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ABSTRACT

The Business Process Execution Language (BPEL) stan-
dardizes the development of composite enterprise applica-
tions that make use of software components exposed as Web
services. BPEL processes are currently executed by a cen-
tralized orchestration engine, in which issues such as scah-
bility and platform heterogeneity can be di cult to manage.
This paper proposes a distributed agent-based orchestration
engine in which several light-weight agents execute a portion
of the original business process and collaborate in order to
execute the complete process. The complete set of standard
BPEL activities are supported, and the transformations of
several BPEL activities to the agent-based architecture ar e
described. Evaluations on an implementation of this archi-
tecture demonstrate that agent-based execution scales bet
ter than a non-distributed approach, with at least 70% and
120% improvements in process execution time, and through-
put, respectively, even with a large number of concurrent
process instances. In addition, the distributed architect ure
successfully executes large processes that are shown to be
infeasible to execute with a non-distributed engine.

1. INTRODUCTION

Enterprise applications are increasingly being architect ed
in a service-oriented architecture style, in which modular
components are composed to implement the business logic.
The properties of such applications, such as the loose cou-
pling among the modules, is promoted as a way for an agile
business to quickly adapt its processes to an ever changing
landscape of opportunities, priorities, partners and comp eti-
tors. The profusion of Web services standards in this area
re ects the industry interest and demand for distributed en -
terprise applications that communicate with software ser-
vices provided by vendors, clients, and partners.

For example, an online retailer may utilize the services
of a partner shipping company to allow their customers to
track the delivery status of products. The shipping company
here would expose a component that allows its partners to
retrieve delivery status information. Other external serv ices
the retailer may use include a payment service (such as Pay-
Pal), or a product review database. In addition, the retaile r
may use services developed internally, such as a user inter-
face engine (to render interfaces for various devices such a
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a PDA or PC), and an authentication service. Developing
such loosely coupled components makes it easier to develop,
maintain, and modify the application.

It is not uncommon for business processes in industries
such as supply chain management, online retail, or health
care to consist of complex interactions among a large set
of geographically distributed services developed and main
tained by various organizations. The processes themselves
can be very large, long running, manipulate vast quantities
of data, and require thousands or millions of concurrent pro -
cess instances. For example, one of our project partners re-
ports that a large Chinese electronics manufacturer employs
formal business processes to drive its operations activities
including component stocking, manufacturing, warehouse
management, order management, and sales forecasting. The
processes are inherently distributed using department-level
processes for manufacturing, warehouse and order manage-
ment. Each of these processes utilizes from 26 to 47 activ-
ities. There also exist global processes that compose the
department-level ones. In addition to the separation by ad-
ministrative domains, the processes also involve geograph
ically distributed parties including a number of suppliers ,
several organizational departments, 16 sales centers, and
many retailers. Thousands of instances of these processes
are executing concurrently at any point in time. Such large
processes involving dozens of collaborating parties is a n&
ural t for our distributed execution architecture.

Business processes are executed by awlrchestration en-
gine that is responsible for carrying out the activities in the
process, and maintaining the state associated with process
instances. Typically a single engine is deployed to man-
age an application, and scalability is addressed by replicat-
ing the engine. In this paper, we present NINOS, a com-
pletely di erent orchestration architecture, one thatis m ore
in agreement with the distributed nature of the processes
themselves.

NINOS orchestrates business processes by distributing pro-
cess execution across several light-weight agents, each of
which carry out a single activity. This distributed archi-
tecture is congruent with the inherently distributed enter -
prise business processes where geographically dispersedap
ties communicate across administrative domains. Not only
does NINOS remove the scalability bottleneck of a central-
ized orchestration engine, it o ers additional e ciencies by
allowing portions of processes to be executed close to the
data they operate on, thereby conserving data and control
trac. Furthermore, NI NOS supports exible mappings of



the orchestration agents onto heterogeneous platforms and
resources, permitting the system to shape itself from a cen-
tralized to a fully distributed con guration.

NINOS utilizes and exploits the rich PADRES [7]l dis-
tributed content-based publish/subscribe routing infras truc-
ture. All communication in the system occurs as pub/sub in-
teractions, including process coordination among the agents,
control and monitoring. This decouples the agents, which
now only need to be aware of one another's content-based
addresses, which simpli es agent recon guration and move-
ment, and seamlessly allows multiple processes and process
instances to coexist. In addition, in NI NOS, processes are
transformed such that certain computations are carried out
in the pub/sub layer, exploiting advanced features avail-
able in PADRES. This further simpli es the orchestration
agents, and allows these computations to be optimized by
the PADRES layer by, for example, performing in-network
event correlation. Yet another advantage a orded by the
pub/sub layer is ease of administration. Agents can be con-
gured and controlled individually, or as some subset, usin g
their location-independent content-based addresses. Sini-
larly, since all communication occurs over the pub/sub laye r,
the system can be fully monitored without additional instru -
mentation logic. The declarative pub/sub interface suppor ts
expressive queries for precisely the information of interest.

