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INTRODUCTION TO THE SPECIAL ISSUE: GRID AND CLOUD COMPUTING AND
THEIR APPLICATIONS

Dear SCPE Reader,
We present a Special Issue on Grid and Cloud Computing and their Applications (http://www.scpe.org/

?a=cfp_si&id=8 ). The �rst six papers included in this issue are modi�ed and extended versions of papers
presented at the 8th International Conference on Parallel Processing and Applied Mathematics, PPAM 2009
(http://www.ppam.pl ), which took place on September 13{16, 2009 in Wroc law, Poland. These papers have
been selected from contributions originally accepted in the frame oftwo workshops: the 4th Grid Applications
and Middleware Workshop, GAMW'2009 (http://www.ppam.pl/?page=gamw ) and the 5th Workshop on Large
Scale Computations on Grids, LaSCoG'09 (http://lascog09.info.uvt.ro/ ). The remaining four papers were
selected from the responses to an Open Call for Papers.

The selected papers are addressing a large variety of current research topics related to the call: distributed
�le systems, scheduling, load balancing, data mining, simulations, mobile agents, scienti�c portals, work
ows,
service negotiations or distributed visualization.

The �rst paper, \VOFS: A Secure Churn-Tolerant Grid File System" presents a specially designed secure �le
system that allows the members of a virtual organization to share �les. A decentralized common �le namespace
is proposed to avoid a single point of failure. The proposed softwarestack includes a P2P system of �le servers
and can operate in a dynamic Grid environment

The second paper, \Matching Jobs With Resources: an Application-Driven Approach" proposes a dis-
tributed matchmaker, named GREEN, which provides Grid users with features for easy submission of job
execution requests containing performance requirements. GREEN relies on a two-level benchmarking method-
ology: resources are characterized by means of their performance evaluated through the execution of low-level
and application-speci�c benchmarks.

In the third paper, \Prediction and Load Balancing System for Distr ibuted Storage," the application of a
common mass storage system model in a national distributed storage system has been described. The prediction
and load balancing subsystem, which provides advanced monitoring functionalities is discussed. The proposed
system makes use of replication techniques to increase availability and performance of data access.

The fourth paper \Distributed Data Integration and Mining Using Ad mire Technology" presents the data
integration engine for environmental data. The proposed software is being developed in the scope of the AD-
MIRE project. The proposed platform allows for integration of data from distributed, heterogeneous resources.
It also allows users to construct reusable application processing elements speci�ed in a DMIL, a language for
data mining and integration.

The �fth paper \Ultra-Fast Carrier Transport Simulation on the Gr id. Quasi-Random Approach" stud-
ies quasi-random number generation in a Grid-enabled package named Stochastic ALgorithms for Ultra-fast
Transport in sEmiconductors (SALUTE). The performance of the corresponding algorithms on the Grid is also
discussed. A large number of tests are reported on the EGEE and the SEEGRID Grid infrastructures.

In the sixth paper, \Management of High Performance Scienti�c Applications Using Mobile Agents Based
Services," an explanation of how programmers can extend their applications to exploit services on heterogeneous
and distributed platforms is provided. A native console is implemented, using mobile agents to control the
application life-cycle. Moreover, software agents implement a mobileservice that supports check-pointing,
suspension, resuming, cloning and migration of managed applications.

The seventh paper \Vine Toolkit|Towards Portal Based Productio n Solutions For Scienti�c and Engi-
neering Communities With Grid-Enabled Resources Support" addresses the challenge of synchronization of
distributed work
ows, and establishing a community driven Grid envir onment for the seamless results sharing
and collaboration. The proposed toolkit o�ers user interface web components to be embedded in the existing
portals, integration with a work
ow engine, Grid security, and a built -in meta-scheduling mechanism allowing
automatic load balancing among data centers to meet peak demands.

The eight paper \Fast Multi-Objective Rescheduling of Work
ows to Constrained Resources Using Heuris-
tics and Memetic Evolution" describes GORBA, a global optimising resource broker and allocator, which is
designed to be used in a static planning environment. Several heuristics for rescheduling are introduced and
their contribution to the overall planning process is studied.

The ninth paper \VieSLAF Framework: Facilitating Negotiations in Clou ds by Applying Service Mediation
and Negotiation Bootstrapping" presents a novel framework forthe speci�cation and management of service level

i



ii Introduction to the Special Issue

agreement (SLA) mappings and meta-negotiations facilitating service mediation, negotiation and bootstrapping
in Cloud computing environments. The users may specify, manage, and apply SLA mappings without a-priori
knowledge about negotiation protocols, required security standards or negotiated terms.

Finally, the tenth paper \Large Scale Problem Solving Using Automatic Code Generation and Distributed
Visualization" presents a new approach to solving four important scalability challenges: programming produc-
tivity, scalability to large numbers of processors, I/O bandwidth, and interactive visualization of large data. The
approach uses the Cactus framework, automated code generation, and numerical methods. A demonstration of
the proposed system was awarded �rst place in the IEEE SCALE 2009 Challenge.

We would like to express our gratitude to all referees who have worked to help authors to improve the
quality of papers selected to be published in this Special Issue.

Dana Petcu,
Ewa Deelman,
Norbert Meyer,
Marcin Paprzycki.
Special Issue Editors
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VOFS: A SECURE CHURN-TOLERANT GRID FILE SYSTEM �y

LEIF LINDB •ACK z , VLADIMIR VLASSOV z , SHAHAB MOKARIZADEH z , AND GABRIELE VIOLINO x

Abstract. A Grid computing environment allows forming Virtual Organi zations (VOs) to aggregate and share resources. We
present a VO File System (VOFS) which is a secure VO-aware dis tributed �le system that allows VO members to share �les with in
a VO. VOFS supports access and location transparency by main taining a common �le namespace, which is decentralized to av oid
a single point of failure in order to improve robustness of th e �le system. VOFS includes a P2P system of �le servers, a VO
membership service and a policy and role based security mech anism that protects the VO �les from unauthorized access. VO FS
can be mounted to a local �le system in order to access �les usi ng a standard POSIX �le API. VOFS can operate in a dynamic Grid
environment (e.g. desktop Grids) since it is able to tolerat e unplanned resource arrival and departure (churn) while ma intaining a
single uniform namespace. It supports transparent disconn ected operations that allow the user to work on cached �les wh ile being
disconnected. Furthermore, VOFS is a user level technique, and the current WebDAV-based VOFS prototype can operate und er
any operating system that has WebDAV mount support.

Key words: grid �le system, virtual organization, peer-to-peer, secu rity, namespace

1. Introduction. A Grid computing environment allows forming Virtual Organizations (V Os). A VO is
a virtualised collection of users or institutions that pools their resources into a single virtual administrative
domain, for some common purpose. A VO File System (VOFS) aggregates data objects (�les, directories and
disk space) exposed by VO members.Exposehere means a VOFS operation to assign a data object (a directory
or a �le on a VO member's computer) a logical name in the VOFS namespace and make it accessible via a
VOFS server.

One major challenge in such a �le system is namespace management. The namespace should allow uniform
and globally unique path names to be associated with data objects wherever they are located in the Grid [1].
Uniform here means access and location transparency of exposeddata objects, and the same view of the �le
system at all nodes. This requires mapping alogical name of a �le in VOFS namespace to its physical location.
The global nature of grids enforces logical names to be uniform across di�erent administrative domains.

In this work we consider ad-hoc grids built of resources voluntarily donated by VO members. VOFS contains
di�erent types of data objects exposed by VO members to be shared within a VO. This paper proposes a user-
level solution for implementation of VOFS that allows exposing data objects, transparent access to the objects,
and maintains the uniform namespace in the presence of resource churn (node leaves, joins and failures). The
proposed VOFS has the following features that make it useful in ad-hoc Grids to create and maintain work
spaces by exposing and sharing data objects by di�erent applications and VO members.

1. VOFS includes a security mechanism that protects exposed dataobjects from unauthorized access. It
supports VO membership management, authentication and role-based authorization according to VO
policies including validity periods in access rights;

2. VOFS maintains a uniform namespace despite of unplanned resource churn;
3. The user-level technique of VOFS allows ordinary applications (�leclients) to access the VOFS using

a standard POSIX �le API, i. e. the applications do not need to be modi�ed to access �les exposed to
VOFS;

4. VOFS is easy to use for non-experienced users;
5. VOFS can operate under any operating system that has WebDAV[2] mount support, e.g. MS Windows,

Linux, Mac OS X;
6. VOFS supports transparent disconnected operations that allow the user to work o�ine on cached �les

while being disconnected.

2. Overview. This work builds on our previous work presented in [3] that proposedthree ways of main-
taining the namespace: a centralized name service; a distributed directory; and a DHT-based name service.
In [3] we have presented VOFS with the centralized name service that has the major disadvantage to induce a

� This paper is an extended version of the paper presented at GA MW 2009 in conjunction with the PPAM 2009 [17].
yThis work was supported by the FP6 Project Grid4All funded by the European Commission (Contract IST-2006-034567).
zSchool of Information and Communication Technology (ICT), Royal Institute of Technology (KTH), P.O. Box Forum 120,

SE-164 40 Kista, Sweden. E-mails: leifl, vladv, shahabm@kth.se
xNet Result AB, Stockholm, Sweden. E-mail: gabriele.violino@gmail.com . Gabriele Violino was at the Royal Institute of

Technology (KTH) while doing this work.
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Fig. 2.1 . Schematic view of VOFS architecture

single point of failure and a potential performance bottleneck. In this paper, we propose to build VOFS with a
namespace maintained as adistributed directory where the namespace information is distributed among peers
so that a peer knows location ofat least those remote �les which are exposed under directories hosted by the
peer. In this VOFS design every peer can potentially learn the entirenamespace (i. e. location of exposed data
objects) via a gossiping mechanism.

In the current VOFS design we consider �les and directories as dataobjects. The data objects can be
exposed to any path in VOFS. An exposed directory o�ers disk space which is used by VO members to create
new objects.

Exposing of a �le or directory from the local node makes the data object accessible for VO members.
Each peer runs a �le server that provides and controls access to data objects exposed from the local node, see
�gure 2.1. Access to the exposed objects is achieved by mounting the local VOFS peer to a mount point, e.g. a
local path. We use the WebDAV protocol [2] to access and transfer �les between peers. Use of WebDAV allows
accessing VOFS through any mount utility supporting WebDAV, e.g davfs2 [4] which o�ers a POSIX complaint
API. Once mounted, access to VOFS is no di�erent from access to local �le system.

3. VOFS Namespace and File Tree. VOFS is formed as an ordinary hierarchical �le tree by exposing
data objects in to the VOFS tree, i. e. by assigning them paths in VOFS. The VOFS namespace is a set of
mappings of logical names to physical locations. When a user exposes1 a data object (a �le or a directory) to
the VOFS namespace, hence the VOFS �le tree, the exposed �le is assigned a logical name, which is a path in
VOFS. The path may include names of virtual directories. A virtual directory is not hosted by any peer, i. e.
it does not really exist. Thus, VOFS consists of exposed real data objects (directories and �les) and virtual
directories that may contain other virtual directories and exposed real data objects.

Initially, the VOFS tree contains only the root, which is initially virtual. T he VOFS namespace, hence the
VOFS tree, is formed explicitly and gradually as a result of exposing and unexposing data objects.

Virtual directories help to maintain the namespace, namely, to avoidpossible namespace partitioning that
might be caused by unexpose operations. If to assume that all directories in the VOFS tree are real (i. e.
physically exist), then unexposing a real directory may cause partitioning of the tree as the data objects under
the unexposed directory can not be properly identi�ed by a path in the single-rooted VOFS tree. This motivates
introducing virtual directories. The unexposed real directory becomes virtual; and names of all objects under
it remain unchanged.

