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Abstract

The increasing complexity, heterogeneity and dy-
namism of networks, systems, services applications
have made our computational/information infrastruc-
ture brittle, unmanageable and insecure. This has ne-
cessitated the investigation of a new paradigm for de-
sign, development and deployment based on strategies
used by biological systems to deal with complexity, het-
erogeneity, and uncertainty, i.e. autonomic comput-
ing. This paper introduces the AutoMate project and
describes its key components. The overall objective of
AutoMate is to investigate key technologies to enable
the development of autonomic Grid applications that are
context aware and are capable of self-configuring, self-
composing, self-optimizing and self-adapting. Specifi-
cally, it will investigate the definition of autonomic com-
ponents, the development of autonomic applications as
dynamic composition of autonomic components, and the
design of key enhancements to existing Grid middleware
and runtime services to support these applications.

1 Introduction

The emergence of computational Grids [4] and the
potential for seamless aggregation, integration and inter-
actions has made it possible to conceive a new genera-
tion of realistic, scientific and engineering simulations
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ASCI/ASAP (Caltech) via grant numbers PC295251 and 1052856,
and the DOE Scientific Discovery through Advanced Computing (Sci-
DAC) program via grant number DE-FC02-01ER41184.

of complex physical phenomena. These applications
will symbiotically and opportunistically combine com-
putations, experiments, observations, and real-time data,
and will provide important insights into complex sys-
tems such as interacting black holes and neutron stars,
formations of galaxies, subsurface flows in oil reservoirs
and aquifers, and dynamic response of materials to det-
onations. However, the phenomenon being modeled by
these applications is inherently multi-phased, dynamic
and heterogeneous (in time, space, and state) requiring
very large numbers of software components and very
dynamic compositions and interactions between these
components. Furthermore, the underlying Grid infras-
tructure is similarly heterogeneous and dynamic, glob-
ally aggregating large numbers of independent comput-
ing and communication resources, data stores and sen-
sor networks. The combination of the two results in ap-
plication development, configuration and management
complexities that break current paradigms based on pas-
sive components and static compositions. Clearly, there
is a need for a fundamental change in how these appli-
cations are formulated, composed and managed so that
their heterogeneity and dynamics can match and exploit
the heterogeneous and dynamic nature of the Grid. In
fact, we have reached a level of complexity, heterogene-
ity, and dynamism for which our programming environ-
ments and infrastructure are becoming unmanageable
and insecure. This has led researchers to consider alter-
native programming paradigms and management tech-
niques that are based on strategies used by biological
systems to deal with complexity, heterogeneity and un-
certainty. The approach is referred to as autonomic com-
puting [1]. An autonomic computing system is one that
has the capabilities of being self-defining, self-healing,
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self-configuring, self-optimizing, self-protecting, con-
textually aware, and open. The overall objective of
the AutoMate project is to investigate key technologies
to enable the development of autonomic Grid applica-
tions that are context aware and are capable of self-
configuring, self-composing, self-optimizing and self-
adapting. Specifically, it will investigate the definition of
autonomic components, the development of autonomic
applications as dynamic composition of autonomic com-
ponents, and the design of key enhancements to existing
Grid middleware and runtime services to support these
applications. Specific issues addressed include:
Definition of Autonomic Components: The definition of
programming abstractions and supporting infrastructure
that will enable the definition of autonomic components.
In addition to the interfaces exported by traditional com-
ponents, autonomic components provide enhanced pro-
files or contracts that encapsulate their functional, op-
erational, and control aspects. These aspects enhance
the interfaces to export information and policies about
their behavior, resource requirements, performance, in-
teractivity and adaptability to system and application dy-
namics. Furthermore, they encapsulate sensors, actua-
tors, access policies and a policy-engine. Together, as-
pects, policies, and policy engine allow autonomic com-
ponents to consistently configure, manage, adapt and op-
timize their execution.
Dynamic Composition of Autonomic Applications: The
development of mechanisms and supporting infrastruc-
ture to enable autonomic applications to be dynamically
and opportunistically composed from autonomic com-
ponents. The composition will be based on policies and
constraints that are defined, deployed and executed at
run time, and will be aware of available Grid resources
(systems, services, storage, data) and components, and
their current states, requirements, and capabilities.
Autonomic Middleware Services: The design, develop-
ment, and deployment of key services on top of the Grid
middleware infrastructure to support autonomic appli-
cations. One of the key requirements for autonomic be-
havior and dynamic compositions is the ability of the
components, applications and resources (systems, ser-
vices, storage, data) to interact as peers. Furthermore
the components should be able to sense their environ-
ment. In this project, we extend the Grid middleware
with (1) a peer-to-peer substrate, (2) context aware ser-
vices, and (3) peer-to-peer deductive engines for com-
position, configuration and management of autonomic
applications. An active peer-to-peer control network
will combine sensors, actuators and rules to configure
and tune components and their execution environment
at runtime and to satisfy requirements and performance
and quality of service constraints.