The contributions of this paper include, (1) the design
of the NI NOS distributed business process execution archi-
tecture based on the exible PADRES pub/sub layer; (2)
a procedure to map standard Business Process Execution
Language (BPEL) processes, including the complete set of
BPEL activities, to a set of distributed NI NOS agents, with
control ow realized using decoupled pub/sub semantics;
and (3) an evaluation of the NI NOS orchestration engine
that demonstrates its improved scalability over a central-
ized engine.

We present background and related work in Section B
followed by a description of the BPEL mapping process to
the NI NOS system architecture in Section @ an evaluation
of NINOS in Section @, and some concluding remarks in
Section 3.

2. BACKGROUND AND RELATED WORK

In order to keep the paper self-contained, this section
presents a brief overview of the BPEL language and the
pub/sub model, and places NINOS within the context of
related work.

BPEL: The Business Process Execution Language (BPEL)
standard supports writing distributed applications by com -
posing, or orchestrating, Web services. A BPEL process
consists of a set of prede ned activities. BPEL programs
have properties of traditional programming languages (wit h
concepts of scope, variables, and loops) and work ows (with
concepts of parallel and sequential ows). BPEL processes
are often authored in a proprietary graphical tool that seri -
alizes the process into a standard BPEL XML le.

BPEL activities can be classi ed as basic activities that
perform some primitive operation such as receiving a mes-
sage or throwing an exception, and structured activities that
de ne control ow. The key BPEL activities are summa-
rized in Table [

Several vendors have implemented BPEL engines, includ-
ing IBM, Microsoft, Oracle, and Sun Microsystems. Scal-

Basic Activities

Activity Description
receive Blocking wait for a message to arrive.
reply Respond to a synchronous operation.
assign Manipulate state variables.
invoke Synchronous or asynch. Web service call.
walit Delay execution for a duration or deadline.
throw Indicate a fault or exception.
compensate | Handle a fault or exception.
terminate Terminate a process instance.

Structured Activities
Activity Description
sequence Sequential execution of a set of activities.
while Looping constructs.
switch Conditional exec. based on instance state.
pick Conditional exec. based on events.
ow Concurrent execution.

Table 1: Summary of BPEL activities.

ability is typically addressed by load balancing process in-
stances across a cluster of engines, where each engine still
executes the entire process. In NNOS, however, the indi-
vidual activities within a process are distributed among th e
available computing resources. The latter design also allows
placing computational activities near the data they operat e
on, which is not possible in the cluster architecture. Fur-
thermore, NI NOS is applicable to the realization of cross-
enterprise business process management, where no one sin-
gle entity runs and controls the entire business process, bu
rather the process emerges as a choreographed concert of
activities and sub-processes run by each organization.

Publish/Subscribe: In pub/sub [6] 8] communication,
the interaction between the information producer ( publisher)
and consumer (subscriber) is mediated by a set of brokers.
Publishers publish events to the broker network, and sub-
scribers subscribe to interesting events by submitting sub-
scriptions to the broker network. It is the responsibility of
the brokers to route each event to interested subscribers. In
content-based pub/sub, subscribers can specify constraints
on the content of the events, and the broker network is said
to perform content-based routing of events. The terms event
and publication are often used synonymously in the pub/sub
literature and in this paper.

The routing in our PADRES [7[ldistributed content-based
pub/sub system works as follows. Publishers and subscribers
connect to one of a set of brokers connected in an acyclic
topology. Publishers specify a template of their event space
by submitting an advertisement message that is ooded
through the broker network and creates a spanning tree
rooted at the publisher. Similarly, subscribers specify th eir
interest by sending a subscription message that is forwarded
along the reverse paths of intersecting advertisements, i.e.,
those with potentially interesting events. Now publications
from publishers are forwarded along the reverse paths of
matching subscriptions to interested subscribers.

PADRES extends traditional pub/sub semantics with com-
posite subscriptions that allow event correlations to be spec-
i ed [9]. For example, a subscriber may only be interested in
being noti ed of business processes with at least two failed
instances within an hour. The correlation computations are
performed at strategic points in the broker network. An-
other PADRES extension is historic queries [/] which allow



subscriptions to query for events published in the past in
addition to those in the future. This is useful in enterprise
applications where past system events may be needed for
auditing or analysis purposes.

Distributed work ows: Distributed work ow process-
ing has been studied in the 1990s to also address scalabil-
ity, fault resilience, and enterprise-wide work ow manage -
ment [2] L3, [I0]. Alonsoet al. [2] present a detailed design of
a distributed work ow management system. The work bares
similarity with our approach in that a business process is
fully distributed among a set of nodes. However, the distri-
bution architectures di er fundamentally. In our approach
a content-based message routing substrate is built to natu-
rally enable task decoupling, dynamic recon guration, sys -
tem monitoring, and run-time control. This is not addressed
in the earlier work. Moreover, we present a proof-of-concept
implementation and detailed performance results comparin g
distributed and centralized work ow management architec-
tures.