1The expose operation is described in Section 4.1
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When looking up location of an object given its fully-speci�ed VOFS path, a longest pre�x match is done.
The object can be accessed if the exposing peer is online despite of whether other peers are online or not.

Mappings of logical names to physical locations are the major metadata of VOFS. The metadata associates
exported data objects with paths in the VOFS namespace. The same metadata are kept at every node in
two tables: remote.db, which stores location information of data objects exposed by other peers; and local.db
that stores location information of objects exposed by this peer.When a data object is exposed, the exposing
peer adds a pair of local �le system path and VOFS path to the local.dbtable while all other peers adds a
pair of VOFS path and physical host address to their remote.db table. When a data object is unexposed, this
information is removed from all peers. The namespace changes onlywhen peers perform expose or unexpose
operations. Peers communicate metadata by gossiping as explainedbelow. All peers know the entire namespace,
i.e which data objects are exposed and who exposes them.

3.1. Design Options for Avoiding Namespace Partitioning. When designing VOFS, we have con-
sidered the following three possible design options to manage objects (and their metadata) located under an
unexposed directory in VOFS.

1. Unexpose all descendant data objects located under the unexposed directory;
2. Unexpose all data objects located under the unexposed directory that belong to the owner of the

directory, keep objects of other owners;
3. Unexpose all data objects located under the unexposed directory that belong to the owner of the

directory, and keep the unexposed directory as a virtual directory in the VOFS tree, if there are objects
that belong to other owners.

Supporting the �rst design option (i. e. unexposing all objects under the unexposed directory), might be
rather expensive, and might also cause violation of ownership of objects located under the unexposed directory.
Note that in the second and the third option, all data objects under the unexposed directory, which do not
belong to the owner of the directory, remain. However, the second design option results in a partitioned VOFS
tree, i. e. a forest of trees, that complicates maintaining of the �le system and its namespace. Remind that
VOFS must tolerate frequent changes in its resources like node joins, leaves, and failures, and support frequent
exposing and unexposing data objects in a rather convenient way without partitioning of the VOFS tree. Based
on the above considerations, we have chosen the third above option, i. e. to keep an unexposed directory as
virtual when needed (i. e. when it contains data objects that should remain in the tree) in order to avoid VOFS
tree partitioning.

3.2. Algorithm for Namespace Updates. To transfer namespace updates between peers we use a
gossip algorithm based on thelazy probabilistic broadcast algorithmdescribed in [6]. When a peer updates the
namespace it sends anupdate message to all or some of its neighbors. Each peer that receives anupdate message
forwards it to all or some of its neighbours. There will be no loops since a peer never sends the same message
twice.

There are no acknowledgements; instead the following recovery mechanism is used when messages are lost.
Original sender id and a sequence number are attached to each message. Since there is FIFO delivery of messages,
if a peer receives a message with a sequence number larger than theprevious number plus one, it knows that
some messages were lost. It will then send arequire message to a subset of its neighbours. Therequire message
indicates which message was lost and which peer is requiring it. A peer,which receives therequire message
checks if it has the required message. If yes, it sends the requiredupdate message to the requiring peer. If not,
it forwards the require message to a subset of its neighbours.Require messages are forwarded only a speci�ed
number of times. Each peer maintains information about transmitted messages on its hard disk.

Note that the gossip algorithm described above is used only for namespace updates. All other communica-
tion, e.g. �le transfer, involve only two peers.

Due to gossiping, there is no need to search for data objects sinceeach peer maintains its own view of the
namespace. The namespace view is almost the same as views of otherpeers even though there might be some
inconsistencies between views caused by update latency.

4. VOFS Peers. Each user who exposes data objects must run a VOFS peer on her computer; while a
user accessing VOFS does not need to run a VOFS peer. However, inthe latter case, the user must know an
address of any VOFS peer to be able to mount it and to access the VOFS. If the user runs a VOFS peer, then
that local peer, loopback adapter, can be mounted to become the entry point to VOFS. In this case, there is
no need to keep addresses of well-known mount points like in for example AFS [5]. Every of the VOFS peers
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Fig. 5.1 . Interaction between security components

provides the same set of the services that includes (un)expose, join, mount, cache. The services can be accessed
by the user through the GUI of the VOFS peer. The services are described below.

4.1. (Un)Expose. A user (un)exposes data objects using an (un)expose client provided with a GUI in
the current VOFS prototype. When exposing, the user de�nes a data object to be exposed and speci�es its
VOFS path. The expose service stores the logical-to-physical name mapping in the local table and initiates the
update gossip algorithm. If the speci�ed path does not exist, virtual directories are introduced in order to allow
traversing the tree from root to the exposed data object. The root of VOFS is always / . It always exists at
least virtually, but may also be mapped to a real directory. Name collision occurs when the user tries to assign
a VOFS name which is already taken. In the current VOFS, the name collision is resolved as follows: if the
data object to be exposed is a �le, its mapping overrides the mappingof the object previously exposed with the
same name; in case of directories exposed with the same name, theircontents are merged.

4.2. Join. When a user starts a VOFS peer, the peer joins the P2P VOFS system. At startup, the peer
downloads a list of all VO peers from the VO Membership Service (VOMS)2. Then the peer connects to some
other peers selected from the list. The chosen peers and the new peer become neighbours. In the current VOFS
prototype, selection of neighbours is random, but it could be done ina sophisticated way. They also exchange
their VOFS views stored in their local and remote metadata tables described earlier. It is possible for the user
to manually edit a peer's neighbour list through the GUI of the VOFS peer.

4.3. Mount. The user can mount VOFS with any mount utility supporting WebDAV us ed in the current
VOFS; therefore we have not developed any special mount utility; instead, we use davfs [4] on Linux and
NetDrive [7] on MS Windows. VOFS has not been tested on other OSs but Mac OS X has WebDAV support
built in.

Once the VOFS is mounted, all POSIX �le API is supported for manipula ting data objects (provided the
mount utility o�ers a POSIX API). The mount utility will translate the P OSIX calls to WebDAV calls to the
VOFS peer.

4.4. Cache. Each VOFS peer maintains a �le cache. Read and write latency over network is compensated
by the caching mechanism, which also allows o�ine work. VOFS useslast write wins reconciliation policy (a
traditional �le system policy for concurrent writes), which, if need ed, can be replaced by a more sophisticated
reconciliation policy implemented using, for example, Telex [8]. The cached copy is checked for update (compared
to the master copy) when the �le is read. When a �le is written the new content is both stored in the cache and
sent to the exposing peer, which informs all other peers who cached the �le about the update. Also directory
listings are cached, but unlike �les they have an expiry time.

5. VOFS Security. VOFS includes a policy-based security, which ensures that only VO members can
access �les in VOFS. Access rights in VOFS con�rm to VO policies set byresource (�le and directory) owners.

2described in Section 5.1
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The security infrastructure used in VOFS to protect exposed data objects from unauthorized access is
based on the XACML authorization model [9]. The VOFS security allows to de�ne and to enforce VO ac-
cess control policies. Its goal is to provide authentication and authorization according to VO security poli-
cies. When authenticating the user's credentials are checked and the user gets a token which can be used
to prove her identity in authorization checks. Authorization guara ntees that users can only access resources
to which they have right according to VO policies. Authorization is policy-based, policies are expressed in
XACML.

5.1. Security Components. The VOFS security infrastructure is built of the following components.

Virtual Organization Membership Service, VOMS keeps a database of users and roles in the VO. It has
a web based management interface for updating this data. This interface is protected by a PEP. The
VOMS is also responsible for authenticating users.

Policy Enforcement Point, PEP protects a resource (VOFS peer, VOMS, PAP). Each resource has a local
PEP, which is called whenever access rights shall be checked. On each request, the PEP forms an
authorization request to PDP (or to its local cache) that includes the following three parameters.

1. Subject, which is the single sign-on identi�er of the user accessing the data object. This identi�er
was returned by the VOMS when the user signed on;

2. Action , which speci�es a name of an action (e.g. open) to be performed on the resource;
3. Resource, which is the target resource (�le or directory) identi�er in the for m of a �le path.

The PEP sends authorization requests to the PDP, and, upon receiving an authorization response
from PDP, it enforces the authorization decision that can be eitherPermit or Deny. PEP caches the
answers from PDP for further use. Caching of PDP responses at PEPs reduces security overhead. The
PEP cache is invalidated by PDP when the access policies are changed.In order to further improve
performance, the PDP answers not only to the request sent by the PEP, but to requests with the same
subject and resource with all existing actions.

Policy Decision Point, PDP evaluates requests from PEPs according to the policies in PR, it makes the
authorization decisions, and returns them to the requesting PEPsas authorization responses. A PDP
response includes one of the following possible results:

1. Permit , this means that access is granted;
2. Deny, this means that access is rejected;
3. NotApplicable, this means that there was no matching policy;
4. Indeterminate, this means that no decision could be taken. For example there mightbe several

contradicting policies.
5. Error , which means that policies could not be checked because of some exception, for example the

communication link might be broken.
For e�ciency, the PDP maintains a cache of policies (policy objects), which are loaded from the Policy
Repository. Invalidation of the PDP's cache also invalidates all PEP's caches.

Policy Information Point, PIP contacts VOMS to validate the requester's identifying token and get the
requester's roles. The answer from VOMS is cached, together withthe lifetime of the token.

Policy Repository, PR stores the policies as XACML �les.
Policy Administration Point, PAP is a server that makes updates to PR. The PAP is protected by a PEP.

VOFS prototype includes a PAP client that allows the user to set an access control list for a given
data object (directory) in a way similar to AFS [5], i. e. by issuing the setact command or via the
client GUI for a given directory for a given role (user). The access rights set by the PAP client are
applied to all data objects (�les and directories) under the speci�ed directory. The PAP client allows
also specifying time and date for validity periods in access rights. Theaccess rights set by the PAP
client are stored in XACML policy �les in the Policy Repository accessed by PDP. For example, the
following command
setacl -dir @/se/kth -acl teacher rwid -time 01:00:00 13:00 :00
gives the speci�ed roleteacher permissions to read, write, insert and delete (speci�ed asrwid ) under
the directory @/se/kth . The permissions are valid from 1 AM to 1 PM.

We suppose that except for PEP there will be only one instance of each component per VO. Each PEP
should be placed on the same host as the resource the PEP protects.
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5.2. Scenario of Interaction with Security Components. A typical scenario of interactions between
security components and VOFS peers is depicted in Figure 5.1. We distinguish four di�erent phases: creating
users and roles, creating security policies, authentication and access control.
Creating users and roles (1) The VO administrator uses the VO Membership Service, VOMS to create users

and roles.
Setting policies (2) The administrator uses the Policy Administration Point, PAP to cr eate policies. (3) The

PAP stores the policies in the Policy Repository, PR. The PAP will invalida te the Policy Decision Point,
PDP's cache. It can be speci�ed in a policy when it is valid. This can be speci�ed as time, date and
day of week ranges and any combination of these.

Authentication (4) The requester logs in to the VOMS, using a web based interface.If the requester is
authenticated, VOMS returns a token that is stored on the requesters's computer.

VOFS access (5) The requester uses an application that accesses VOFS. The mount utility sends the token
along with the call to VOFS. The call is intercepted by the PEP which protects the VOFS peer. (6)
The PEP asks the PDP whether the requester is allowed to access the peer. (7) The PDP asks the
Policy Information Point, PIP for the requesters's roles. (8) The PIP contacts the VOMS to check if
the token is valid and to get the user's roles. (9) The PDP evaluates the policies stored in PR. (10) If
access was granted, the call is let through to the VOFS peer.

