of the composite service; (4) It then invokes
the individual services following the execution flow as specified in the ESF and stores the temporary results; (5) On
completion of execution of all atomic services, the CM transmits the final result to the RS; it decrements its load
and awaits further messages;(6) During the execution phase, the CM (apart from storing the temporary results)
periodically transmits checkpoints consisting of the partial results back to the RS. The RS uses these checkpoints to
determine faults.

The RS interprets the loss of checkpoints from the desired CM as an indication of fault. Faults can be triggered
due to (1) loss of checkpoint messages; (2) failure to discover a desired service (discovery-level fault); (3) failure to
execute a service after having discovered it (execution-level fault); (4) CM might have shut itself down or become
unreachable (node failure). Our current prototype signals a fault to the RS in case the above-mentioned events occur.
The RS waits for a maximum time limit by which it should have received the final result after which it gives up and
restarts the composition. We follow an optimistic strategy to address faults. The basic solution to address faults in
composition is for the source to restart the whole process if any service has failed during the execution. This solution
is unable to utilize the partial results. The battery life and bandwidth spent in computing the request is also lost.
In our solution, RS computes another Description-level Service Flow (DSF) of the composite request by utilizing the
partial results and pruning the part that has already been executed. The new DSF is treated as a new composite
request in the system. The RS maintains a state of its composite requests and merges the results after the new DSF

has been executed.

Broker Arbitration: We control the broadcast of solicitation messages by specifying the maximum number of
hops for a message. This maximum hop count is increased if an appropriate CM is not found. The solicitation
message consists of an enumerated list of atomic services that the composite request needs for its execution. Each
device computes a potential value for itself that determines its suitability to be the CM for the request and returns
it back to the RS. The potential value of a device is calculated by considering its local resources and by estimating
the service richness of its neighborhood. Service richness is judged by considering the number of remote service
advertisements cached by the device. Local resources considered are (1) number of matching local atomic services;
(2) battery life; (3) current processing load on the node. Some attributes affect the potential value positively while

some affect it negatively (e.g. current processing load). Formally, we denote U(CM;) as the potential value of each
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CM (CM;) for a composite request S.

U(CM;) = f(Sc(CM;), Sm(CM;), L(CM;), J(CM;))

where S.(C M;) is number of service advertisements cached by C'M;; S,,(CM;) is number of services belonging to the
composite request that are present in the cache of CM;; L(CM;) is battery life of CM;; J(CM;) is current number

of requests being processed by CM;. A Composition Manager, CM; is selected based on the following equation:

3B, such that VB; (U(B;) > U(B;))

We note that for an infrastructure-based mobile environment where the infrastructure may contain a centralized
service manager on a server, the arbitration can be adapted by appropriately weighing the various parameters so
that it selects the manager as long as it is reachable from the RS. This flexibility of our protocol makes it well suited

for heterogeneous mobile environments. Figure 4 shows the flow diagram of this phase.

Service Discovery and Integration: Service Discovery and Integration aids in generating an ESF from the given
DSF of the composite request using the underlying discovery protocol. Corresponding to each service description
in the DSF, an actual atomic service is discovered. The network load during the discovery process is controlled by
regulating the number of hops within which the service discovery is performed. There could be multiple instances of
the same service existing in the environment. Our protocol currently selects the nearest available service. However,
it can easily be extended to incorporate additional cost factors. An ESF is constructed to contain information on the
actual services, its node binding and invocation details. It also contains the service flow (obtained from the DSF).
This phase ends when all the required services have been discovered and a new ESF has been formed. Figure 5

describes the pseudo code of the operation of the protocol in this phase.

Service Execution: The CM coordinates the execution of the services in the order specified by the ESF. The
Broker uses the underlying routing protocol [10] to transmit results received from one service to another during the
execution. The partial results flow from one device to another through the CM. We call it star-based execution

pattern. In future, we aim to incorporate mesh-based execution pattern where the result would directly flow from
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one service to the next service. Our checkpoint-based source monitored fault tolerance scheme imposes additional
overhead of transmitting checkpoints in the network. We are currently analyzing the effect of our check pointing
algorithm on the network bandwidth. We assume that the source node would not fail before successful completion
of the composition. This is a reasonable assumption, since the source node would ideally want to keep itself turned

on till it receives a final reply.