In this paper we introduce the AutoMate architecture

and describe its key components. The rest of this pa-
per is organized as follows. Section 2 gives an overview
of the design and architecture of AutoMate. Section 3
describes autonomic components in AutoMate. Sec-
tion 3.2 describes autonomic compositions and interac-
tions in AutoMate. Section 4 presents an overview of the
structure and operation of the RUDDER deductive en-
gine. Section 5 presents the design and operation of the
dynamic context aware access control engine. Section 6
describes the Pawn P2P messaging substrate. Section 7
presents SQUID, a P2P system of flexible information
discover. Section 8 briefly discusses the use of Auto-
Mate in enabling autonomic science and engineering.
Finally Section 9 presents some concluding remarks.

2 AutoMate: An Autonomic Component
Framework for Grid Applications

The overall research objective of this project is to de-
velop and deploy AutoMate, a framework for enabling
autonomic Grid applications. Our technical approach
builds on three fundamental concepts:

• Separation of policy from mechanism distilling out
the aspects [5, 13] of components and enabling
them to orchestrate a repertoire of mechanisms for
responding to the heterogeneity and dynamics, both
of the applications and the Grid infrastructure. The
policies that drive these mechanisms are specified
separately. Examples of mechanisms are alterna-
tive numerical algorithms, domain decompositions,
and communication protocols; an example of a pol-
icy is to select a latency-tolerant algorithm when
network load is above certain thresholds.

• Context, constraint and aspect based composition
techniques applied to applications and middleware
as an alternative to the current processes for trans-
lating the application’s dynamic requirements for
functionality, performance, quality of service, into
sets of components and Grid resource require-
ments.

• Dynamic, proactive, and reactive component man-
agement to optimize resource utilization and ap-
plication performance in situations where compu-
tational characteristics and/or resource characteris-
tics may change. For example, if adaptive mesh
refinement increases computational costs, we may
negotiate to obtain additional resources or to reduce
resolution, depending on resource availability and
user preferences.

Building on these fundamental concepts, AutoMate
addresses fundamental issues and provides key solutions

2
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Figure 1. AutoMate Architecture Diagram

in the autonomic formulation, composition, and runtime
management of applications on the Grid.

A schematic of the overall architecture is presented in
Figure 1. AutoMate builds on the emerging Grid infras-
tructure and extends the Open Grid Service Architecture
(OGSA)[21]. AutoMate is composed of the following
components:

AutoMate System Layer: The AutoMate system
layer builds on the Grid middleware and OGSA and ex-
tends core Grid services (security, information and re-
source management, data management) to support auto-
nomic behavior. Furthermore, this layer provides spe-
cialized services such as peer-to-peer semantic messag-
ing, events and notification.
AutoMate Component Layer: The AutoMate compo-
nent layer addresses the definition, execution and run-
time management of autonomic components. It consists
of AutoMate components that are capable of self con-
figuration, adaptation and optimization, and supporting
services such as discovery, factory, lifecycle, context,
etc. (which builds on core OGSA services).
AutoMate Application Layer: The AutoMate applica-
tion layer builds on the component and system layers
to support the autonomic composition and dynamic (op-
portunistic) interactions between components.

AutoMate Engines: The AutoMate engines are decen-
tralized (peer-to-peer) networks of agents in the system.
The context-awareness engine is composed of context
agents and services and provides context information at
different levels to trigger autonomic behaviors. The de-

ductive engine is composed of rule agents which are part
of the applications, components, services and resources,
and provides the collective decision making capability
to enable autonomic behavior. Finally, the trust and ac-
cess control engine is composed of access control agents
and provides dynamic context-aware control to all inter-
actions in the system.