5.3. Secure Communication. The goals of secure communication are
1. To guarantee that PEPs get answers from the correct PDP;
2. To guarantee that PDP gets answer from the correct VOMS;
3. To guarantee that the token identifying a user is not stolen. If it is stolen it can be used to impersonate

that user.
The �rst two goals can be met using certi�cates to identify PDP and V OMS. Regarding the third goal,

there are the following risks that the token is stolen:
1. During transfer (this risk is eliminated with encrypted communicat ion);
2. From the user's computer;
3. By a malicious node pretending to be a VOFS peer;
4. By another VOFS peer.

The second risk can be reduced if the VOMS encrypts the token withthe user's public key. Before the
token is passed to another peer it is decrypted with the user's private key. This means it is not possible to steal
the token from a �le in the user's local �le system, unless also the user's private key is stolen.

The third risk is that someone writes a program that is not a VOFS peer but can issue correct commands
to join the VOFS. If other peers believe it is part of the VOFS and communicates with it, it will get tokens of
other users. This risk is eliminated if peers only communicate with other peers that can prove they are allowed
by VOMS to take part in VOFS. To achieve this it is necessary that all peers can prove their identity using
a certi�cate signed by a trusted certi�cate authority, CA. Such a certi�cate will contain the host address of
the peer and will be issued by the VOMS that runs the trusted CA. Each peer will get its certi�cate from the
VOMS at startup, VOMS maintains a list of allowed peers.

The fourth risk is that a trusted VOFS peer is compromised by a malicious user that changes it to report
calling peer's tokens. This risk can not be eliminated since the purposeof passing the tokenis to let the
receiving peer impersonate the user of the calling peer. The risk canbe reduced in the same way as it is reduced
using proxy certi�cates [10], by restricting the life time of the token and by delegating only a subset of the
delegator's rights.

None of the above solutions require the user to be aware that certi�cates are used. This makes the VOFS
easy to use also for non-experienced users.

6. Implementation of VOFS prototype. The VOFS prototype is implemented using Java Servlets,
hence it can be executed on all platforms supporting Java Servlets. The prototype is bundled with Apache
Tomcat. All that is needed to start it is to specify the PDP location an d to start tomcat.

Figure 6.1 shows main components of the VOFS prototype brie
y described below.
PEP is a servlet �lter that intercepts all incoming requests. It translat es the WebDAV method of the call to

a VOFS operation and calls PDP (not shown in the �gure) to check if the operation is permitted. If
not, an HTTP 403 (forbidden) code is returned.

WebdavServlet is the access point for remote peers and the local mount utility.
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Fig. 6.1 . VOFS implementation

ClientStub is a component that receives requests from WebdavServlet and forwards them to the correct
component.

MetaDataModule keeps meta-data, see section 3, and o�ers the longest pre�x matching engine.
LocalFileSystemStorage is a component that provides access to exposed �les and directories.
Cache caches remote data objects. If a searched object is not in the cache the call is forwarded to the remote

peer hosting it. The returned object is cached.
WebDAV client API is used (responsible) for contacting remote peers to read or writedata objects.
ReconciliationMonitor is a component that continuously monitors the cache to see if an itemin the cache

is newer than the master, if so updates the master.

7. Related Work. Sprite Network File System [11] is a distributed �le system similar in someaspects to
VOFS. Meta-data (location information) in VOFS with decentralized n ame service is handled in a similar way
to Sprite. However; the scopes of the two �le systems are di�erent: Sprite is designed to operate within LANs;
whereas VOFS should operate over WANs. A main di�erence betweenVOFS and Sprite is that Sprite does
not handle partitioning of the �le tree since lookup for a �le starts fr om root and proceeds downwards; whereas
in VOFS longest pre�x match is done on the entire path. VOFS allows virtual directories for keeping VOFS
operational while at least one real object is in the tree. This feature and support for disconnected operation
makes VOFS churn tolerant. Moreover, in Sprite every node exports resources under prede�ned pre�xes and
speci�c sub-directories in the tree while in VOFS a node can expose anywhere in the tree.

There exist peer-to-peer (P2P) �le systems, e.g. OceanStore [12], which were developed as a �le storage
(data store) for �le sharing. A typical P2P �le system is used to sto re/retrieve �les without support for neither
POSIX �le API access (i. e. the systems are not mountable), nor security. Grid �le systems in contrast to P2P
�le sharing systems strongly require authentication and authorization to protect �les from unauthorized access.
VOFS allows the VO members to de�ne and set VO security policies to beenforced by the VOFS security
infrastructure.

Examples of Grid �le systems include gLite �le catalogs [13], Gfarm [14], and Distributed File Services,
DFS [15]. The gLite �le catalogue service [13] is used to maintain location information about �les and their
replicas. In contrast to VOFS, gLite catalogue service is centralized and is a single point of failure. The Gfarm
�le system [14] uses a virtual tree and virtual directories mapped to physical �les by a metadata server, like the
centralized solution described in [3]. Gfarm is designed to be very scalable; however, its metadata server can
become a bottleneck and is a single point of failure since it is not replicated in contrast to VOFS. DFS [15] is
a P2P �le and storage system that can be integrated with a Grid security mechanism. DFS, in contrast to the
presented VOFS, has no hierarchical namespace, but instead o�ers two P2P networks: one for storage space
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Fig. 8.1 . Setup of performance test

and one for names and metadata. DFS is implemented using FUSE [16] that limits its usage only to Linux,
while the WebDAV-based VOFS can run on multiple (if not all) operating system, e.g. MS Windows, Linux,
Mac OS X.

Recently a number of cloud service providers and developers of cloud environments o�er storage cloud so-
lutions, which, in particular, provide storage (e.g. Amazons S3 [18]) and storage services based on that storage
(e.g. Dropbox [19]) that allow to store, access and share �les for many users for a reasonable price at any
time from anywhere, with high-quality of service guarantees. The cloud-based storage is an attractive stor-
age solution for end-users, and it can also be integrated and used inGrids. However there are certain issues
(common for any cloud solutions) to be considered when storing data on a cloud environment, namely, trust
and a single vendor lock-in, as data are stored in the cloud storage provided by a cloud provider, rather than
on the computers of data owners or data sharers. In contrast to a cloud-based storage service, e.g. Drop-
box, VOFS is formed of and builds on resources (storage) donatedby VO members, and therefore one can
expect that members of the VO trust each other in providing a secure �le system. From security perspective,
Amazon S3 API provides both bucket (�ne grained) and object level (coarse grained) access controls, while
VOFS does not support the notion of bucket level data management, hence; only provides object level ac-
cess. Obviously, security mechanism in VOFS is not comparable with Amazon S3 API as �le system space in
VOFS is provided by volunteer collaboration between VO members which can not prevent back-door (unau-
thorized) access to data stored in a host machine or cached on a VOFS peer. However this undesired situ-
ation can be alleviated as we consider an implicit trust relationship between VO members. Also, it should
be clear that a VO member without permission to see a particular �le will never be able to download that
�le. Hence, �les are only stored on computers of members who are allowed to see the �les. Finally, an ad-
vantage of the VOFS security model is that �les are never stored on a server. Files will only exist on the
computers of the �le owner and the VO members who are allowed to see the �le. It is also worth noting that
VOFS is open and free (no vendor lock-in and only the members resources are used,) and that the VOFS is
a �le system, not just a storage area, that is the VOFS maintains a �le tree built by its users data own-
ers.

8. Performance. In order to evaluate performance of the VOFS prototype, we have performed a number
of evaluation experiments on the setup shown in Figure 8.1. The nodes used in the evaluation experiments are
PCs with 1.86 GHz Intel Centrino CPUs and 1 GB RAM on a dedicated 100Mbps LAN. We have evaluated
performance of namespace updates, �le transfer and �le lookup.

We have done two measurements of the namespace update algorithm (see Fig. 8.2). The �rst measurement
concerns updates without lost messages. It shows how long time it takes for an update message to reach a node
that is one, two, four and eight network hops away from the updating node. The second measurement shows
recovery of missed namespace update messages due to a node being disconnected from the node performing the
updates. Figure 8.2 shows how long it takes to get information aboutall namespace updates performed while
the node was disconnected. This is measured with one, two, four and eight missed update messages. The time
is reduced if all lost messages are required and resent with one message, now there is one require and one resend
per lost message. Figure 8.2 shows that the algorithm scales well.
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Fig. 8.2 . Namespace update performance.

Fig. 8.3 . Lookup performance.

Figure 8.3 shows how long time it takes to �nd out which node exposes agiven �le. This is a local operation,
since all nodes have information about the entire namespace. The lookup time is about 0.7 ms per �le no matter
how many �les are looked up.

The read test copies 100 �les from a remote peer to the local �le system (outside VOFS). The �le cache is
big enough to contain all �les. The results are presented in Fig. 8.4. The �gure also depicts timings for copying
�les within the local �le system in order to compare performances ofthe local �le system and VOFS. Bandwidth
when transferring smaller �les is lower because overhead takes proportionally more time. The overhead is mainly
due to that the mount utility (davfs2) reads �le properties before transferring �les.

The write test copies 100 �les from the local �le system (outside VOFS) to a remote peer. Results of write
test are in Fig. 8.4. Cache does not speed up performance since �le content is written both to cache and to
remote peer.

9. Conclusion. We have presented a churn tolerant VOFS that maintains a uniform namespace in a
dynamic environment, that is when nodes frequently join or leave the VOFS. The VOFS provides a shared
workspace for VO members and it is easy to use. It includes VO membership management, authentication and
authorization. The VOFS Prototype is available at http://www.isk.kth.se/~leifl/vofs/ .

Acknowledgments. Special thanks to Chen Xing (chenxing@kth.se) who implemented the�rst version
of the VOMS and the gossip based protocol.
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Abstract. We present a distributed matchmaking methodology based on a two-level (low-level and application-level) bench-
marking, that allows the speci�cation of both syntactic and performance requirements. In particular, we point out how t he use of
application-level benchmarks gives a more accurate charac terization of resources, so enabling a better exploitation of Grid power.
The proposed methodology relies on the use of standard descr iption languages at both application and resource sides, to foster
interoperability. Moreover, the proposed tool is independ ent of the underlying middleware, and its distributed struc ture supports
scalability.

Key words: grid platforms, benchmark-driven resource matchmaking, j ob submission languages extensions, interoperability

1. Introduction. Grid platforms supply users with a very large number of di�erent resources to execute
demanding applications. To exploit at best Grid power, e�cient query and discovery tools are needed, able to
provide a good matching of user requirements with resource characteristics. Unfortunately, Grid middleware
o�er only basic services for the retrieving of information about single resources, and thus they are often inad-
equate to describe more detailed and speci�c user requirements. So, usually, a matchmaking component (e.g.
broker, matchmaker) manages over the middleware this supply-demand coupling process [1].

Some general criteria must be followed to provide a suitable and e�ective Grid matchmaker: a concise but
as complete as possible description of application needs and resource properties, grounded on a common and
shared basis, to assure interoperability; the management of bothsyntactic and performance requirements; the
independence of the underlying middleware; a distributed structure, to allow scalability.

During past years we developed the tool GEDA (Grid Explorer for Distributed Applications), based on a
distributed approach for Grid resource discovery, which combinesa structured view of resources (single machines,
homogeneous and heterogeneous clusters) at the Physical Organization (PO) level with an overlay network
connecting the various POs [2, 3]. The GEDA architecture is modular and independent of the particular Grid
middleware, although we worked with Globus Toolkit 4 [4]. The system is particularly suitable for discovering
resources for structured parallel applications on large Grids.

To enhance the e�ciency of the tool we develop a methodology to improve the matchmaking process based
on information about performance of resources. Our aim is to supplement the basic information available via
the Grid Information and Monitoring services by annotating resources with both low-level and application-
speci�c performance metrics. These relevant aspects of resources could be examined by a broker to �lter out
the solutions that best �t application requirements.