A behavior preserving transformation of a centralized ac-
tivity chart, representing a work ow, into an equivalent pa r-
titioned one is described in [I0] and realized in the MEN-
TOR system [[L3]. The objective of the work is to enable
the parallel execution of the partitioned ow, while mini-
mizing synchronization messages, and to analytically prove
certain properties of the partitioned ow [10T] A di erent
set of transformations are performed in [LT] where paralleliz-
ing compiler-inspired techniques, including control ow a nd
data ow analysis, are used to parallelize the business pro-
cess to achieve the highest possible concurrency. Both the
transformation papers are complementary to our work since
we operate with the original business process model with-
out analyzing the process. An advantage of executing an
unmodi ed process is that dynamic changes to the execut-
ing business process instances are possible, as their straare
remains unchanged from the original speci cation.

Casati et al. [4] present an approach to integrate exist-
ing business processes within a larger work ow. They de-
ne event points in business processes where events can be
received or sent. Events are Itered, correlated, and dis-
patched using a centralized publish/subscribe model. The
interaction of existing business processes is synchronizé by
event communication. This is similar to our work in terms of
allowing business processes to publish and subscribe. In o
approach, activities in a business process are decoupled ad
are executed by activity agents, which are publish/subscri be
clients. The communication between agents is performed in
a content-based publish/subscribe broker network.

Stream processing:  There has been a lot of interesting
work on distributed stream processing engines [&,[1,[3%,12]
in which a set of operators are installed in the network to
process streams of data and execute SQL-like queries over
the data streams. These operators input and output a set of
streams and may lter, or change the data on these streams.

Borealis [1] is a distributed stream processing engine in
which streams are queried by a network of operators. In ad-
dition to using a proprietary query language, Borealis does
not support loops in the query network, which makes it un-
suitable for general business process execution, speci edn
BPEL or similar languages, where looping constructs are
commonplace.

In the IFLOW [&[1distributed stream processing engine,
IFLOW nodes are organized in a cluster hierarchy, with

Figure 1: PADRES broker architecture

nodes higher in the hierarchy assigned more responsibility.
For example, the root node is responsible for deploying the
entire operator network to its children, and for monitoring
the summarized execution statistics of this network. This
is di erent from our completely distributed architecture i n
which brokers have equal responsibility.

While stream processing engines may bear some architec-
tural resemblance to a set of agents executing a business pre
cess, there are issues related to business process executio
that are not easily handled by stream processing engines.
First, the stream processing work above is based on propri-
etary languages, not an industry standard such as BPEL.
More signi cantly, a business process is conceptually not
simply a data stream. There are notions of process instances
and the accompanying state and isolation semantics that are
not required in streams.

In addition to the semantic di erences between processes
and streams, process distribution in NI NOS di ers from the
above work by exploiting an underlying content-based pub/
sub system. Like [8], our agents are decoupled by com-
municating using pub/sub content-based addresses instead
of network identi ers. In addition, we utilize the  compos-
ite subscription feature in PADRES to o oad some of the
agent processing to the pub/sub network. This simpli es
the agents, and allows the pub/sub network to optimize this
processing logic. This is further explained in Section

3. DISTRIBUTED PROCESS EXECUTION

3.1 PADRES system description

The PADRES system is a distributed content-based pub/
sub system which consists of an overlay network of brokers.
Clients connect to brokers using Java Remote Method Invo-
cation (RMI) and Java Messaging Service (JMS) interfaces.

Network architecture : The overlay network connecting
the brokers is a set of connections that form the basis for
message routing, with each broker knowing only its immedi-
ate neighbors. Message routing in PADRES is based on the
pub/sub content-based routing model, where publications
are routed toward interested subscribers who have expressd
interest in receiving publication content by issuing subsc rip-
tions. At the application level, only publish and subscribe
primitives are available and no IP address information is re -



Figure 2: NI

quired. All distributed client interactions take place int his
manner. A subscriber may subscribe at any time. Publica-

tions are exclusively disseminated to subscribers who have
issued matching subscriptions.

Broker architecture : The PADRES brokers are mod-
ular software components built on a set of queues: one in-
put queue and multiple output queues. Each output queue
represents a unique message destination. A diagram of the
broker internals is provided in Fig. I1 The matching en-
gine maintains various data structures. In one such struc-
ture subscriptions are mapped to rules, and publications are
mapped to facts. The rule engine performs matching and de-
cides the next-hop destinations of the messages. This novel
rule-based routing approach allows for powerful subscription
semantics and naturally enables composites subscriptions
which are more complex rules in the rule engine. Mapping
the subscription language to a rule language is relatively
straightforward, and extending this subscription languag e
does not require signi cant changes in the engine. Further-
more, rule engines are well-studied, allowing PADRES to
take advantage of existing research. The rule-based match-
ing is quite e cient, especially for composite subscriptio ns.

3.2 NINOS system architecture

The NINOS system architecture, as shown in Figure [,
consists of four components: the underlying PADRES bro-
ker network, activity agents, Web service agents, and a
business process manager. As mentioned in Sectiof]2, the
PADRES broker network consists of a network of brokers
that carry out content-based routing and in-network pro-
cessing of composite subscriptions.