In addition to these layers, AutoMate portals pro-
vide users with secure, pervasive (and collaborative) ac-
cess to the different entities. Using these portals users
can access resource, monitor, interact with, and steer
components, compose and deploy applications, config-
ure and deploy rules, etc. AutoMate leverages the ex-
periences and technologies developed as part of the
DISCOVER/DIOS [7, 8] computational collaboratory
project (http://www.discoverportal.org). The different
components are described in the following sections.

3 ACCORD: An Autonomic Component
Framwork

3.1 Autonomic Components in AutoMate

Autonomic components in AutoMate export infor-
mation and policies about their behavior, resource re-
quirements, performance, interactivity and adaptability
to system and application dynamics. In addition to
the functional interfaces exported by traditional compo-
nents, AutoMate components provide semantically en-
hanced profiles or contracts that encapsulate their func-
tional, operational, and control aspects. A conceptual

3
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overview of an AutoMate component is presented in
Figure 2. The functional aspect specification abstracts

Figure 2. An AutoMate Component

component functionality, such as order of interpolation
(linear, quadratic, etc.). This functional profile is then
used by the compositional engine to select appropriate
components based on application requirements. The op-
erational aspect specification abstracts a component’s
operational behavior, including computational complex-
ity, resource requirements, and performance (scalabil-
ity). This profile is then used by the configuration and
runtime engines to optimize component selection, map-
ping and adaptation. Finally, the control aspect de-
scribes the adaptability of the component and defines
sensors/actuators and policies for management, interac-
tion and control.

AutoMate components also encapsulate access poli-
cies, rules, a rule agent, and an access agent that allow
the components to consistently and securely configure,
manage, adapt and optimize their execution based on
rules and access policies. The access agent is a part of
the AutoMate access control engine and the underling
dynamic access control model, and manages access to
the component based on its current context and state (as
discussed in Section 5). The rule agent is part of RUD-
DER, the AutoMate deductive engine (see Section 4)
and manages local rule definition, evaluation and exe-
cution at the component level. Rules can be dynami-
cally defined (and changed) in terms of the component’s
interfaces (based on access policies) and system and en-
vironmental parameters. Execution of rules can change
the state, context and behavior of a component, and can
generate events to trigger other rule agents. The rule
agent is also responsible for managing, resolving rule
conflicts using rule priorities and a dynamic rule-lock
mechanism.

AutoMate components build on DIOS/DIOS++ [12,
6] which provides mechanisms to directly enhance tradi-
tional computational objects/components with sensors,
actuators, rules, a control network that connects and
manages the distributed sensors and actuators, and en-
ables external discovery, interrogation, monitoring and
manipulation of these components at runtime, and a
distributed rule-engine that enables the runtime defini-
tion and deployment for managing and adapting applica-
tion components. Application components may be dis-

tributed (spanning many processors) and dynamic (be
created, deleted, changed or migrated at runtime). Ac-
cess to a component’s sensors and actuators is governed
by its local access control policies along with global ap-
plication level policies. Rules can be dynamically com-
posed using sensors and actuators exported by applica-
tion components. These rules are automatically parti-
tioned and deployed onto the appropriate components
using the control network, and evaluated by the dis-
tributed deductive engine.

3.2 Autonomic Compositions in AutoMate

Applications are typically composed with well de-
fined objectives. In case of autonomic applications,
however, these objectives can dynamically change based
on the state of the application and/or the system. As
a result, we need to dynamically select components
and compose them at runtime based on current objec-
tives. Together, the profiles, policies, and rules allow au-
tonomous components to consistently and securely man-
age and optimize their executions. Furthermore, they
enable applications to be dynamically composed, con-
figured and adapted. Dynamic application work-flows
[9] can be defined to select the most appropriate com-
ponents based on user/application constraints (highest-
performance, lowest cost, reservation, execution time
upper bound, best accuracy), on the current applications
requirements, to dynamically configure the component’s
algorithms and behavior based on available resources or
system and/or applications state, and to adapt this behav-
ior if necessary. The AutoMate dynamic composition
model may be viewed as transforming a given composi-
tion or workflow into a new one by adding or modifying
interactions and participating entities. Its primary goal is
to enable dynamic (and opportunistic) choreography and
interactions of components and services to react to the
heterogeneity and dynamics of the application and un-
derlying execution environment to produce the desired
user objectives.