Indeed, benchmarking is a widespread method to measure and evaluate performance of computer platforms
[5]. Particularly, application-speci�c benchmarks are widely acknowledged tools in the High-Performance Com-
puting (HPC) domain, to measure the performance of resources stressing simultaneously several aspects of the
system. Notwithstanding, so far application benchmarks have notbeen extensively considered on the Grid,
owing to various problems, such as very diversi�ed types of applications, architectural complexity, dynamic
Grid behavior, and heavy computational costs [6].

On this basis, we design GREEN (GRid Environment ENabler), a Grid service which represents an enhanced
version of GEDA, whose main improvement is the management of benchmarks for a more precise characterization
of resources. GREEN is a distributed matchmaker which complies withthe above speci�cations, useful both
for Grid administrators and users. It assists administrators in the insertion of benchmark information related
to every PO composing the Grid, and provides users with features which a) facilitate the submission of job
execution requests, by specifying both syntactic and performance requirements on resources; b) support the
automatic discovery and selection of the most appropriate resources. The aim of GREEN is the discovery of
the resources that satisfy user requirements and their orderingby performance ranking. The selection phase is
left to a (meta)scheduler, allowing to apply the preferred scheduling policies to meet speci�c purposes.

An important point of our work is the use of both low-level and application-level benchmarks. Indeed, often
it can occur that the rankings of resources based on low-level andapplication-level benchmarks are di�erent,

y IMATI-CNR, Via De Marini 6, 16149 Genova, Italy
z IEIIT-CNR, Via De Marini 6, 16149 Genova, Italy

109



110 A. Clematis, A. Corana, D. D'Agostino, A. Galizia and A. Quar ati

with the second one usually closer to the e�ective performance obtainable by the user application. In this sense
the use of application-level benchmarks allows a better exploitationof Grid resources.

Another important design goal of GREEN is interoperability. To this e nd, a unique standard language,
namely JSDL (Job Submission Description Language) [7], is used to express job submission requirements, and an
internal translation to the job submission languages used by the various middleware is performed. Middleware
independence is pursued through an extension of JSDL in conformity with the GLUE (Grid Laboratory for
a Uniform Environment) schema v. 2.0 [8]. Moreover, since we are interested in the execution of parallel
applications, we borrowed from JSDL SPMD [9] some extensions to JSDL related to concurrency aspects.

This paper summarizes design principles, and provides an extended and modi�ed version of the work [10];
main extensions regard the presentation of some experimental data on two di�erent high performance platforms,
and some preliminary results highlighting the usefulness of the proposed approach in a Grid environment.

The paper is organized as follow. Section 2 gives a brief overview on the state of the art about matchmaking
and benchmarking on the Grid; Section 3 discusses the main contributions in the �eld of job and resource
characterization languages. Section 4 brie
y outlines the two-level benchmarking methodology, while Section 5
reports some preliminary experimental data collected on two parallel machines enlightening the usefulness of our
approach. Section 6 gives a proof of concept of its adoption. Section 7 describes the design issues of GREEN,
and an analysis of the extensions operated to existing languages. Section 8 gives some concluding remarks.

2. Related Works. The implementation of an e�cient and automatic mechanism for the e� ective discov-
ery of the resource that best suits a user job is one of the major problems in present Grids.

An important requirement is scalability, that is assured avoiding centralized structures; for example in [11]
the Vigne tool is proposed, whose main features are a simple abstract view of resources, an application manager
which selects resources using a resource allocator based on scalable and distributed discovery, and a decentralized
overlay network. However, the tool does not support benchmark information.

The Globus toolkit does not provide a resource matchmaking/brokering as a core service, but the GridWay
metascheduler [12, 13] was included as an optional high-level service since June 2007. GridWay provides dy-
namic scheduling, performance slowdown detection, opportunisticand on request migration, and fault recovery
mechanisms. The main drawback of GridWay is that it allows users to specify only a �xed and limited set of
resource requirements, most of them related to the queue policiesof the underlying batch job systems. This
choice limits the ranking of resources, and benchmarks are not considered at all.

On the contrary, gLite has a native matchmaking/brokering service that takes into account a richer set of
requirements, including benchmark values [14]. However, this service is based on a semi-centralized approach,
and may result in long waiting time in the job execution. Moreover, at the moment only the SPEC benchmark
suite is considered, which mainly evaluates CPU performance; thus,the description of resources is partial, and
can be inadequate to speci�c application requirements.

Work Binder [15] is a tool developed for the gLite middleware, based on the use of pilot jobs and aimed
at assuring to incoming applications a fast access to computing resources; the tool is speci�cally designed to
support interactive applications and on-demand computing, and can be adapted for di�erent middleware.

A way to improve the e�ciency of resource discovery, is to drive the search towards resources that shown
good performance in the execution of jobs with similar or known behaviour. As explained in Section 3, the
characterization of Grid resources based on pre-computed benchmarks seems a valid strategy to follow. The
importance of benchmarking to evaluate resources in a Grid environment is largely acknowledged together with
the criticalities that this task implies [16]. Actually, besides the set of interesting parameters to measure (e.g.
CPU speed, memory size) di�erent factors have to be taken into account when considering the execution of a
benchmark suite on a Grid.

Several works proposed tools to manage and execute benchmarking on Grid. The Grid Assessment Probes
[17] attempt to provide an insight into the stability, robustness, and performance of the Grid. The probes are
designed to serve as simple Grid application exemplars and diagnostic tools. They test and measure performance
of basic Grid functions, including �le transfer, remote execution, and Grid Information Services (ISs) response.

The GridBench [18] is a modular tool aimed at exploring large-scale Grids in a interactive manner, taking
into account performance aspects, adding new metrics to the basic ones supplied by middleware. It provides
a graphical interface to de�ne, execute and administrate benchmarks, also considering interconnection perfor-
mance and resource workload. GridBench makes use of plug-ins to assure interoperability with the various
middleware (currently Globus and gLite).
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The NAS Grid Benchmark (NGB) suite [19] is de�ned by NASA, and represents typical activities of Compu-
tational Fluid Dynamics applications. It provides a set of computationally intensive benchmarks representative
of scienti�c, post-processing and visualization workloads, and tests the Grid capabilities to manage and execute
distributed applications. It uses four kinds of data-
ow graphs according to parallel paradigms extracted from
real applications in NASA.

All tools described above do not provide mechanisms for the submission of jobs and for their matching
with resources. A brokering mechanism based on benchmarking of Grid resources is proposed in [20]. However,
the scope of that broker is focused on the ARC middleware and the NorduGrid and SweGrid production
environments, and it adopts xRSL, an extension of RSL (ResourceSpeci�cation Language), to submit user's
jobs. As a consequence, this approach lacks in generality and interoperability.

3. Resource and Job Characterization. To accomplish the matchmaking task, a proper description of
resources is required at resource/owner and job/user side. To this end, di�erent projects and research groups
have proposed di�erent languages.

At the resource side, adequate information is required to advertise resource's static (e.g. OS, number of
processors) and dynamic (e.g. number of executing tasks, amount of free memory) properties. Actually, the
main e�orts in the direction of a standard resource description language come from the GLUE Working Group,
which deployed the GLUE schema [8]. It is a conceptual model of Grid entities comprising a set of information
speci�cations for Grid resources; an implementation through an XML Schema is given in [21]. As the schema
has evolved during years, di�erent versions have been used by various middleware, leading to the GLUE 2.0
speci�cation. It allows the benchmarking characterization of resources by specifying theBenchmarkt complex
type referencing benchmarks of type de�ned byBenchmarkTypet . Through the latter, declared as an open and
extensible enumeration type, it is possible to specify a benchmark amongst a list of six values (e.g. specint2000,
specfp2000, cint2006). However, other values compatible with the string type and with the recommended syntax
are allowed.

At the user side, a job submission request expressed via a Job Submission Language (JSL), in addition to
stating the application-related attributes (e.g. name and location of source code, input and output �les), should
express syntactic requirements (e.g. number of processors, main memory) and ranking preferences (if any) to
guide and constraint the matching process on resources.

The Job Description Document (JDD) [22], introduced by Globus Alliance with the Web Services versions of
the Globus Toolkit, de�nes an XML language closer to the XMLish dialects used in the Web Services Resource
Framework (WSRF) family. The main purpose of a JDD document is to set the parameters for the correct
execution of a job. The selection of the facilities to use has to be performed in advance by interacting with the
WS MDS services of the available resources. In the JDD schema, it is possible to specify only few requirements,
as the minimum amount of memory, or to set useful information as the expected maximum amount of CPU
time. It is however possible to extend the schema with user-de�nedelements.

The European Data Grid Project proposed the Job Description Language (JDL), afterwards adopted by
the EGEE project [23]. A JDL document contains a 
at list of argument-value pairs, specifying two classes of
job properties: job speci�c attributes and resources-related properties (e.g. Requirements and Ranks) used to
guide the matching process towards the most appropriate resources. These values can be arbitrary expressions
using the �elds published by the resources in the MDS, and are not part of the prede�ned set of attributes for
the JDL, as their naming and meaning depend on the adopted Information Service schema. In this way, JDL
is independent of the resources information schema adopted.

The Job Submission Description Language (JSDL) developed by the JSDL- Working Group [7] of the
Global Grid Forum, aims to synthesize consolidated and common features available in other JSLs, obtaining
a standard language for the Grid. JSDL contains a vocabulary and normative XML Schema facilitating the
declaration of job requirements as a set of XML elements. Likewise JDL, job attributes may be grouped in two
classes. TheJobIdentification , Application and DataStaging elements describe job-related properties. The
Resources element lists some of the main attributes used to constraint the selection of the feasible resources
(e.g. CPUArchitecture , FileSystem , TotalCPUTime). Since only a rather reduced set of these elements is
stated by the JSDL schema, an extension mechanism is foreseen. Examples of JSDL extensions able to capture
a more detailed description of the degree of parallelism of jobs are presented in [9, 24].

In Section 7 we present our proposal aimed at extending GLUE and JSDL with elements capable of ac-
counting for the association of benchmarks data at both user andresource sides.
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4. A Two-Level Benchmarking Methodology. To describe Grid resources, we propose a two-level
methodology aimed at giving a useful enriched description of resources, and at facilitating the matchmaking
process. Our methodology considers two approaches: I) the useof micro-benchmarks to supply a basic de-
scription of resource performance; II) the deployment of application-driven benchmarks to get a closer insight
into the behavior of resources under more realistic conditions of a class of applications. Application-driven
benchmarks can consist of:

a) the application itself, often in a light version obtained choosing a reference input data set and spe-
ci�c parameters to avoid long executions, obtaining in the meantime arepresentative run of the real
application;

b) a suitable benchmark or benchmark suite belonging to the same class of the application of interest (e.g.
the LINPACK benchmark for the class of linear algebra applications).

Through application-driven benchmarks, it is possible to add an evaluation of the resources on the basis of the
system indicators that are more stressed by an application. Our present aim is to provide a proper description
of each Grid resource in isolation, i. e. without considering complexityaspects of Grid environments. Future
developments of our work foreseen to address more complex scenarios.

4.1. Micro-Benchmarks. In order to supply a basic resource characterization, mainly basedon low-
level performance capacity, we consider the use of traditional micro-benchmarks. To this aim, a reasonable
assumption is that the performance of a machine mainly depends on the CPU, the memory and the cache, and
on the interconnection network [25]; therefore, we choose a concise number of parameters to evaluate in order to
provide an easy-to-use description of the various nodes. Table 4.1shows resource properties and related metrics
measured by the micro-benchmarks we employed.

Table 4.1
Low-level benchmarks and related metrics.