6 Distributed Broker Selection based Protocol

The Dynamic Broker Selection based protocol suffers from the following limitations: (1)Single-CM execution
policy per request: Single-CM execution policy per request assumes that a single CM is responsible to manage
the entire composition. In ME, mobility often changes the service topology. This, along with other limitations like
disconnections and network partition might make it impossible for the current CM to compose the whole request after
having completed a partial execution. Ideally, the system should be resilient towards such failures. (2)Load on RS
and CM: The RS monitors for faults using checkpoints through out the composition process. Environments where
the CM often fails to completely execute the service or environments having high number of composite requests
impose additional load on the individual RS. The CM has to maintain state information of the entire composite
service and monitor the discovery and execution of the composite service. This overhead increases with the increase
in the composite service length. Moreover, lengthy composite services are more prone to service topology changes
and hence more prone to discovery and execution-level faults. This further results in an increase on the load of the
RS as well (since it has to monitor more faults now).

Our Distributed Broker Selection based protocol relaxes the single-CM execution policy per request. The central
idea behind this protocol is to distribute the task of composing a service to multiple CMs on an as-needed basis. A
single composite request is initially assigned to a particular CM by the Requesting Source (RS). The assigned CM
executes the request until it encounters a discovery or execution-level fault. In case of a fault, instead of directly
notifying the RS, the CM enters a new phase called arbitration control phase. In this phase, the CM carries out
the following steps: (1) It freezes the current process (composition state freeze) and extracts the un-executed part
of the composite request and constructs a DSF from it; (2) It carries out a new broker arbitration to determine the

best possible CM for the pruned request; (3) On successful selection of a new CM, the un-executed DSF together
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with the partial result of the composition is transferred to it (state transfer); it sends a notification to the RS with
the address of the new CM; (4) The new CM resumes the usual composition process with the un-executed DSF; (5)
The old CM sends a fault event to the RS only if it fails to either select an appropriate CM or fails to transfer the
composition to the new CM. Figure 6 shows the state diagram of the arbitration control phase.

This protocol reduces the burden on the RS since the composition transfer is transparent to the RS. In the
previous protocol, the RS would have to handle such faults. After the composition transfer, the RS starts receiving
checkpoints from a different CM for the same request and figures out that the CM has changed. The new CM
could communicate with RS via the old CM or use a different path as determined by the underlying GSR routing
protocol. We check for duplicate or spurious checkpoints to ensure consistency of information at the RS. Transparent
composition transfer from one CM to another in the ME is inspired by the following observations: (1) Service
topology change: Discovery or execution level faults are mostly triggered by service topology change due to mobility.
However, except for special cases, it is probable that the required services have not moved too far away from the CM.
Thus, even though the CM might not be able to compose the remaining services, some CM in its vicinity might have
a better chance of composing the remaining part of the request. (2) Network bandwidth conservation: The old CM
may find another CM more easily than the original RS. This is because, if the topology has not changed drastically,

then chances of services being around in the vicinity are higher.

Broker Arbitration: We highlight some differences that are possible in the broker arbitration in the Distributed
Broker Selection based protocol from the previous protocol. Suppose S denotes the DSF of the composite service.
Our distributed Broker Selection based protocol can exercise greedy alternatives for CM selection. As an example,
the potential values of CMs can be calculated by giving more importance to services needed during the initial stages
of the composition as opposed to services needed at a later stage. We recall from section 5 that Sy, (CM;) is number
of atomic services belonging to the composite service that are present in the cache of Broker B;. Unlike in the
previous protocol, we envision that the new value of S,,(CM;)=}" Vs, where Vg, is height of the node S; in the task
graph[31] of S. The new potential value provides more importance towards the discovery and execution of services
needed immediately as opposed to the services needed at a later stage of the composition. This is more appropriate
for lengthy composite services. This would reduce the network load created due to the broadcast of control messages