The AutoMate dynamic composition model is con-
text aware and is based on policies and constraints that
are defined, deployed and executed at runtime (see Fig-
ure 3). Composition policies and constraints are defined
as simple rules and execute on the distributed deductive
engine (Section 4) - i.e. there is no central authority that
manages the composition process. These rules are de-
fined in terms of the interfaces and aspects [5] exported
by AutoMate components, the current context of the sce-
nario and the overall objective of the application. Rules
are simple and non-recursive, and can be composed and
aggregated in a consistent way - based on logic and con-
straint based programming techniques [10]. Users can
define and deploy rules at runtime provided they have

4
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Figure 3. Autonomic Compositions in AutoMate

the required privileges, and the rules inherit the prior-
ities and privileges of their owners [6]. Rules execute
in a distributed fashion on a peer-to-peer deductive shell
exported by the autonomic middleware as described be-
low. Firing of rules causes the components to adapt, op-
timize, interact and compose. Composition metadata [9]
is defined locally at the component level or globally at
the application or the middleware level using a standard
representation.

4 RUDDER: The Deductive Engine

RUDDER provides the core capabilities for support-
ing autonomic compositions, adaptations, and optimiza-
tions. It is a decentralized deductive engine composed of
distributed specialized agents (component rule agents,
composition agents, context agents and system agents)
that exist at different levels of the system, and represents
their collective behavior. It provides mechanisms for dy-
namically defining, configuring, modifying and deleting
rules. Furthermore it defines an XML schema for com-
posing rules and provides mechanisms for deploying and
routing rules, decomposing and distributing them to rel-
evant agents, and for coordinating the execution of rules.
It also manages conflict resolutions within a single entity
and across entities.

Figure 4 presents a schematic overview of RUDDER.
It builds on AutoMate and Grid services and the underly-
ing semantic messaging infrastructure. Rules can be dy-
namically injected into the system and are routed by the
messaging substrate to the appropriate agents. Further-
more, the agents may hierarchically decompose a rule
and distribute it to peer agents. For example, an appli-

cation level rule may be decomposed into sub-rules that
are assigned to its components. The components rules
may be further decomposed into rules for the underly-
ing systems entities.

RUDDER rules are defined using an XML rule
schema and consists of the following tags: (<RULE
identifier>, <priority>, <ON events>, <USE
component/service>, <IF conditions>, <THEN
actions>, and <ELSE default actions>). The RULE
identifier uniquely identifies the rule in the system. The
priority is assigned to the rule either by the user or the
system. The event(s) specified within the On clause
defines the trigger(s) for the rule. The USE clause
specifies the component or service that will be evaluated
when the rule is triggered. Finally, the IF-THEN-ELSE
clause is used to specify conditions and actions. Local
rule agents maintain rules and manage their creation,
deletion, modification, activation and deactivation, and
execution. When a rule is triggered and the associated
conditional expression is satisfied, the set of actions
specified are executed. A RUDDER agent supports
learning mechanisms to enable dynamic self configura-
tion and adaptation of rules and automatic definition of
new rules based on component and application behavior.
It also provides algorithms and mechanisms to combine
the new rules with the current set of rules, and to resolve
conflicts between rules within the entity.

Figure5 shows a sample RUDDER rule for managing
distributed adaptive mesh refinement (AMR) applica-
tion using GrACE [2]. In these applications, partitioners
are used to dynamically partition the underlying adap-
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Figure 4. The RUDDER Deductive Engine

Figure 5. A Sample RUDDER Rule

tive grid hierarchy. The most appropriate partitioning
algorithm and its configuration depends on application
parameters, the current state of adaptive grid hierarchy
and state of the system [19]. The sample rule manages
the autonomic selection of the appropriate partitioners
to match system and application state. The rule is trig-
gered when an event Request Switch Partitioner arrives
at the relevant rule agent. Each time the rule is triggered,
it uses context awareness services and component as-
pects to get the current system and application state (cur-
rent refinement characteristics and dynamics). It uses
this information to compute the overall computation-
communication ratio to characterize the application state
as computation or communication dominate[19]. The
condition checks the computation-communication ratio
against a user defined threshold and an event is posted to
set the appropriate partitioner type. The threshold value
(cc threshold) can be dynamically changed and may be
adjusted by the rule agent based on recent history.