Resource Capability CPU Memory Memory-Cache Interconnection I/O

Metric MFLOPS MB/sec MB/sec MB/sec MB/sec

Benchmark Flops Stream CacheBench Mpptest Bonnie

Flops provides an estimate of peak 
oating-point performance (MFLOPS); Stream is the standard bench-
mark for measuring sustained memory bandwidth, as it works with datasets much larger than the available
cache; CacheBench is designed to characterize the performanceof possibly multiple levels of cache present on
the processor; Mpptest measures the performance of some basic MPI communication routines; Bonnie performs
a series of tests on a �le of known size (default 100 MB).

The micro-benchmarks used in this phase generally return more than one value; so, to obtain results
easily usable in the matchmaking process, we considered for each benchmark synthetic parameters or the most
signi�cant value. They are used to characterize resources by populating the benchmark description managed
by GREEN.

4.2. Application-Speci�c Benchmarks. Micro benchmarks are a good solution when the user has little
information about the job she/he is submitting, and for applications that are not frequently executed. Indeed,
very often the participants to a Virtual Organization have similar aim s, and therefore it is possible to identify a
set of the most used applications. In these cases the most suitableapproach is to evaluate system performance
through application-speci�c benchmarks that approximate at best the real application workload. This kind of
benchmarks represent the second level of our methodology.

As case studies for this level we considered some applications of ourinterest, i. e. image processing, isosurface
extraction, and linear algebra. For the �rst two classes of applications, we choose a light version code aiming to
emphasize precise aspects of the considered metrics. With respect to image processing, we selected a compute
intensive elaboration applied to a reference image of about 1 MB; in this way CPU metrics are mainly stressed.
The isosurface extraction application provides a more exhaustive performance evaluation of the system, as also
I/O operations are heavily involved. In this case, we considered theprocessing of a small 3D data set of 16 MB,
producing a mesh made by 4 million triangles. On the contrary, to represent the class of applications based on
linear algebra, we used the well known Linpack benchmark [26]. For application-driven benchmarks, the metric
considered to characterize resources is execution time. Similarly tothe micro-benchmarks case, the results are
stored in the internal data structures of GREEN.
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5. Benchmarking resources. To evaluate the e�ectiveness of our methodology in resource characteriza-
tion, we performed some experiments on several resources normally used to deploy and execute our applications.
For sake of simplicity, here we focus on two speci�c high-performance resources: 1) the Michelangelo system,

Fig. 5.1 . Comparison between resources according to FLOPS benchmark .

made up of 53 nodes interconnected by a Gigabit switched Ethernet. As a whole, the system provides 212
AMD Opteron 275 dual core with a clock rate of 2.2 GHz. Each CPU is equipped with 2 GB RAM, and the
total shared storage amounts to 30 TB [27]. 2) the SiCortex SC1458 system with 243 SiCortex node chips,
each equipped with six cores, and linked by a proprietary interconnection network supporting a large message
bandwidth of 4 GBytes/sec. This system pursues the Green Computing guidelines, through extremely low
energy consumption [28].

By a quick comparison clearly emerges that the two resources greatly di�er both in terms of the total
number of CPUs and in terms of single CPU performance. In fact, SC1458 has a greater number of CPUs than
the Michelangelo cluster, but the latter has faster CPUs. Despite these technical di�erences from which one
may infer consequent performance results, this expectation is contradicted by our experiments as shown by the
following discussion.

Fig. 5.2 . Comparison between resources according to STREAM benchmar k.

Starting from micro-benchmark results, the SC1458 achieves better performance in almost all cases and
parameters evaluated, when considering aggregate computing power. However, its single cores have relatively
low performance compared with the single CPU of the Michelangelo cluster, and the actual power of the resource
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derives from the high number of provided cores and the native fastconnection among processes. To outline CPU
performance we depicted in Figures 5.1 and 5.2 the results obtained with FLOPS and STREAM benchmarks.

Fig. 5.3 . Comparison between resources according to CacheBench.

Both benchmarks have been run on a CPU/core independently, andthen the aggregated results are gathered
to represent the performance of the whole parallel resources [16].

With respect to the cache evaluation, Figure 5.3 shows that Michelangelo performs better for all vector
lengths. On the contrary, with respect to interconnection evaluation, the SC1458 achieved de�nitely better
performance, as reported in Figure 5.4. We tested point-to-pointcommunication performance, through the
MPPTest benchmark; results are expressed in MB/Sec. As mentioned above, the Michelangelo Cluster employs
a Gigabit switched Ethernet, while SC1458 has a proprietary interconnection network that performs signi�cantly
better.

Fig. 5.4 . Comparison between resources according to MPPTest benchm ark.

Considering the second level of benchmark, the situation is quite di�erent. In fact, depending on the
application domain, best results are achieved alternatively by the two resources.

We conducted our tests considering the execution times (Wall ClockTime) as metric to evaluate perfor-
mance. The results are normalized according to a base value; to thisend, we adopted the values returned
from the Michelangelo cluster. Tables 5.1 and 5.2 report the values obtained for Image Processing (IP), Iso-
surface Extraction (IE) and High-Performance Linpack (HPL) benchmarks. In the latter case, we examined
separately the use of di�erent sets of processors (32, 64 and 128 for both). Due to the chosen metric, lower
values correspond to better execution times.
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Table 5.1
Application-level benchmarks, execution time normalized with respect to Michelangelo.

Michelangelo SC1458

Isosurface Extraction 1 6.1

Image Processing 1 3.2

Table 5.2
Application-level benchmarks, execution time normalized with respect to Michelangelo.

Michelangelo SC1458

32p 64p 128p 32p 64p 128p

HPL 1 0.3 0.2 0.44 0.13 0.08

Table 5.1 shows that Michelangelo cluster performed signi�cantly better considering the Image Process-
ing and the Isosurface Extraction applications. Instead, Table 5.2reporting the results related to the HPL
benchmark highlights that SC1458 outperforms Michelangelo up to afactor 3, when increasing the number
of processes. This behaviour depends on the di�erent requirements of the various applications. As to Image
Processing and Isosurface Extraction resulted that they bene�t from fast single CPU and cache memory, while
HPL tests the entire system and bene�ts from high number of processes linked with fast connections. Starting
from these remarks, it is quite evident that the Michelangelo clusteris faster in the execution of IP and IE,
while it poorly performs with respect to HPL. On the contrary, with r espect to HPL, SC1458 outdoes the
Michelangelo Cluster, but it does not achieve good results on the considered image processing operations and
isosurface extraction.

Following our methodology, the di�erences in the performance of both resources in each level of benchmark
clearly emerge. SC1458 de�nitely outperforms Michelangelo with respect to almost all micro-benchmarks.
However, considering the second level of benchmark, the Michelangelo cluster appears as the suitable choice for
the execution of speci�c applications. This performance divergence also occurred in other similar comparisons
we conducted for the other benchmarks executed against the resources normally used to deploy and execute our
applications. This behaviour testi�es the appropriateness of our approach.

6. A proof of concept. To exemplify the potentialities of our methodology, we introduce a simpli�ed
evaluation that highlights the bene�ts of adopting a benchmark aware matchmaker. Let us consider a simpli�ed
Grid scenario setting three jobs (J1, J2 and J3) belonging to the Image Processing and Linear Algebra classes,
that are executed against SC1458 and Michelangelo, denoted R1 and R2 respectively.

Table 6.1 reports the relative spped of resources R1 and R2 with respect to the two classes of applications.
As shown in the previous Section, Michelangelo performs three timesbetter than SC1458 for Image Processing
applications, while it is about two times slower than SC1458 for Linear Algebra applications.

Table 6.1
Relative speed of resources with respect to the application s.

Applications R1 R2

Image Processing 3 1

Linear Algebra 0.43 1

Table 6.2 lists the jobs. In particular, J1 and J3 are two Image Processing jobs, and J3 is computationally
heavier since it processes a larger image. J2 is a Linear Algebra job. For each job the computational time
required on the two resources is reported, expressed in seconds; the �rst column also shows the temporal instant
at which the job is submitted.

In Figure 6.1-(a) we depicted the case in which our benchmark-driven methodology does not apply, no
matchmaker operates and jobs are scheduled on the �rst availableresource in a FIFO order. In this case, when
J1 arrives at time 0, it is mapped to R1 which employs 60 seconds to process it. At time 10, J2 arrives and is
mapped to R2, which executes it in 80 seconds. When J3 arrives at time 20 no resources are available, hence
J3 is queued until one is released. This happens at time 60, when J1 terminates and J3 is assigned to R1 which
takes 120 seconds to run it, ending at time 180.



116 A. Clematis, A. Corana, D. D'Agostino, A. Galizia and A. Quar ati

Table 6.2
Job characteristics.

Job Comp. Time on R1 (sec) Comp. Time on R2 (sec) Application

J1(0) 60 20 Image Processing

J2(10) 35 80 Linear Algebra

J3(20) 120 40 Image Processing

Let us now consider the case in which our methodology is applied and benchmark information is used to
describe resources, see Figure 6.1-(b). Now the matchmaker is atwork and, when asked for a suitable resource
to execute the Image Processing job J1, it returns R2, since it ranks better than R1 on that job class. Running
three times faster, R2 employs just 20 seconds to execute J1. When J2 arrives at time 10, R1 is selected and
it takes about 35 seconds to complete the Linear Algebra job. Finally, J3 arrives and it is assigned to R2 that
in the meantime becomes free, and the job ends after 40 seconds.The overall computation in this case ends at
time 60.

Fig. 6.1 . (a) scheduling of three jobs without any matchmaker, (b) imp rovement of execution times when a benchmark-driven
matchmaker is applied.

From our example it clearly emerges that the use of benchmark information could be adopted to improve
scheduling strategy, raising the performance of the overall execution.

7. Benchmark-Driven Matchmaking. Due to the huge gap separating users and resources, tools that
allow the two parts to better come to an agreement are highly useful. In [2, 3] we presented GEDA, a Grid
service based on a distributed and cooperative approach for Grid resource discovery. It supplies users with a
structured view of resources (single machines, homogeneous andheterogeneous clusters) at the PO level, and
leverages on an overlay network infrastructure which connects the various POs constituting a Grid. For each
PO, a GEDA instance is deployed to keep updated information about the state of all PO's resources, and to
exchange them with other GEDA instances in the discovery phase.

In the present work, we describe an advanced version of GEDA, called GREEN, able to characterize Grid
resources through benchmark evaluations. In this context, acting as a distributed matchmaker, GREEN man-
ages and compares the enriched view of resources with user-submitted jobs, with the goal of selecting the most
appropriate resource(s). Operating at intermediate level between applications (e.g. schedulers) and Grid mid-
dleware, GREEN aims to discover the whole set of resources satisfying user requirements ordered by ranks.
The selection of a particular resource is left to a (meta)scheduler to which the resources set is forwarded; so
it is possible to apply the preferred scheduling policies to optimize Grid throughput or other target functions
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(e.g. response times, QoS). Once the \best" resource is chosen,GREEN will be re- invoked to carry-out the
submission of the job on it, via the Execution Environment (EE).

7.1. Benchmarking Grid Resources. GREEN supplies Grid administrators with the facility of submit-
ting, executing benchmarks (both micro and application-related) against the resources belonging to a certain
administrative domain (PO), and storing results.

To re
ect the underlying view of Grid resources o�ered by the GLUE 2.0 speci�cation language, and to
support the matching mechanism (i. e. the comparison with resources information contained in the previously
acquired XML) the benchmark-value copies are directly represented as GLUE entities according to the XML
reference realizations of GLUE 2.0. By employing the openness ofBenchmarkTypet (as recalled in Section 3),
the set of recognized benchmarks is extensible without any changein the document schema. An example of a
benchmark document related to the execution of micro-benchmark Flops against the cluster identi�ed by the
IP 150.145.8.160, resulting in 480 MFlops is:
<Benchmark>

<LocalID>150.145.8.160</LocalID>
<Type>MFlops</Type>
<Value>480</Value>
<BenchLevel>micro</BenchLevel>

</Benchmark>

Through the use of the extension mechanism de�ned in GLUE speci�cation, we enriched theBenchmarkt
type by adding the elementBenchLevel which speci�es the benchmark level (by accepting the two string values
micro and application ) according to our two-level methodology.