during this phase.
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Arbitration Control: Service discovery and integration in this protocol is same as in the Dynamic Broker Selection
based protocol. The service execution triggers the arbitration control after encountering a discovery-level or an
execution-level fault. The maximum number of delegations of a composite request is regulated by the distribution
limit parameter. The current CM sends a failure notification to the RS if the distribution limit is reached.
Theoretically, the arbitration control can be triggered immediately after the execution of each atomic service.
However, this generates unnecessary network traffic as the current CM (until it encounters a fault) is capable of
executing the next atomic service in the ESF. We trigger the arbitration control only when the current CM encounters

a discovery or execution-level fault.

e Composition State Freeze: The CM monitors the composition state of each request it receives. The com-
position state consists of information on the discovery state of each service in the request, execution state of
each service, partial results and additional performance parameters like average hop distance of the services
to the CM. On a state freeze, discovery and execution requests that had been issued for other services needed
in the composition are invalidated. Current CM then constructs a discovery-level service flow (DSF) of the

unexecuted part of the composite service.

e State Transfer and Source Notification: The CM transfers partial results of the executed part of the
composite request as well as a DSF of the unexecuted part to the next CM. The CM notifies the source of
the request with the address of the new CM. It invalidates the state that it had maintained for the composite
service. The new CM on receiving the composite service creates a composition state by combining the partial

results and the un-executed DSF. It then continues composing the un-executed DSF.

The Distributed Broker Selection based Composition protocol offers us the following advantages over the Dynamic
Broker Selection protocol. (1) Better adaptability: Our new protocol distributes the task of a single request over
multiple CMs if needed. Change in the service topology may make a new CM more suitable to compose a request
after the composition has started. Our protocol utilizes this and transfers the job to an appropriate CM.

(2) Load reduction on CM for lengthy composite services: A single CM does not need to compose the
entire service. This imposes lesser load on a single CM since the load gets distributed amongst the participating
CMs. (3) Fault reduction for lengthy composite services: The RS potentially receives fewer faults since the

request transfer between CMs take place transparent to the RS. If the CM transfers the request, it has potentially
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discovered a better CM for the request. This design reduces the number of discovery or execution-level faults in the

system.

7 Experiments

We implemented our protocol as part of the distributed event-based mobile network simulator Glomosim [41] (version
2.0). We present results comparing our protocols (Dynamic Broker-based Composition and Distributed Broker-based
Composition) with each other using various service densities, node mobility and composite service lengths. We also
compared our results with a broker-based centralized service composition protocol mostly used for wired networks or
infrastructure-based mobile environments. In this protocol, all the composite requests are sent to a fixed composition
broker or engine. We call it Fized Broker based composition. For the purpose of our simulation, we placed this broker
centrally in the network topology at the beginning of the simulation. We briefly describe the experimental model of

the ME that we considered for our simulations.

ME Experimental Model: Our ME model consists of mobile service providers (SPs) connected to each other
using an ad-hoc network (190m x 190m area). Each SP can become a CM for a request. The RS is also one of these
devices. The devices assume an initial grid-based topology before becoming mobile. We studied the behavior of our
protocols under various conditions of service topologies, service densities and node mobility. Service density in our
model is defined as the percentage of SPs containing one or more of the atomic services required in a composite
request. As an illustration, if a composite service consists of services belonging to the set [S1,52,S3], then a service
density of 60% would mean that 60% of the nodes in the system have either service S1 or S2 or S3 or a combination

of them. Figure 7 enumerates the specific parameters of the ME experimental model that we used in our simulations.

Evaluation Metrics: We define the following additional evaluation metrics for our simulations.

(1) Composition Efficiency: The percentage of composite requests that were successfully composed (discovered,
integrated and executed) by the system.

(2) Broker Arbitration Efficiency: The fraction of composite requests for which a CM was assigned and the
task was received by the assigned CM. Due to disconnections and network topology change in ME, a CM might fail

to receive a task from the RS. This metric measures the efficiency of the Broker Arbitration Phase in deciding and
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actually successfully delivering the task to the CM.