In NI NOS, each business process element, such as a BPEL
activity, has a corresponding activity agent, which is a light-
weight pub/sub client. Generally, an agent waits for its
predecessor activities to complete by subscribing to such
an event, then executes its activity, and nally triggers th e
successor activities by publishing a completion event. As a
result, process execution is event-driven and naturally dis-
tributed.

Cross-enterprise business interaction is a requirement in
business processes. For example, BPEL supports invoking
partner Web services. NINOS Web service agentsinterface
Web services with the PADRES network by translating be-
tween Web service protocols (such as SOAP over HTTP)
and pub/sub message formats. This allows the appropriate

#
1$%%

’_C..

1$%%

N

NOS distributed business process execution architecture

activities in a NI NOS business process to invoke and be in-
voked by external Web services. Web service agents support
both static partners, which are de ned at design time, and
dynamic partners, determined at runtime.

The business process managerwhich is also a pub/sub
client, transforms business processes into pub/sub messags
for the activity agents, deploys the process onto the avail-
able agents in the network, triggers instances of business
processes, and monitors and controls the execution.

NINOS addresses three phases of business process execu-
tion: process transformation, deployment, and execution.
In the transformation phase, a business process is mapped
to a set of activity agents and corresponding pub/sub mes-
sages that specify the dependencies among the activities.
The transformation of some interesting BPEL activities is
described in Section[33 in detail.

In the deployment phase, the business process manager
deploys the process to the appropriate activity agents. Each
activity agent subscribes to agent control messageswith a
unique agent identi er, allowing the manager to install an
activity at a particular agent. An agent partakes in a busi-
ness process by issuing the subscriptions as requested by
the manager, thereby building up the inter-agent activity
dependencies and making the process ready to execute.

In the execution phase, the deployed business process can
be invoked through a Web service agent, which translates
the invocation into a NI NOS service request. The service re-
quest is a publication message that speci es the process and
instance identi ers, and other required information. The
rst activity agent in the process, say the receive activity in
the process in Figure [, receives this publication, instanti-
ates a process instance, processes the activity, and trigges
the successorassign activity. Agents execute and trigger one
another using pub/sub messages in this event-driven manner
until the process terminates.

Unlike a centralized orchestration engine, the NI NOS agent-
based engine supports exible deployment. All activity age nts
can be deployed at one node, e ectively executing processes
in a centralized manner, or distributed across the network
to realize fully distributed execution. It is also possible to
cluster sets of agents and to achieve a partial distributed exe-
cution. By automatically and dynamically deploying agents
at strategic points in the network based on network condi-
tions and available system resources, the NINOS execution
engine can optimize the business processes. Such QoS-based



Figure 3: Conceptual system architecture

Process1

activity1

activity4

Sub1:
[class,eq,ACTIVITY_STATUS],
[process,eq,Process1],
[activityName,eq,"activity1"],
[IID,isPresent],
[status,eq,"SUCCESS"]

Sub2:
[class,eq,ACTIVITY_STATUS],
[process,eq,Process1],
[activityName,eq,"activity3"],
[IID,isPresent],
[status,eq,"SUCCESS"]

Pub1:
[class,WHILE_TRIGGER],
[process,Process1],
[activityName,"while1"], [1ID,"g001"],
[triggeredActivity,"activity2"]

Pub2:
[class,ACTIVITY_STATUS],
[process,Process1],
[activityName,"while1"], [1ID,"g001"],
[status,"FINISHED"]

Figure 4: BPEL while activity

business process execution is one of the future research di-

rections for this system.

The PADRES and NI NOS system architecture is concep-
tually summarized in Figure 3. A set of computing and net-
work resources are virtualized by the PADRES distributed
content-based pub/sub routing layer. Over this layer a set
of distributed NI NOS agents collaborate and coordinate to
execute a business process. Finally, various tools are avdi
able to monitor and manage the process execution and the

pub/sub layer.

3.3 Process transformation

NINOS supports the transformation of the complete set
of BPEL features, including fault, compensation, and event
handling. This section outlines the transformation of some
of the more interesting BPEL activities from Table 1, no-
tably the while, pick compensate switch, and ow activities.

3.3.1 While activity

The BPEL while activity repeatedly executes a sequence
of activities until a condition, which is a Boolean expressi on
on BPEL variables, is no longer satis ed.

Sub1:
[class,eq,ACTIVITY_STATUS],
[process,eq,Process2],
[activityName,eq,"activity1"],
[lID,isPresent],
[status,eq,"SUCCESS"]

Process?2

activity1
Sub2:
[class,eq,ON_MESSAGE],
[process,eq,Process2],
[portType,eq,"aPortType"],
[operation,eq,"aOper"],
[variable,eq,"aVar"]

onMessage onAlarm

[ activity2 | [ activity3 ]

Pub1:
[class, ONMESSAGE_TRIGGER],
[process,Process2],
[activityName,"pick1"], [IID,"g001"],
[triggeredActivity,"activity2"]

Figure 5: BPEL pick activity

A generic use of thewhile activity is shown in the BPEL
process fragment in Figure 4, where the italicized activiti es
are placeholders for one of the standard BPEL activities.
The while activity is mapped to a while agent that eval-
uates the condition expressed in the activity, and triggers
the appropriate subsequent activity. In NI NOS, the while
agent evaluates the while condition at the beginning of each
iteration of the loop. In order to be triggered at this time,
the while agent issues the subscriptions Subl and Sub2 in
Figure 4. These subscriptions are matched by the successful
completion of the activity preceding the while activity, or
by the nal activity within the while loop.