Once a benchmark is executed and its results collected, an XML fragment, similar to the one reported
above, is created for each resource and inserted in an XML document (namely Benchmark image), managed by
GREEN, which collects all benchmark evaluations for the PO.

7.2. Extending JSDL. The counterpart of benchmarking resources is the ability for users submitting a
job to express their preferences about the performance of target machines. Resources are then ordered according
to performance values (ranks). As explained in Section 3, both JDDand JSDL do not provide any construct
able to express some preferential ordering on selected resources. We add the elementRank (of complex type
RankType) devoted to this task, which embeds a sub-elementBenchmarkTypet corresponding to the one
contained in our extension of the GLUE schema. In the context of JSDL, the Value sub-element (see list below)
is to be intended as a threshold to be satis�ed by the correspondingValue (related to the benchmark stated by
Type) contained in the Benchmarkelement of any resource to be selected by the matchmaker beforethe ranking
takes place.

As we are interested in the execution of parallel applications, we borrowed from SPMD [9] an extension
to JSDL that supports users with a rich description set of applications and resources related to concurrency
aspects (e.g. number of processes, processes per host). The following is an example of an extended JSDL
document, containing information related to parallel requirements, along with our extension to rank resources
on benchmark speci�cation. The document is requesting for nodesable to execute the application-level \Iso-
SurfaceBenchmark" in no more than 300 time units. Note how the Rankelement has been located inside the
Resource one, according to the extension mechanism included by JSDL schema.
<?xml version="1.0" encoding="UTF-8"?>
<jsdl:JobDefinition
xmlns:jsdl="http://schemas.ggf.org/jsdl/2005/11/jsd l"
xmlns:jsdl-posix="http://schemas.ggf.org/jsdl/2005/ 11/jsdl-posix"
xmlns:jsdl-spmd="http://schemas.ogf.org/jsdl/2007/0 2/jsdl-spmd"
xmlns:jsdl-
rank="http://saturno.ima.ge.cnr.it/ima/PONG/jsdl/20 09/01/jsdl-rank">

<jsdl:JobDescription>
<jsdl:Application>

<jsdl:ApplicationName>ParIsoExtrctn</jsdl:Applicati onName>
<jsdl-spmd:SPMDApplication>

<jsdl-posix:Executable>parisoextraction</posix:Exec utable>
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<jsdl-posix:Argument> inputvolume.raw</posix:Argumen t>
<jsdl-posix:Argument>200</posix:Argument>
<jsdl-posix:Output>isosurface.raw</posix:Output>
<jsdl-spmd:NumberOfProcesses>4</spmd:NumberOfProcesses>
<jsdl-spmd:ProcessesPerHost>2</spmd:ProcessesPerHos t>
<jsdl-spmd:SPMDVariation>http://www.ogf.org/jsdl/20 07/02/

jsdl-spmd/MPICH2</>
</jsdl-spmd:SPMDApplication>

</jsdl:Application>
<jsdl:Resources>

<jsdl:OperatingSystemType>
<jsdl:OperatingSystemName>LINUX</jsdl:OperatingSyst emName>

</jsdl:OperatingSystemType>
<jsdl-rank:Rank>

<jsdl-rank:Type>IsoSurface_Benchmark</rank:Type>
<jsdl-rank:Value>300</rank:Value>
<jsdl-rank:BenchLevel>application</rank:BenchLevel>

</jsdl-rank:Rank>
</jsdl:Resources>

</jsdl:JobDescription>
</jsdl:JobDefinition>

7.3. Distributed Matchmaking Process. The main components of a GREEN instance along with some
of their interactions with other middleware services, notably IS and EE, by considering a Grid composed of
several POs are shown in Figure 7.1. In the following, we summarise their roles and the behaviours.

Fig. 7.1 . Example of the matching phase with various GREEN instances .

The Job Submission (JS) component receives requests of jobs submission initiated by users; depending on
the activation mode it behaves just like a messages dispatcher or asa translator of JSL documents, carrying
out their subsequent submission to the EE. The Benchmark Evaluation (BE) supports administrators in the
performance-based characterization of PO resources. The Resource Discovery (RD) is in charge of feeding
GREEN with the state of Grid resources. RD operates both locally and globally by carrying out two tasks:
1) to discover the state of the PO resources; 2) to dispatch requests to other GREEN instances. As to the
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�rst task, RD dialogues with the underlying IS (e.g. MDS, gLite IS) th at periodically reports the state of the
PO in the form of an XML �le conformed to the GLUE version adopted b y the underlying middleware. This
document (namely the PO snapshot) is stored, as it is, and managed by GREEN to answer to external queries
issued by various clients (e.g. other GREEN instances, meta-schedulers). To accomplish the dispatching task,
RD handles the so-called neighbors view. Depending on the number ofPOs, i. e. GREEN instances running,
their management could consider di�erent strategies, whose description is beyond the scope of the paper.

To deal with di�erent underlying middleware transparently to Grid us ers and applications, the syntactic
di�erences among the various versions of GLUE are managed by GREEN through a conversion mapping at
matching time. The Matchmaker performs the matching among resources in the Grid, and their subsequent
ranking, with the requirements expressed by the users through the application submission document.

More in detail, let us consider the case in which a user submits an extended JSDL document through a
Grid portal (1). The document is managed by the Resource Selector component, which initiates the distributed
matchmaking by forwarding it to the JS component of a randomly selected GREEN instance (2) (e.g. PO2).
JS activates the Matchmaker (3). This instance of matchmaker, namely the Master Matchmaker (MM), is
responsible to provide the set of candidate resources to the Resource selector for this speci�c request. MM
through RD forwards the document to all the other known GREEN instances and contemporaneously checks its
local memory (4-5). All the matchmakers �lter their PO snapshotselecting the set of PO resources satisfying
the query. By analyzing the pre-computedBenchmark image, the satisfying resources with aValue element
(for the chosen benchmark) that ful�ls the threshold �xed in the c orresponding Rank element of the JSDL
document are extracted. The resources identi�ers and their corresponding benchmark values are included in a
list, called PO list which is returned to MM (6-10). MM merges these lists with its own PO list, producing a
Global List ordered on the ranking values. The Global list is passed toJS (11) which returns it back to RS (12).
Besides applying the selection policy to determine the resource to use, the Resource Selector calls the JS of the
GREEN responsible of the PO owning the selected machine (GREEN PO1's instance in our case), by sending
it the extended JSDL document along with the data identifying the selected resource (13). JS translates the
information regarding the job execution of the original JSDL document in the format proper of the speci�c
PO middleware, stating the resource on which the computation takes place. In particular, it will produce a
JDD document for GT4 resources or a JDL document for the gLite ones. Finally, it activates the Execution
Environment in charge of executing the job represented in the translated document (14).

8. Conclusions. The e�cient matchmaking of application requirements with characte ristics of resources
is a very important issue in Grid computing, and developing a satisfactory solution may greatly improve the
usefulness of Grid platforms for a large class of potential applications. However this is not an easy task, owing
to the high abstraction level of Grid platforms which causes a semantic gap between application requirements
and resource properties, the large number of possible Grid applications, the large number of available resources,
the dynamicity of the Grid environment.

To reduce this gap we designed GREEN, a distributed matchmaker which provides Grid users with features
to make easier the submission of job execution requests containingperformance requirements, in order to
support the automatic discovery and selection of the most suitableresource(s). GREEN relies on a two-level
benchmarking methodology: resources are characterized by means of their performance evaluated through the
execution of low-level and application-speci�c benchmarks. According to our methodology, every resource of a
PO is tagged with the results obtained through the execution of thetwo levels of benchmarks and hence it is
selectable, on a performance basis, during the matchmaking phase. A preliminary analysis outlined promising
results; thus future e�orts are planned in the direction of a deeper evaluation of our proposal in the context of
a simulated Grid environment with particular emphasis on scheduling policies.

To ensure a good degree of independence from the underlying middleware, GREEN leverages on two stan-
dards such as JSDL and GLUE, that have been properly extended to manage the performance-based description
of resources.
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PREDICTION AND LOAD BALANCING SYSTEM FOR DISTRIBUTED STORA GE
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Abstract. National Data Storage is a distributed data storage system i ntended to provide high quality backup, archiving and
data access services. These services guarantee high level of data protection as well as high performance of data storing and retrieval
by using replication techniques. Monitoring and data acces s prediction are necessary for successful deployment of rep lication.
Common Mass Storage System Model (CMSSM) is used to present a storage performance view of storage nodes in uni�ed way for
monitoring and prediction purposes. In this paper some conc eptual and implementation details on using CMSSM for creati ng a
Prediction and Load Balancing Subsystem for replica manage ment are presented. Real system test results are also shown.

1. Introduction. National Data Storage (NDS) is a distributed data storage systemintended to provide
high quality backup, archiving and data access services [1]. These services are capable of providing high level of
data protection, data availability and data access performance. In order to guarantee these capabilities replica-
tion techniques are used. Two problems arise with using this approach: selecting physical storage locations for
newly created replicas and choosing the best replica for a given datatransfer. If these problems get solved we
can count on faster data access.

The client access to NDS is provided by Access Nodes (ANs). ANs spread over the country are located in
national computer centers having direct links to the NDS Pionier backbone network [2]. The general idea is
that client requests come via di�erent ANs and the requested datais served by the most appropriate Storage
Node (SN), selected separately for each request, being the one which can provide requested data fastest. In this
way some natural load balancing is achieved depending on the client access pattern.

In order to provide the required high performance data access functionality a replica management system
called Prediction and Load Balancing System (PLBS) was implemented.This paper presents some conceptual
and implementation details on creating PLBS. Essential part of this research concerns replication and the
development of replication policies, which should help achieving reasonable level of storage load balancing.
These policies are based on CMSSM storage model [3] which allows to provide an uni�ed layer for monitoring
purposes. The potential scope of application of the proposed approach is wide, for example it could be used for
multi-player on-line games [4] as well as for data storing from HEP experiments [5].

The rest of the paper is organized as follows: The next section presents the state of the art in the �eld of
replication strategies and storage system modeling and monitoring.The third section describes the CMSSM
storage model. Fourth section shows how CMSSM is adopted in the PLBS subsystem. The �fth section gives
some overview of the replication strategies used in the system. Thetest results are presented in the sixth section
and the last section concludes the paper.

The paper is an extended and modi�ed version of the article [6] presented at the PPAM09 conference. The
extension concerns: (i) description of CMSSM, (ii) showing how CMSSM is adopted in the PLBS subsystem,
(iii) presenting new experimental results.

2. State of the Art. With the steadily growing users demand for data storage space andaccess quality
the data management techniques become an important issue of anydistributed computing environment [7].
In [8] we can �nd survey of data management techniques in various distributed systems. Scalability taxonomy
of data management is also proposed. A part of the data management systems concerns data replication. There
are many researches focused on replication strategies. In [9] �vereplication strategies for read only data are
presented. The strategies have been tested using three di�erent access patterns. The study assumes tiered
network with a central data source. Similar network model having constant storage nodes locations in the
network hierarchy is studied in [10]. Park et al. in [11] study replication with another network hierarchy with
no central storage node, where the node distance is expressed as link bandwidth. Their technique might be
better in the case when the Internet is used for data transfer.