(3) Broker Instantiation Time (BIT): The amount of time taken by a source to decide on a CM and delegate
the task to it. It includes the overhead for carrying out the broker arbitration and transfering the task to the CM.
(4) Composition Radius (CR): The average number of hops needed by a CM (or a group of CMs) in order to
discover the SPs and finally execute a composite service. A low value of composition radius means that most services
were discovered in the nearby vicinity. This further implies that our broker arbitration selects the CM appropriately
with respect to the service topology.

(5) Distribution Index (DI): This parameter defined only in the context of Distributed Broker-based Composition.
It is defined as the number of composite request delegations required to completely compose a service. It is restricted

by the distribution limit of the system.

Simulation Results: The experiments being reported correspond to a set of 100 composite requests for 3 different
seeds of random way-point mobility pattern. Figure 8 shows the effect of service density on the Composition Efficiency.
We observe that our distributed composition protocols clearly outperform the centralized service composition protocol
as we expected based on our arguments in 3 and the adaptability of our protocol. We also see that composition
efficiency increases with increasing service density. This is because required services are more easily available to the
protocol. Moreover, our protocols utilize the service topology to perform the composition efficiently. We observe
that composition efficiency of Centralized Service Composition decreases drastically with increase in the composite
service length (observe the absolute values of the efficiencies in the 3 graphs in figure 8). Our protocols do not
have appreciable decrease in the efficiency. We also observe that in general, the Distributed Broker Selection based
Composition performs better than Dynamic Broker-based Composition in terms of composition efficiency. This is
mostly because the former protocol does not have the single-CM execution policy and hence adapts itself better to
the changing service topology. We also note that sometimes, due to the changing environment, the broker arbitration
might not be successful in finding an appropriate CM (as indicated by the slight dip in the graph for composite
service length=3 in figure 8). This is because, the environment beside the CM might change by the time the task
assignment has reached it.

Figure 9 shows the comparison of Broker Arbitration Efficiency between the three protocols. We observe that

Arbitration Efficiency is in general much higher in our protocols. This is mostly because, the CMs are selected from
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nearby nodes in our protocols. Thus chances of a composite request not reaching its assigned CM are low. This
contributes to the increase in the Arbitration Efficiency. In Centralized Service Composition, each composite request
has to reach a fixed composition engine that is potentially multiple hops away. Hence chances of message losses are
more. In terms of absolute measures, the efficiency observed in our protocols is well above 0.9. We also observe
that generally the efficiency of Dynamic Broker Selection based Composition is fractionally higher than Distributed
Broker Selection based Composition. We believe this is due to the network load generated due to greater number
of broker arbitrations in the Distributed Broker Selection based Composition. We note that the broker arbitration
efficiency does not show any particular relation to the service density in centralized service composition. This is
expected since the service density does not affect the probability of a composite request reaching the selected CM.

Figure 10 shows how the Broker Instantiation Time (BIT) of different protocols compare with each other. We
observe that the value of BIT is very high for Centralized Service Composition. This is attributed to the high end-
to-end delivery delay across multiple hops in a ME. On the contrary, we observe that the BIT of our composition
protocols is significantly lower. In our protocols, the RS selects CMs that are in the nearby vicinity and hence have
much shorter routes. This signifies the need for composition protocols in ME to be able to utilize resources in the
surrounding vicinity. We also see that the BIT does not show any definite relationship with respect to the increasing
service density. This is because the service density only helps in deciding a CM. Since we have uniform service
density, it does not have any implication on how far the CM is from the RS.