As well, the while agent issues publications Publ and
Pub2 in Figure 4 to trigger another iteration of the while
loop or to exit the loop and continue execution with the
rst activity following the loop.

Although not shown, the while agent mapping also speci-
es the subscription and publication messages for the activ -
ity preceding the while activity (activityl in Figure 4), the
rst and last activities within the while loop (activity2 an d
activity3), and the rst activity after the loop (activityd ).
Also not shown are the messages used to assign and retrieve
variables. For example, the while activity may subscribe
to update publications for any variables used in the while
condition, and activities that modify variables publish th is
information.

3.3.2 Pick activity

The BPEL pick activity waits for one or more events to oc-
cur and conditionally executes a sequence of activities bagd
on the event that occurred. The events a pick activity can
wait on include messages, such as Web service invocations or
asynchronous replies, and alarms, which are triggered after
some time duration or deadline.

A generic use of the pick activity is shown in Figure 5.
Note that many details, such as the onMessage parameters,
are omitted. The pick activity is mapped to a pick agent
that blocks and listens for one of the events specied in
the pick activity to occur, and then triggers the appropriat e
subsequent activity. The execution of the pick activity is
triggered when the preceding activity completes. The pick
agent listens for this event with subscription Subl in Fig-
ure 5. Also, the pick agent issues a subscription for each
onMessage it listens for (Sub2 in Figure 5), and when a
matching event occurs, it issues a publication to trigger th e



Figure 6: BPEL compensate activity

Sub1:
[class,eq,ACTIVITY_STATUS],
[process,eq,Process4],
[activityName, eq,"activity1"],

Process4

N [ID,eq,$X],
activity 1 [status,eq,"SUCCESS"]
&

[class,eq,VARIABLE_UPDATE],
[process,eq,Process4],

™" easel |~ “case: 5 [IID,eq,$X],

| case case | [variableName,eq,"var1"]
| | &&

| e P [N [,

| Lactivity2 | | activity3 | : 2

[class,eq,VARIABLE_UPDATE],
[process,eq,Process4],
[IID,eq,$X],
[variableName,eq,"varN"]

activity4

Pub1: Sub2:
[class,SWITCH_CASE_TRIGGER],
[process,eq,Process4],
[activityName,"switch1"],
[1ID,"g001"],
[triggeredActivity,"activity2"]

[process,eq,Process4],
[activityName, eq,"switch1"],
[ID,isPresent],

Figure 7: BPEL switch activity

appropriate activity (Publ in Figure 5).

Note that no subscriptions are issued for onAlarm events
since alarm deadlines or durations are evaluated internally
by the pick agent. As with the previous activity, not all the
subscription and publications messages are shown here.

3.3.3 Compensate activity

Compensation handlers are an application specic roll-
back mechanism in BPEL. The activities in a BPEL pro-
cess are grouped into arbitrarily nested scopes, and each
scope may de ne a fault handler and a compensation han-
dler. When a fault, or exception, occurs, the scope's fault
handler is called. A compensate activity within the fault
handler can call the compensation handlers for any nested
scopes that have successfully executed. A compensation
handler attempts to \undo" the logic within the scope. For
example, the compensation for a scope whose activities ship
a product to a customer may be to cancel the order if it
hasn't been delivered yet, or otherwise notify the customer
that the order cannot be canceled.

A generic use of the compensate activity is shown in Fig-
ure 6. Here, ScopeA's fault handler invokes the compensa-
tion handler in ScopeB. The scope agent for ScopeB sub-

Process Subt:
3 [class,eq,COMP_INFO],
[process,Process3],
ScopeA [activityName,eq,"compensate1"],
Faulttandler [IID,isPresent,"g001"],
fault1 [compScopeName.eq."ScopeB]
Pub1:
s [class, COMP_HANDLER_TRIGGER],
| ScopeB Compensation [process,Process3],
| Handler [activityName,"ScopeB"],
% N2 [|||:>Yugzu]Y
| Lactivity1 achivity? [triggeredActivity,"activity2"]

[class,eq,SWITCH_CASE_TRIGGER],

scribes to compensation events for its scope with Subl in
Figure 6, and triggers the rst activity in its compensation
handler using Publ in Figure 6.

BPEL semantics require the compensation handler to be
called with a snapshot of the variables when the scope com-
pleted. This can be achieved by retrieving these values us-
ing the PADRES historic access capability, or by having
each scope handler cache these values upon scope comple-
tion. These cached values would be ushed when the pro-
cess instance completes. In Figure 6, this would be done by
ScopeB's scope agent.