5 SESAME: Dynamic role-based access
control engine

A key requirement of autonomic applications is the
support for dynamic, seamless and secure interactions
between the participating entities, i.e. components,
services, application, data, instruments, resources and
users. Ensuring interaction security requires a fine
grained access control mechanism. Furthermore, in the
highly dynamic and heterogeneous Grid environment,
the access rights of an entity depends on the entity’s

privileges, capabilities, context and state. For exam-
ple, the ability of a user to access a resource or steer a
component depends on users’ privileges (e.g. owner),
current capabilities (e.g. resources available), current
context (e.g. secure connection) and the state of the
resource or component.The AutoMate Access Control
Engine addresses these issues and provides dynamic ac-
cess control to users, applications, services,components
and resources. The engine is composed of access con-
trol agents associated with various entities in the sys-
tem. The underlying dynamic role based access control
mechanism extends the RBAC (Role Based Access Con-
trol) model[3, 17] to make access control decision based
on dynamic context information. The access control en-
gine dynamically adjusts Role Assignments and Permis-
sion Assignments as illustrated in Figure 6.

The subject is the entity which requests service from
another entity. In AutoMate, the subject may be a user,
application, service or component. The respective con-
text agent is responsible for collecting an entity’s cur-
rent context information such as the state and current
execution environment of a component or an applica-
tion. Based on this context information, the access con-
trol agent dynamically adjusts the user-role and role-
permission relationships to dynamically grant appropri-
ate access permissions. Note that the access control
agent (and context agent) is authenticated and delegated
by the authority service (e.g. a Grid Authority Ser-
vice).In our approach, each component is assigned a role
subset (by the authority service) from the entire role set.
Similarly the component has permission subsets for each
role that will access the component. During a secure in-
teraction, state machines are maintained by the access
control agent at the subject (Role State Machine) to nav-
igate the role subset, and the object (Permission State
Machine) to navigate the permission subset for each ac-
tive role. The state machine consists of state variables
(role, permission), which encode its state, and com-
mands, which transform its state. These state machines
define the currently active role and its assigned permis-
sions and navigate the role/permission subsets to react

6
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Figure 6. Dynamic Access Control Model Figure 7. Dynamic Access Control in Au-
toMate

to changes in the context.
The operation of dynamic access control engine at the

component layer is illustrated in Figure 7. This figure
shows three AutoMate components, A, B, and C, each
with their own access control agents and state machines
assigned to them by the authority service. The access
control agent maintains the role state machine for each
component and defines its active role based on its cur-
rent context. When the subject component accesses an-
other component, it will first get its current role from its
role state machine, and then use this role to access the
component. At the accessed component, a permission
state machine is defined (if it does not already exist) for
the active role. For example, active roles X, Y, and Z
have their own permission state machines at component.
The access control agent at the accessed component will
maintain this permission state machine to define the cur-
rent permissions for a role based in its current context
and state.

6 Pawn: A P2P Messaging Substrate

Pawn[11] is a peer-to-peer messaging substrate that
builds on project JXTA[14] to support peer-to-peer in-
teractions on the Grid. Pawn provides a stateful and
guaranteed messaging to enable key application-level in-
teractions such as synchronous/asynchronous commu-
nication, dynamic data injection, and remote procedure
calls. It exports these interaction modalities through ser-
vices at every step of the scientific investigation process,
from application deployment, to interactive monitoring
and steering, and group collaboration. A conceptual
overview of the Pawn P2P substrate is presented in Fig-
ure 8 and is composed of peers (computing, storage, or
user peers), network and interaction services, and mech-
anisms. These components are layered to represent the
requirements stack enabling interactions in a Grid envi-
ronment. The figure can be read from bottom to top as

Figure 8. Pawn requirements stack

:“Peers compose messages handled by services through
specific interaction modalities”.

JXTA defines unicast pipes that provide a commu-
nication channel between two endpoints, and propagate
pipes that can multicast a message to a peergroup. It
also defines the Resolver Service that sends and receives
messages in an asynchronous manner. The recipient of
the message can be a specific peer or an entire peer-
group. The pipe and resolver service use the avail-
able underlying transport protocol (TCP, HTTP, TLS) to
transport messages from point to point. Pawn extends
the pipe and resolver services to provide stateful and
guaranteed messaging. This messaging is then used to
enable the key application-level interactions such as syn-
chronous/asynchronous communication, dynamic data
injection, and remote procedure calls.