Figure 11 shows the comparison of the Composition Radius (CR) for the Dynamic Broker Selection based and
Distributed Broker Selection based composition protocols. The CR observed during our experiments is in general
lower for Distributed Broker Selection based Composition (except for composite service length of 7 where it is
mostly higher). This is mostly due to our Brokerage Delegation mechanism. A CM transfers its brokerage to another
(potentially better placed) CM on an unsuccessful discovery attempt. It does this instead of increasing its search span
and trying again. This results in a lower CR for the Distributed Broker Selection based Protocol. We also observe
contradictions where we see that the CR is fractionally higher for Distributed Broker Selection based Composition
(composition length=7). We believe, it may be due to “inefficient” decisions made by our Broker Arbitration Phase
or due to the dynamic change in service topology. The service topology might have changed in an unfavorable way

in the time gap between during the arbitration period and the actual delivery of the composite request to the CM.
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We believe that the composition radius for our distributed broker selection based protocol is higher for composite
service length of 7 because the broker arbitration efficiency (figure 9) is lower. Thus many CMs actually increase
their broadcast limit to compose required services.

We observe that the average composition radius decreases with increasing service density. This is because with
increasing service density, hop count to discover services decrease. However, we observe an increase in the radius for
Dynamic Broker Selection based protocol (by 0.1) with composition length of 3. This is due to a higher number of
data points and some outliers in the data set for the service density of 40. Figure 12 shows the data distribution of
the actual values, means of which have been plotted in figure 11. We observe that the median values (center lines at
the boxes) and the range of data are very similar for densities of 20 and 40 % and decreases with further increase in
the service density. This supports our claim that our protocol adapts itself with increasing service density to reduce
the amount of network load due to service discovery.

We observe in figure 13 that the number of services that are discovered locally by the underlying GSD service
discovery protocol is consistently high for Distributed Broker-based Composition. Thus the discovery protocol
imposes lesser load on the network since more services can be discovered locally. This result shows that our Distributed
Broker Selection based Composition achieves better utilization of the service topology. The Centralized Service
Composition imposes maximum load on the network since most of its services are not available locally.

We measured the effect of service density on the average number of composite request delegations (viz. Distri-
bution Index) for our Distributed Broker Selection based Composition. The results are plotted in figure 14. We
observe that in a less dense service topology, the CM has to do a large number of request delegations. However, as
the density increases, the number of such delegations decrease since more services are available near a CM. We also

observe that as expected, the distribution index increases with increase in the composition length.

8 Future Work and Conclusions

We have presented distributed Service Composition protocols for mobile environments. Qur protocols are decen-
tralized and utilize the service topology to compose services. Each composite request is independently assigned a
Composition Manager (CM). The Broker Arbitration mechanism uses a controlled broadcast-based scheme for solic-

iting information from nearby nodes. Selection of a CM depends on a device-specific potential value and takes into
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account services present in the device, computation and energy resources and most importantly service topology of
the surrounding vicinity. Service composition is carried out in a distributed manner utilizing the resources/services
surrounding the assigned CM. However, our Dynamic Broker Selection based protocol is based on the concept of
single Composition Manager per request policy. Our Distributed Broker Selection based protocol uses multiple CMs
to execute a request. Both protocols are immune to central point of failure and do not require infrastructure support.

We compared our protocols to a centralized solution (used in wired and WiFi/802.11 environments) where requests
are sent to a central broker in the system. Simulation results show that our protocols perform better in terms of
composition efficiency and broker arbitration efficiency. Our protocols achieves better results in terms of composition
radius and utilizing service topology. We also show that judicious placement strategy of the CMs in our protocols
impose lesser load on the underlying service discovery and network layers. In general, the Distributed Broker Selection
based protocol performs better than Dynamic Broker Selection based protocol in terms of composition efficiency and
composition radius.

Even though service composition is a well recognized problem in the domain of wired-infrastructure services,
it has not been explored in the domain of mobile environments. There are multiple possible extensions to our
current proposed protocols. Our architecture does not impose any dependence on the task-graph of the composite
service. However, various optimizations might be possible if we take the task-graph into consideration. For example,
a composite service might require a few services to be executed in parallel. It might be possible to enhance our
protocol to start parallel broker arbitrations to handle parallel service flows in the task graph. Duplication of service
instances can be taken into consideration while optimizing the discovery and execution cost of the composite service.
We have used a checkpoint-based fault-tolerance strategy. However, it might be possible to vary the frequency of
checkpoints according to the mobility of the environment. We plan to continue our research in this direction to

realize more efficient distributed service composition protocols for mobile environments.
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Figure 1: Infrastructure-less Service Composition Environment
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<rdf:RDF

xmlns:rdf= "http://wuw.w3.org/1999/02/22-rdf-syntax-ns#"
xmlns:rdfs= "http://www.w3.0rg/2000/01/rdf-schema#"
xmlns:daml= "http://www.daml.org/2001/03/daml+oil#"
xmlns:process="&DamlProcess;#">