3.3.4 Switch activity

The BPEL switch activity allows for conditional execu-
tion, whereby one of several case branches is executed based
on a Boolean condition associated with eachcase The cases
are ordered and the rst branch whose condition evaluates
to true is taken. If all the cases fail, an optional otherwise
branch is taken.

Figure 7 gives an example of a process with aswitch ac-
tivity. Not illustrated in the gure is the possibility for e x-
ecution to transfer directly from the switchl activity to ac -
tivity4 if neither case condition is true. In NI NOS, a switch
agent is used to evaluate the case conditions in each branch
of a switch activity.

A switch agent subscribes to updates from the system for
any variables necessary to evaluate the case conditions, ad
determines which (if any) branch should be taken. By us-
ing a composite subscription (Subl in Figure 7), the switch
agent receives a single noti cation of its predecessor activ-
ity's completion, along with all the required variable upda tes
in the associated process instance. After evaluating the case
conditions, the switch agent triggers the appropriate branch
with a publication such as Publ in Figure 7. The rst activ-
ity in each branch subscribes to these trigger publications.
For example, in Figure 7, activity2 subscribes to Sub2. Note
that the case where none of the cases in aswitch activity
are taken is not shown.

An alternative implementation could eliminate the need
for a switch agent entirely, by transferring the responsibil-
ity of determining the appropriate branch to follow to the
rst activities within each case branch. For example, in
Figure 7, the agents associated with activity2 and activity 3
could independently determine if they should execute. The
tradeo , however, is that these agents will have to perform
redundant computations of the case conditions. Recall that
the case statements are ordered and only the rst true case
condition is executed. Therefore, in Figure 7, activity3 mu st
evaluate the condition that case2 is true and that casel is
false. These redundant computations are unnecessary if the
conditions are evaluated by a single switch agent. Further-
more, distributing the computation of the case conditions
requires sending the variable updates necessary to compute
these conditions to several agents.

3.3.5 Flow activity

The BPEL ow activity supports the execution of parallel
branches. Branches in a ow typically execute concurrently ,
but may be synchronized by a link. A link between asource
and target species that the target activity executes only
after the source activity has completed. An activity may be
the source or target of multiple links.

In addition, a source activity may set a Boolean valued



Process5

activity1

Sub1:
[class,eq, ACTIVITY_STATUS],
[process,eq,Process5],
[activityName,eq,"activity1"],
[IID,isPresent],
[status,eq,"SUCCESS"]

Pub1:
[class,ACTIVITY_STATUS],
[process,eq,Process5],
[activityName,"flow1"],

| |
| [activity? .. [activity5 | | |  iD."g001"],
: | [status,"STARTED"]
|
| [activityd | ™ activity6 | 1 | subz:
| : [class,eq,ACTIVITY_STATUS],
| N2 N2 [process,eq,Process5],
| [ activity4 | | activity7 | ! [activityName,eq,"flow1"],
|

[IID,isPresent],

Pub3:
[class,LINK_STATUS],
[process,eq,Process5],
[activityName,"activity2"],
[1ID,"g001",
[status,"POSITIVE"]

Sub4:

[class,eq ACTIVITY_STATUS],

[process,eq,Process5],
[activityName, eq,"activity2"],
[IID,eq,$X],
[status,eq,"SUCCESS"]

&&
[class,eq,LINK_STATUS],
[process,eq,Process5],
[activityName, eq,"activity2"],
[IID,eq,$X],
[status,isPresent]

Sub5:
[class,eq, ACTIVITY_STATUS],
[process,eq,Process5],
[activityName,eq,"activity6"],
[IID,isPresent],
[status,eq,"SUCCESS"]

Il
[class,eq, ACTIVITY_STATUS],
[process,eq,Process5],
[activityName,eq,"activity6"],
[IID,isPresent],
[status,eq,"SKIPPED"]

Pub5:
[class, ACTIVITY],
[process,eq,Process5],
[activityName,"activity7"],
[lID,"g001"],
[status,"SUCCESS"]

[status,eq,"STARTED']

Pub2:
[class,ACTIVITY_STATUS],
[process,eq,Process5],
[activityName,"activity2"],
[1ID,"g001"],
[status,"SUCCESS"]

activity8

Pub4:
[class, ACTIVITY_STATUS],
[process,eq,Process5],
[activityName,"activity6"],
[1ID,"g001",
[status,"SUCCESS"]

Figure 8: BPEL ow activity

transition condition on its outgoing links based on an ex-
pression of its process instance's state. Likewise, a targe
activity may specify a Boolean valued join condition based
on instance state including the state of its incoming links.
A target activity executes only if at least one of its incomin g
links evaluates to true and its join condition is true. A join
condition failure, by default, generates a fault, and contr ol
is passed to the appropriate fault handler. This fault, how-
ever, may be suppressed by setting thesuppressJoinFailure
attribute to true. In the latter case, the target activity is
skipped and all its outgoing links (if any) are set to false.