Stateful Messages: In Pawn, messages are platform-
independent, and are composed of source and destina-
tion identifiers, a message type, a message identifier, a
payload, and a handler tag. The handler tag uniquely
identifies the service that will process the message. State
is maintained by making every message a self-sufficient
and self-describing entity that, in case of a link fail-
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ure, can be resent to its destination by an intermediary
peer without the need to be re-composed by its original
sender. In addition, messages can include system and
application parameters in the payload to maintain appli-
cation state.
Message Guarantees: Pawn implements application-
level communication guarantees by combining state-
ful messages and a per-message acknowledgment table
maintained at every peer. FIFO message queues are used
to handle all incoming and outgoing messages. Every
outgoing message that expects a response is flagged in
the table as awaiting acknowledgment. This flag is re-
moved once the message is acknowledged. Messages
contain a default timeout value representing an upper
limit on the estimated response time. If an acknowledg-
ment is not received and/or the timeout value expires, the
message is resent. The message identifier is a composi-
tion of the destination and sender’s unique peer identi-
fiers. It is incremented for every transaction during a
session (interval between a peer joining and leaving a
peergroup) to provide application-level message order-
ing guarantees.
Synchronous/Asynchronous communication: Pawn
combines JXTA communication semantics, syn-
chronous (using blocking pipes) or asynchronous (using
non-blocking pipes) interactions, with its stateful mes-
saging and message guarantees mechanisms to provide
reliable messaging enabling the desired higher-level
application interactions.
Dynamic Data Injection: In Pawn, every peer adver-
tisement contains a pipe advertisement, which uniquely
identifies an input and output communication channel
to the peer. This pipe is used by other peers to create
an end-to-end channel to dynamically send and receive
messages.

Every interacting peer implements a message handler
that listens for incoming messages on the peer’s input
pipe channel. The message payload is passed to the
application/service identified by the handler tag field at
runtime.
Remote Method Calls (PawnRPC): The PawnRPC
mechanism provides the low-level constructs for build-
ing applications interactions across distributed peers.
Using PawnRPC, a peer can dynamically invoke a
method on a remote peer by passing its request as an
XML message through a pipe. The interfaces for the
methods that are exported by a peer are published as
part of the peer advertisement during peer discovery.
The PawnRPC XML message is a composition of the
destination address, the remote method name, the ar-
guments of the method, and the arguments associated
types. Upon receiving a PawnRPC message, a peer lo-
cally checks the credentials of the sender, and if the
sender is authorized, the peer invokes the appropriate

method and returns a response to the requesting peer.
The process may be done in a synchronous or asyn-
chronous manner. PawnRPC uses the messaging guar-
antees to assure delivery ordering, and stateful messages
to tolerate failure.

7 SQUID: Decentralized Discovery Ser-
vice

A fundamental problem in large, decentralized, dis-
tributed resource sharing environments such as the Grid,
is the efficient discovery of information, in the absence
of global knowledge of naming conventions. For ex-
ample a document is better described by keywords than
by its filename, a computer by a set of attributes such
as CPU type, memory, operating system type than by
its host name, and a component by its aspects than
by its instance name. The heterogeneous nature and
large volume of data and resources, their dynamism
(e.g. CPU load) and the dynamism of the Grid make
the information discovery a challenging problem. An
ideal information discovery system has to be efficient,
fault-tolerant, self-organizing, has to offer guarantees
and support flexible searches (using keywords, wild-
cards, range queries). Decentralized peer-to-peer (P2P)
systems, by their inherent properties (self-organization,
fault-tolerance, scalability), provide an attractive solu-
tion.

SQUID [18] supports decentralized information dis-
covery in AutoMate. It is a P2P system that supports
complex queries containing partial keywords, wildcards,
and range queries, and guarantees that all existing data
elements that match a query will be found with bounded
costs in terms of number of messages and number of
nodes involved. The key innovation is a dimension re-
ducing indexing scheme that effectively maps the multi-
dimensional information space to physical peers.