<daml:class rdf:ID="ViewFileComposite">
<rdfs:subClass0f rdf:resource="&DamlProcess;#CompositeProcess" />
<rdfs:subClass0f>

<daml:Restriction>

<daml:onProperty rdf:resource="gDamlProcess;#composed0f" />
<daml:oneOf rdf:parseType="daml:collection">
<daml:Class>
<daml:intersection0f rdf:parseType="daml:collection">
<daml:Class rdf:about="process:Sequence" />
<daml:Restriction>
<daml:onProperty rdf:resource="&DamlProcess;#components" />
<daml:toClass>
<daml:Class>

<daml:listOfInstances0f rdf:parseType="daml:collection">
<daml:Class rdf:about="#Filedownloader" />
<daml:Class rdf:about="#Printer" />
</daml:1listOfInstances0f>
</daml:Class>
</daml:toClass>
</daml:Restriction>
</daml:intersection0f>
</daml:Class>
<daml:Class>
</daml:Class>
</daml:one0f>
</daml:Restriction>
</rdfs:subClass0f>
</daml:class>
</rdf :RDF>

Figure 3: Description-level Service Flow (DSF) to compose a Printer service and a File Download service
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Figure 4: Flow Diagram of the Broker Arbitration phase in the Dynamic Broker Selection based Protocol
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For each service Si in DSF {
broadCast_Diameter=MIN_DIAMETER;
service_discovered=FALSE;
no_retries=0;
while(!service_discovered && no_retries<=MAX_RETRIES) {

Call GSD to discover Si;

if Si has been discovered{
ESF+=Invocation Details of S_ij;
service_discovered=TRUE;
}

else {
broadCast_Diameter+=BROADCAST_INCREMENT;
no_retries++;

}

Figure 5: Pseudo code of Service Discovery and Integration Phase
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Figure 6: State Diagram of the Arbitration Control phase in the Distributed Broker Selection based Composition
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Duration 3600 seconds (1 hour)
Space (x,y) (190 x 190m)
Tx Range (Transmission Range) 30m
Tx Throughput 20kbps
No. of Nodes 64
Advertisement Interval 10 seconds
Advertisement Timeout 5 seconds

broadcast jitter

10 milliseconds

Mobility

Random way-point with 3 m/s speed and 5 s stoppage time

Initial topology

grid topology with nodes equally spaced out in (x,y)

Service density

20% to 100%

Composite service length 3,5,7
Broker Arbitration MAX_HOP_COUNT 1
MAX_RETRIES to discover an atomic service 3
MAX_CM_DELEGATIONS (distribution limit) 7

Figure 7: ME experimental model parameters
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Effect of Service Density on Composition Efficiency(Composition Length=3)

Effect of Service Density on Composition Efficiency(Composition Length=5)
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Broker Arbitration Efficiency (scale of 1)

Effect of Service Density on Broker Arbitration Efficiency(Composition Length=3)

Effect of Service Density on Broker Arbitration Efficiency(Composition Length=5)
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Average Broker Instantiation Time (sec)
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Average Composition Radius (hops)
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Composition Radius data distribution for Dynamic Broker Selection based Composition (Composition Length=3)
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Fraction of atomic services discovered locally
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Effect on Service Discovery by the different Composition Protocols (Composition Length=3)
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Figure 13: Efficiency of our protocols in terms of locally discovered services
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Figure 14: Effect of Service Density on the number of composite request Delegations for Distributed Broker-based
Composition
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