The mentioned studies assume static hierarchy and do not take intoaccount the dynamic changes of
bandwidth and latency resulting from the load of distributed system. In [12] an attempt to cope with this
problem has been made. For replica selection they propose a neuralnet based algorithm predicting the network

y Institute of Computer Science, AGH-UST, al. Mickiewicza 30 , 30-059, Krak�ow, Poland ( rena,darin,kito@agh.edu.pl )
zAcademic Computer Center CYFRONET-AGH, ul. Nawojki 11, 30- 950 Krak�ow, Poland
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transfer time of a replica. Another example of research on replica access time prediction based on previous data
transfers measurements is [13] in which the Markov chains are usedfor prediction.

Authors of paper [14] propose 3 heuristic algorithms for selecting the location of new replica based on
network latency parameters and number of client requests observed in a certain time interval from the past.
Fair-Share replication presented in [15] for choosing new replica location takes into account previous access load
of server as well as availability of storage device represented by their storage load. In this way better load
balancing among the storage servers is achieved.

Tests of the proposed replication strategies in the studies mentioned by now are conducted by using simu-
lations. Results of real implementation of proposed models and strategies using monitoring of existing storage
environment are shown in [16] and in their previous studies. The presented in these papers replication algo-
rithms embody, besides the data access cost imposed by the network, also the cost caused by storage devices
capabilities. In the case when a distributed storage system uses high bandwidth network it turns out that
the system bottleneck are the storage devices, which bandwidth can be additionally limited according to their
actual access load.

The majority of replica selection algorithms assumes that many users access the same data sets. In the
case of data storage service holding mainly private user data, users will rather access their own particular �les
(holding backups or archives). That is why, essential in this case is access load balancing increasing the overall
system utilization and thus reducing the access cost. In the proposed solution essential part of the process
of existing replica selection and the process of new replica location selection is focused on the evaluating of
storage system performance and evaluating of server load. The evaluation is based on the adopted Common
Mass Storage System Model (CMSSM) proposed in [17].

Using of general monitoring system like Nagios [18], Ganglia [19] or Gemini [20] for monitoring the perfor-
mance of HSM systems is troublesome since these systems do not provide the necessary utilities and methods of
data gathering, for example, interactive queries to the monitoredsystem or monitoring of storage request queue.
Taking into account the heterogeneity of storage systems in termof hardware and software it is important to
have an uni�ed access to the monitoring data. Some e�ort in this area is done by Distributed Management Task
Force [21] by specifying the Common Information Model (CIM) [22] for managing computer systems. SMI-S [23]
is a CIM based standard which de�nes interface for managing storage environments. Grid Laboratory Uniform
Environment (GLUE) [24] is a conceptual, object-oriented, information model of Grid environments, and its
main goal is to provide interoperability among elements of the Grid infrastructure. The above models do not
accurately present HSM systems.

The review of related works shows that the problem of data management for performance and load balancing
purposes in distributed system with underlying HSM systems as storage horses is not fully addressed which
motivated us to start this research.

3. Common Mass Storage System Model. Storage systems used in modern grid-like computing en-
vironment are often heterogeneous for historic or economics reasons. Within a virtualized environment with
dynamic changing parameters a proper performance monitoring is ahard task. The lack of an uni�ed represen-
tation of performance related view of storage systems and especially of HSM storage system was the motivation
for developing the Common Mass Storage System Model [3].

The model supports various storage systems with special attention taken to the HSM systems. In the model
a set of performance related parameters are de�ned and grouped in appropriated classes according to type of
storage subsystems or parts (e.g. tape drive, library, etc) theyare related to.

The model can be used for internal object based representationof storage system for simulation purposes
and is used by various monitoring services to give a performance point of view at the given storage system.

The class diagram for the model representing HSM systems is shownin Fig.3.1. The model is able to
represent any HSM systems with a certain accuracy, which depends on the vendor's availability of methods for
obtaining the performance related parameters speci�ed in the model. We can see that the model can be quite
accurate since parameters like queue of waiting requests with detailed information about each request are speci-
�ed. This allows for very accurate performance prediction for a particular piece of data residing anywhere in the
storage hierarchy since it is possible to monitor where the data resides - on disk cache or tertiary storage (which
tape, block, etc), it is possible to monitor if there are free resources (for example tape drives) to ful�ll the request.

Our vision of a general distributed storage system which makes useof CMSSM for data access prediction
is presented in Fig.3.2. The system has well de�ned functional layers. On the bottom there is the storage layer
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Fig. 3.1 . CMSSM's class diagram for HSM system.
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Fig. 3.2 . Layered view of distributed storage system with data access prediction using CMSSM.

representing complete storage systems (hardware + software)like HSM systems, disk arrays, etc. Sensor layer
contains pieces of software which are able to obtain one or more parameters about the given storage system.
Generally, sensors are storage system dependent, but in some cases, like for instance a sensor measuring the
read/write performance by doing real �le I/O, one sensor can �t t o more than one types of storage system.
Sensors have well de�ned interface and can be included as plugins toa higher level monitor. Monitoring layer
contains of monitors running on the monitored storage node. Monitors have well de�ned uni�ed interface
allowing other services to get selected parameters from them via the network. Requested parameters are sent
in data format compatible with CMSSM. Estimation layer contains estimation services, which estimates the
performance of storage system or time-to-complete for particular future data transfer. There can be various
estimation services using di�erent algorithms and having di�erent estimation accuracy.

Services associated with a certain layer can use services from the lower layers and can bypass layers. For
instance management layer service can use directly storage layer tools.
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4. Application of CMSSM in NDS. NDS is aimed at building a national storage system providing high
quality backup, archiving and data access. The system uses high bandwidth network - Pionier, as a backbone.
The system consists of Access Nodes (ANs), which provide the enduser interface to system, and storage nodes
(SNs) with HSM systems attached. There are also a couple of management nodes. One of the goals of the
project is to provide high e�ciency based on replication techniques according to user pro�les. In the case of
data reading the best replica needs to be selected while in the case ofdata writing the best storage location
needs to be chosen. These tasks are completed by the PLBS system brie
y described below.

4.1. PLBS. Prediction and Load Balancing System (PLBS) is responsible for load balancing of data access
requests among the SNs being part of the NDS. PLBS consists of three subsystems (see Fig.4.1): adopted JMX
Infrastructure Monitoring System (JIMS) [25], Advanced Monitor ing Database (AMDB) for keeping the values
of monitored parameters and Advanced Monitoring and Prediction Daemon (AMPD).

The JIMS based monitoring system consists of Monitoring Agents (JIMS+AMT) installed on every HSM
system being part of NDS, and JIMS Gateway collecting data from the agents and storing it to database.
JIMS+AMT, JIMS Gateway and AMDB implement the sensors and aggregation layer (see section 3) respec-
tively. The AMPD is responsible for proposing the best replica and location according to the chosen replication
policy (see section 5) and implements the estimation layer. One of therequirements for the AMPD is that it
must quickly respond, so the user requesting a storage operationdoes not experience system or data unavail-
ability. Monitoring parameters are measured cyclically by background threads and are stored in the database.
In this way the actual parameters (for a certain time interval) can be quickly retrieved from the database and
the AMPD can return the results.
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Fig. 4.1 . Application of CMSSM in NDS.

The HSM monitoring parameters are derived from the CMSSM model described in section 3. The pa-
rameters are used to predict the system performance. The parameters are divided into two categories: static
parameters changing their values rarely and dynamic parameters changing their values frequently. Part of the
model used by the replication policies implemented in PLBS so far is presented below along with the database
description.

4.2. The PLBS database{AMDB. The goal of the AMDB is to collect monitored parameters (from
the CMSSM model) of distributed nodes in a single place. The approachto store current values of monitored
parameters in a database has been chosen, because it allows to completely separate an application logic layer
from a monitoring layer.

The AMDB is realized in the standard relational model and conforms to the CMSSM model. The structure
of the database is derived from the structure of the monitored systems, which means that the database tables suit
to essential HSM components, such as: libraries, drives, pools, tapes, disk cache, etc. The parameters, stored
in the database, are divided into two groups: static parameters and dynamic parameters. A simple diagram
showing relations between the PLBS database tables is shown in Fig. 4.2. The table columns speci�cation is
omitted for simplicity. The dynamic hsm parametershistory table stores history of changes of the dynamic
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Fig. 4.2 . The AMDB diagram.

HSM parameters. This table allows the application logic layer to make decisions based not only on the current
values of parameters, but also on their statistical values.

Table 4.1 presents summary of the static parameters stored in theAMDB, which are used in the replication
policies. Updates of these parameters are performed only on user's demand, for example after a HSM system
recon�guration. Some of these parameters constitutes average values (like average disk cache transfer rate),
which are provided by external measurements.

Table 4.1
Description of static parameters used in the replication po licies.

Parameter name Description Implementation
TotalCapacity Estimated total capacity

of a storage system in-
stalled on a single server.

The value of this parameter
is estimated as a sum of disk
cache capacities

TotalDCCapacity Total capacity of a single
HSM system disk cache.

The value of this parameter
is received from thedf UNIX
systems command.

AverageDCReadRate Estimated value of aver-
age disk cache read trans-
fer rate.

The value of this parame-
ter is measured by special
benchmarks.

AverageDCWriteRate Estimated value of aver-
age disk cache write trans-
fer rate.

The value of this parame-
ter is measured by special
benchmarks.

NumberOfLibraries Total number of tape li-
braries connected to a sin-
gle server.

The value of this parame-
ter is received from con�gu-
ration �les.

Table 4.2 presents summary of the dynamic parameters stored in the AMDB, which are used in the NDS
replication policies. These parameters are updated periodically. Theupdate interval is set manually in the
PLBS con�guration �les.

5. Replication policies. The selection of SN for a given data access request is done by heuristic methods
taking into account relevant monitoring parameters described in the previous section. Depending on the user
pro�le an appropriate method (called further policy) is used. The AM PD component implements 5 replication
policies: round robin|RR, reading in shortest time|R ST, reading from the minimally loaded device|R ML,
writing replicas of big �les|W BF, writing replicas to the minimally loaded device|W ML.
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Table 4.2
Description of dynamic parameters, which are used in the rep lication policies.

Parameter name Description Implementation
FreeCapacity Estimated free capacity of

a storage system installed
on a single server.

The value of this parameter is es-
timated as a sum of free tapes ca-
pacity.

FreeDCCapacity Free space in a single HSM
system disk cache.

The value of this parameter is ob-
tained from the df UNIX systems
command.

CurrentRate Transfer rate value from
the last measurement.

The value of this parameter is
measured by periodically.

HSMLoad Number of requests wait-
ing or being processed by
the HSM system.

The value of this parameter is re-
ceived from the dsmq command
for the Tivoli Storage Manager
(TSM) systems and from the fse-
job command for the File System
Extender (FSE) systems.

The RR policy is implemented mainly for testing purposes|it does not re quire monitoring data and it just
selects cyclically the next available SN for subsequent requests. The other four policies select the location, for
which the value Loc, de�ned in equations 5.1{5.4, is maximized. The RST policy is de�ned by:

Loc = � 1 �
RD

RD Max
+ � 2 �

CT
RD

+ � 3 �
1

1 + HL
; (5.1)

where RD|average disk cache read transfer rate, RD Max |maximal value of average disk cache read transfer
rate, taken over all locations, CT |current transfer rate, HL|hsm load,

P
i 2f 1::3g � i = 1 ; � i > 0. The exact

meaning of these values is given in Tables 4.1 and 4.2.
Equation (5.2) expresses the RML policy:

Loc = � 1 �
ND

ND Max
+ � 2 �

1
1 + HL

+ � 3 �
1

1 + CL
; (5.2)

whereND |number of drives, ND Max |maximal value of number of drives, taken over all locations, CL|CPU
load,

P
i 2f 1::3g � i = 1 ; � i > 0.