A generic use of the ow activity, including the use of
a link, is shown in Figure 8. For brevity, not all messages
are shown, and notably, transition and join conditions are
omitted, and assumed to evaluate to true. The ow activity
maps to a ow agent which waits for the preceding activity
to nish (Subl in Figure 8), triggers the execution of each
ow branch (Publ in Figure 8), and then waits for each
branch to complete before triggering the subsequent activity.

Activities within a ow are rst mapped to NI NOS agents
based on their associated transformation rules. For example,
a while activity agent will subscribe to and publish messages
as outlined earlier. Then, each activity agent within a ow
is augmented with the behavior described in the following
paragraphs.

The rst activity in each ow branch subscribes to the
initiation of the ow (Sub2 in Figure 8), and publishes its
completion as usual (Pub2 in Figure 8). Both activity2 and
activity5 belong to this case in Figure 8.

Each link source activity publishes the transition condi-
tion of each outgoing link. In Figure 8, Pub3 indicates a true
transition condition on activity2's outgoing link. On the
other hand, link targets subscribe to the status of their in-
coming links and the source activities associated with those
links. For example, in Figure 8, activity6 subscribes to Sub 4,
and publishes Pub4 when it has completed successfully. A
target activity that does not execute, due to a false join
condition, publishes that it has skipped the execution of th e
activity. A successor activity to a link target must, there-

fore, subscribe to both the execution or suppression of its
predecessor. In Figure 8, activity7, for example, would sub-
scribe to Sub5 and publish Pub5 upon completion. Notice
that the use of the composite subscriptions feature in Sub4
and Sub5 o oads the detection of event correlation patterns
to the PADRES pub/sub layer, simplifying the work of the
activity agents.

All other activities publish and subscribe as usual, and
do not change their behavior as a consequence of belonging
within a ow .

Note that the cases above are not mutually exclusive, and
an activity may be required to behave according to multiple
descriptions. For example, an activity may be both the rst
activity in a ow branch and the target of a link, or may be
both a source and target of (di erent) links.

3.3.6 Other activities

The mappings for the basic BPEL activities from Table 1
are relatively straightforward. For example, the reply ac-
tivity subscribes to the successful completion of its prede-
cessor activity, and publishes the reply message along with
any variable updates. The fault activity, likewise, subscribes
to the completion of its predecessor activity and publishes
a fault message. The mapping of the sequencestructured
activity is also routine compared to the other activities de -
scribed above. Each activity within a sequence simply sub-
scribes to its predecessor's completion, and publishes itsown
completion status.

3.4 Process management

Enterprises demand powerful facilities to control and mon-
itor their business processes. Convenient management fea-
tures are even more important in distributed architectures .

NINOS supports both real-time and historic process moni-
toring. Real-time monitoring is simple to achieve in NI NOS
due to the use of a content-based pub/sub infrastructure.
The monitor, which is a pub/sub client, subscribes to the
execution information of a particular activity, allowing t he
monitor to know the execution status of a process. The ex-



Figure 9: PADRES monitor

pressive content-based pub/sub semantics allow the monitor
to observe the status of individual activities, trace the ex e-
cution of a particular process instance, or perform countle ss
other queries, all without requiring additional instrumen ta-
tion logic at the components being monitored.

Enterprise applications also require probing the execution
of completed processes, perhaps for auditing or analysis pu-
poses. The PADRES infrastructure supports historic data
access using subscriptions that unify the query for past and
future events. Along with PADRES's composite subscrip-
tions feature, both executing and previously executed pro-
cess instances can be correlated and queried. For example,
it is possible to monitor the status of new process invoca-
tions by users who invoked the process at least ten times
yesterday. NINOS also provides a graphical monitoring in-
terface to visualize the network topology, message routing,
and distributed process execution, as shown in Figure 9.
The monitoring itself is entirely based on pub/sub messages,
making it possible, for example, to observe what others are
monitoring.

Advanced process control functions include suspending,
resuming or stopping running process instances. The target
instances can be speci ed by instance id, process id, or any
constraints expressible by the pub/sub semantics. These
functions are useful especially when processes need to be
updated on-line. For example, a manager may suspend run-
ning process instances, dynamically update certain activities
in the process, and resume the instances. The agent-based
execution in NI NOS simpli es this task since only the agents
corresponding to the modi ed activities need to participat e
in the process rede nition. The other activities can contin ue
executing the process.

4. EVALUATION

4.1 Experimental setup

NINOS is implemented in Java compiled with Sun's JDK
1.4.2. The test machines are two Intel Xeon 3GHz machines
with 2GB RAM, and two 1.7GHz machines with 512MB
of memory. In all the tests, in addition to the deployed
activity agents, we add the process deployer client, and an
evaluation client that invokes process instances. Since there
are no accepted benchmarks in this eld, we use the delivery
service business process described in Figure 2.