The overall architecture of SQUID is a distributed
hash table (DHT), similar to typical data lookup systems
[15, 20]. The key difference is in the way we map data
elements1 to the index space. In existing systems, this
is done using consistent hashing to uniformly map data
element identifiers to indices. As a result, data elements
are randomly distributed across peers without any notion
of locality. Our approach attempts to preserve locality
while mapping the data elements to the index space. In
our system, all data elements are described using a se-
quence of keywords (common words in the case of P2P
storage systems, or values of globally defined attributes

1The term ’data element’ is used to represent a piece of informa-
tion that is indexed and can be discovered. A data element can be a
document, a file, an XML file describing a resource, an URI associated
with a resource, etc.
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Figure 9. (a) A 2-dimensional keyword space. The data element “Document” is described by keywords “Computer” and
“Network”; (b) Mapping the 2-dimensional space to a curve. The query (011, *) defines clusters on the curve (segments);
(c) Recursive refinement of query (011, *) viewed as a tree. Each node is a cluster, and the bold characters are the cluster’s
prefixes; (d) Solving the query: embedding the leftmost tree path (solid arrows) and the rightmost path (dashed arrows) onto
the overlay network topology.

- such as memory and CPU frequency - for resource dis-
covery in computational grids). These keywords form
a multidimensional keyword space where the keywords
are the coordinates and the data elements are points in
the space. Two data elements are “local” if their key-
words are lexicographically close or they have common
keywords. Thus, we map documents that are local in
this multi-dimensional index space to indices that are
local in the 1-dimensional index space, which are then
mapped to the same node or to nodes that are close to-
gether in the overlay network. This mapping is derived
from a locality-preserving mapping called Space Filling
Curves (SFC) [16]. In the current implementation, we
use the Hilbert SFC [16] for the mapping, and Chord
[20] for the overlay network topology.

Note that locality is not preserved in an absolute
sense in this keyword space; documents that match the
same query (i.e. share a keyword) can be mapped to dis-
joint fragments of the index space, called clusters. These
clusters may in turn be mapped to multiple nodes so a
query will have to be efficiently routed to these nodes.
SQUID optimizes the querying process using successive
refinement and pruning of the queries. These optimiza-
tions significantly reduce the number of nodes queried.
The overall operation of SQUID is presented in Figure 9.

Unlike the consistent hashing mechanisms, SFC does
not necessarily result in uniform distribution of data el-

ements in the index space - certain keywords may be
more popular and hence the associated index subspace
will be more densely populated. As a result, when the
index space is mapped to nodes load may not be bal-
anced. SQUID provides a suite of relatively inexpen-
sive load-balancing optimizations and experimentally
demonstrate that they successfully reduce the amount of
load imbalance.

8 Autonomic Computational Science and
Engineering using AutoMate

A goal of AutoMate is to support autonmic compu-
tational science and engineering. For example, it is cur-
rently being used to develop the ARMaDA framework
for the autonomic runtime management of structured
adaptive mesh refinement (SAMR) applications [2, 22].
These applications are heterogeneous and dynamic, and
require runtime adaptations and optimizations. AR-
MaDA monitors, analyzes, characterizes the state of the
SAMR application using aspects exported by the auton-
mic components. It also monitors and characterizes the
state of the system using the context awareness engine.
Current system and application state is then used to re-
actively and proactively manage application execution
and improve overall application performance. Adapta-
tion/optimizations include defining application parame-
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ters, distribution strategies, partitioning and scheduling
mechanisms, and communication/synchronization algo-
rithms.

9 Conclusions and Current Status

The computational solutions addressed by the Au-
toMate project are based on fundamental innovations
in the development, optimization and deployment of
component-based Grid applications, thereby allowing
the heterogeneity and dynamics of the applications to
match that of the Grid and fully exploit its poten-
tial. These innovations will enable scientists to chore-
ograph high performance, integrated end-to-end simula-
tions that were never possible or attempted before. The
key IT contributions are the methodology and associated
technologies that enable the development of applications
that can manage and exploit the dynamism and hetero-
geneity of the Grid, and that address the extremely seri-
ous problem of software complexity that is threatening
both academia and industry.

We currently have working prototypes of each of the
components presented in this paper, and are in the pro-
cess of integrating them to support autonomic struc-
tured adaptive mesh refinement applications (SAMR)
in science and engineering. Further information about
AutoMate and its components can be obtained from
http://automate.rutgers.edu/.
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