PC1 PC2 ® Broker
A Agent
Hub A Deployer
1 N~ A Monitor
— Physical
Links
— Logical
PC3 PC4 Links

Figure 10: Broker topology

We compare the centralized and distributed execution de-
ployments. In the centralized scenario, activity agents re side
on the same machine, connecting to a single PADRES bro-
ker. This deployment is designed as baseline and emulates
a centralized execution engine. For the distributed scenario,
a 12 broker network is deployed on the four machines with
the agents connecting to the various brokers, as shown in
Figure 10.

We measure the average process execution time and the
average system throughput while varying the request rate,
the delay of the external Web services, and the size of the
messages. The process execution time is measured from
when the client sends the request to when it receives the
response, and the throughput is the number of process in-
stances the system processes per minute. The default values
for request rate, Web service service time, and message size
are 500/min, 100 ms, and 512 bytes respectively.

4.2 Requestrate

In this experiment, we vary the client process invocation
rate, where each invocation generates a process instance,
and measure the average execution time and throughput, as
shown in Figure 11. We see that the distributed deployment
o ers faster service times, with a more than 70% improve-
ment over the centralized scenario at the highest request
rate of 5000/min. The fact that the distributed scenario of-
fers the same or better response times even for low requests
rates suggests that the overhead of traversing the 12 broker
network in the distributed setup is negligible.

The throughput results in Figure 11 show that, again, the
distributed approach outperforms the centralized one, wit h
the former achieving a roughly 130% increase in maximum
throughput. That is, doubling the computing resources,
more than doubled the throughput.

The distributed deployment bene ts, because it makes use
of more computing resources, and we expect this e ect to
be more pronounced as more resources are added. Another
factor is that it is able to execute parallel ows in the proce ss
simultaneously, and we expect this result to become more
evident in processes with more parallel branches, as shown
in Section 4.5.

4.3 Web service delay

The delay of external Web services a ects the execution
time and throughput as well. In this experiment, the re-
quest rate is xed at 500/min, and we vary the Web service
delay from 20 ms to 2 sec In Figure 12, we see that, as
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Figure 12: Service delay

expected, a longer Web service delay increases the average
execution time. This is because a longer Web service delay
causes the execution engine to handle more concurrent pro-
cess instances, which increases the memory and processing
requirements on the system. The distributed scenario, how-
ever, is much less a ected with execution times about 80%
better than the centralized case.

4.4 Message size

Another factor is the size of the messages, as some pro-
cesses may need to pass around large data sets. As we vary
the message size from 51dytes to 256 kbytes in Figure 13,
the performance decreases by about 5% in both scenarios.
However, the distributed case maintains throughput that is
consistently better than the centralized one, by about 118% .
Therefore, the communication and processing overheads of
traversing a larger broker network is not signi cant even
with message sizes up to 256kbytes

45 Parallelism

In order to further investigate the e ects of increased par-
allelism, we now also deploy the two 1.7GHz machines in the
distributed scenario. The distributed setting then contai ns
four machines with varying resources, each machine running
two PADRES brokers and each broker assigned between four
and eight agents. The centralized scenario is unchanged and
uses one machine and one broker. We also developed two

more business processes. One process is simply a sequence

Message Size (bytes)

Figure 13: Message size

of four activities, while the other contains many activitie s
with ten parallel branches, as shown in Figure 14.

In the sequential process, there is little dierence in re-
quest time or throughput performance between the central-
ized and distributed deployments. However, with the highly
parallel process, the distributed case o ers signi cant be ne-
ts as shown in Figure 15. In fact, for request rates above
50/min, the centralized scenario only executes one instance
of the process, and the remaining instances do not nish
within the evaluation run. Therefore, the centralized de-
ployment does not scale with the size of the business pro-
cess.

5. CONCLUSIONS

In this paper, our contributions are: rst, we propose
a distributed business process execution architecture, based
on a pub/sub infrastructure, using light-weight activity a gents
to carry out business process execution in a distributed en-
vironment. The pub/sub layer simplies the interaction
among agents, and reduces the cost of maintaining execution
state for running process instances. Second, we describe ho
BPEL activities can be mapped to pub/sub semantics which
implicates the process control ow among activity agents.
These agents are loosely coupled at the pub/sub layer, which
makes our agent-based BPEL engine more exible and cus-
tomizable. Last, we carry out a set of experiments compar-
ing our distributed agent-based engine with a centralized
orchestration scenario. The results suggest that the average
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process execution time and throughput is consistently im-
proved by the distributed execution approach with improve-
ments over 70 % and 120 %, respectively. The evaluation
also indicates that the bene t of the distributed approachi s
more obvious under a higher process request workload, say
over 500 requests per minute. In addition, the distributed
approach is well suited to execute highly parallel processes
that are not feasible in a centralized deployment.

For the future work, we would like to explore more ex-
periments with larger business processes and broker topole
gies, and study the distributed business process execution
with QoS constrains by moving activity agents around in
the pub/sub broker network. For example, the average ex-
ecution time may be minimized by moving tightly coupled
activity agents close to one another. Moreover, it is inter-
esting to study more advanced techniques for the valida-
tion of BPEL process speci cations, such as model checking
and simulations for process execution debugging in the dis-
tributed environment.
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