Each writing policy determines �rst whether enough free space is available in a HSM system. Equation 5.3
de�nes the W BF policy.

Loc = 
 i �
FC DC

TC DC
+ 
 2 �

FC
TC

+ 
 3 �
WR

WRMax
+ 
 4 �

1
1 + HL

; (5.3)

whereFC DC |free disk cache capacity, TC DC |total disk cache capacity, FC |free capacity, TC |total capac-
ity, WR|average disk cache write transfer rate, WRMax |maximal value of average disk cache write transfer
rate, taken over all locations,

P
i 2f 1::4g 
 i = 1 ; 
 i > 0.

The policy W ML is de�ned by equation 5.4,

Loc = � 1 �
FC DC

TC DC
+ � 2 �

WR
WRMax

+ � 3 �
1

1 + HL
; (5.4)

where
P

i 2f 1::3g � i = 1 ; � i > 0.
� , � , 
 and � are coe�cients specifying the impact of the particular monitoring pa rameters being used in

the above formulas. They need to be tuned for the given environment. The above policies are chosen according
to the client pro�le making request and the type of the request. For instance, if the client has de�ned in the
pro�le that it needs the data as fast as possible than the RML policy is chosen.



Prediction and Load Balancing System for Distributed Stora ge 127

6. Test results. Four types of tests has been conducted:
� Monitoring in
uence tests|showing PLBS impact on the performanc e of the monitored HSM systems,
� Response time tests|showing how fast PLBS responds,
� Load balancing tests|showing data access requests distribution among the storage nodes in multi user

and multi requests data access paradigm,
� Throughput tests|showing the total throughput of NDS for sele cted PLBS replication policy.

The monitoring in
uence tests are targeted at the JIMS+AMT modu le while the response time tests are
targeted at AMPD module and the both concern the overhead introduced by PLBS to NDS. Load balancing
and throughput tests concern the e�ciency of data access whichcan be obtained due to deploying of PLBS to
NDS and are provided for a selected policy.

The tests have been conducted using the PLATON [26] infrastructure on which the NDS described above
is deployed. The testing environment consists of 5 nodes describedin detail in Table 6.1 and connected via
Pionier network with 1Gb links. Monitoring agents are installed on every SN while JIMS Gateway, AMPD and
AMDB are installed on the kmd2 host (see Sec. 4). The results are presented in the following subsections.

Table 6.1
Test environment nodes

name location type CPU HSM drives HSM cache
[TB]

Cyfronet Krakow SN 2� Xeon 3.3GHz IBM TSM 4x LTO 2
PCSS Poznan SN 2� Xeon 2.8GHz IBM TSM 3x LTO 2
WCSS Wroclaw SN 2� Xeon 2.8GHz IBM TSM 2x LTO 1
TASK Gdansk SN 2� Xeon 2.8GHz IBM TSM 3x LTO 0.2
kmd2 Krakow MN 2� Xeon 2.8GHz na na na

SN|Storage Node, MN|Monitoring Node

6.1. In
uence tests. In order for the JIMS to retrieve monitoring data from storage nodes a monitoring
agent (JIMS+AMT) (see Fig.4.1) needs to be present on these nodes. The goal of these tests is to measure the
in
uence to performance of storage system when the JIMS+AMT is running on the same node. These tests
were performed on the Cyfronet SN (see Table 6.1). This HSM system is in production and the measurements
were done during periods of low activity. The main disk storage of theserver resides on HP EVA8000 disk
array and is attached via 2 FC 2Gb/s links. It is used as disk cache forthe HSM system. Repeated patterns
of simulated users activities were generated by ftp transfers from other hosts (HSM clients). The JIMS+AMT
performed measurements every 10 minutes. Disk reads and writesgenerated by the measurements had little
impact (maximum 5%) on overall execution times of data transfers to and from clients. An example test result
is shown in Fig. 6.1

The most in
uence of JIMS+AMT activity on users data transfers o ccurs in short periods when the agent
measures disk write performance used to calculate AverageDCWriteRate (see Table 4.1). The system utilization
statistics come from sar program. The user data rates were taken from network tra�c st atistics as there was
no other network tra�c on the server during the tests.

6.2. Response tests. Response tests measure the time of processing prediction requests to AMPD. Ta-
ble 6.2 presents test results for the implemented replication policies.Each value is taken as an average over
5000 requests. We distinguished two cases: (1) the client is on the same machine that AMPD, (2) the client is
located remotely to the AMPD component.

We can see that the response times are acceptable for all policies and they do not exceed 102 ms for remote
clients and 65 ms for local ones. The network overhead has great in
uence on the �nal response times - without
it the processing time is shorter by about 37 ms.

6.3. Load balancing test. Load balancing test shows how the requests get distributed amongthe storage
nodes. One monitoring node and four storage nodes have taken part in this test (see Table 6.1). The testing
procedure is as follows: First, a set of 100 �les has been written to the storage nodes in such way that all
�les are replicated to all four storage nodes. The �le size is 1GiB. Next, a script requesting storage nodes
performance prediction and reading data from the appropriate replica is run. The script starts new requests
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Fig. 6.1 . An example result of monitoring in
uence test.

Table 6.2
Time of serving prediction requests

Replication policy
Response time [ms]
local remote
client client

Reading in shortest time 64.5 101.6
Reading from the minimally loaded device 18.6 55.1
Writing big �les 14.7 51.3
Writing to the minimally loaded device 13.3 50.0
Round Robin 11.8 48.8

until 8 concurrent transfers get present. When a transfer is over another request is started. For each test run
2000 requests have been done. The number of requests has beenchosen big enough to allow at least few updates
of monitoring performance data (used for the prediction) to occur.

It should be noted that result of performance prediction is a sorted list of storage nodes. The nodes are
sorted according to the value obtained for the given replication policy. A normalized value (between 0{100) is
assigned to each node indicating its relative storage performance.In order to prevent overloading of one storage
node (by always sending the request to the best node) the script selects a storage node with a certain probability
which is proportional to its current storage performance (obtained from the monitoring and prediction).

Figure 6.2 provides results of prediction tests for the RST policy with the following coe�cient values:
� 1 = 0 :6, � 2 = 0 :2, � 3 = 0 :1. Each point represents the fraction of requests for which a particular host has
been selected within the given range of request numbers. The range has been set to 100 requests. At a given
moment additional storage load has been issued to the best storage node (PCSS) to study the adaptability of
the system in changing environment (mark A). We can see that shortly after that the requests distribution gets
reorganized and the TASK storage node gets serving more requests.

We can see that the requests are distributed between the nodes according to their storage processing
power|the most powerful storage nodes (PCSSand TASK ) have served the majority of requests.

6.4. Throughput tests. The throughput tests are intended to compare the overall storage throughput
of the system for the R ST replication policy and the RR policy. The testing procedure is the same as the one
for the load balancing tests. The tests have been conducted for idle and loaded storage devices. The results
are presented in Table 6.3. We can see that the RST policy is much better than the RR policy especially
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if additional load is put on the system. We can also observe that for the R ST policy the throughput is not
in
uenced by the additional storage load. It is because the load gets distributed proportionally to the other
nodes which are still having unused storage performance.

Table 6.3
Storage throughput

Replication policy
Storage throughput [MiB/s]
idle loaded

R ST 325 327
RR 233 101

7. Summary and future work. In this paper the application of CMSSM in the national distributed
storage system, NDS, has been described. The PLBS subsystem being a part of the NDS system and providing
advanced monitoring and prediction functionalities has been presented. The system makes use of replication
techniques to increase availability and performance of data access. Monitoring parameters, methods for re-
trieving them and replication policies have been described. The in
uence tests showed that the monitoring did
not cause essential storage system performance degradation.The system response times are within the tens
of milliseconds range which is satisfying. Load balancing test shows that requests get distributed between the
nodes proportionally according to their storage processing power. Our future plans focus on using CMSSM and
its ontological representation in knowledge supported distributedstorage system with quality of service.
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DISTRIBUTED DATA INTEGRATION AND MINING USING ADMIRE TECHN OLOGY �

ONDREJ HABALA y, MARTIN SELENG y , VIET TRAN y , LADISLAV HLUCHY y ,

MARTIN KREMLER z, AND MARTIN GERA z

Abstract. In this paper we present our work on the engine for integratio n of environmental data. We present a suite of
selected environmental scenarios, which are integrated in to a novel data mining and integration environment, being de veloped in
the project ADMIRE . The scenarios have been chosen for their suitability for data mining by environmental experts. They deal
with meteorological and hydrological problems, and apply t he chosen solutions to pilot areas within Slovakia. The main challenge is
that the environmental data required by scenarios are maint ained and provided by di�erent organizations and are often i n di�erent
formats. We present our approach to the speci�cation and exe cution of data integration tasks, which deals with the distr ibuted
nature and heterogeneity of required data resources.

Key words: environmental applications, distributed data management , data integration, OGSA DAI

1. Introduction. We present our work in the project ADMIRE, where we use advanced data mining
and data integration technologies to run an environmental application, which uses data mining instead of
standard physical modeling to perform experiments and obtain environmental predictions. The paper starts
with description of the project ADMIRE, its vision and goals. Then we describe the history and current status
of the environmental application. The core of the paper then presents our approach to the integration of data
from distributed resources. We have developed a prototype of data integration engine that allows users to
specify data integration process in form of a work
ow of reusable processing elements. This paper has been
originally presented in [10].

1.1. The EU ICT Project ADMIRE. The project ADMIRE (Advanced Data Mining and Integration
Research for Europe [1]) is a 7th FP EU ICT project aims to deliver a consistent and easy-to-use technology
for extracting information and knowledge from distributed data sources. The project is motivated by the
di�culty of extracting meaningful information by mining combinations of data from multiple heterogeneous
and distributed resources. It will also provide an abstract view of data mining and integration, which will
give users and developers the power to cope with complexity and heterogeneity of services, data and processes.
One of main goals of the project is to develop a language that servesas a canonical representation of the data
integration and mining processes.

1.2. Flood Forecasting Simulation Cascade. The Flood Forecasting Simulation Cascade is a SOA-
based environmental application, developed within several past FP5 and FP6 projects [2], [3], [4]. The applica-
tion's development started in 1999 in the 5th FP project ANFAS [5]. In ANFAS, it was mainly one hydraulic
model (the FESWMS [6]). It then continued with a more complex scenario in 5th FP project CrossGrid,
turned SOA in 6th FP projects K-Wf Grid and MEDIgRID, and �nally ex tended the domain to environmental
risk management in ADMIRE. The application is now comprised of a set of environmental scenarios, with the
necessary data and code to deploy and execute them. The scenarios have been chosen and prepared in coopera-
tion with leading hydro-meteorological experts in Slovakia, working mainly for the Slovak Hydrometeorological
Institute (SHMI), Slovak Water Enterprise (SWE), and the Instit ute of Hydrology of the Slovak Academy of
Sciences (IH SAS). We have gathered also other scenarios from other sources, but in the end decided to use the
ones presented below, because they promise to be the source of new information for both the environmental
domain community, as well as for the data mining community in ADMIRE. Together with the scenarios, we
have gathered a substantial amount of historical data. SWE has provided 10 years of historical data containing
the discharge, water temperature, and other parameters of the Vah Cascade of waterworks (15 waterworks
installations and reservoirs in the west of Slovakia). SHMI has provided 9 years of basic meteorological data
(precipitation, temperature, wind) computed by a meteorological model and stored in a set of GRIB (Gridded
Binary) �les, hydrological data for one of the scenarios, and also partial historical record from their nation-wide

� This work is supported by projects ADMIRE FP7-215024, APVV D O7RP-0006-08, DMM VMSP-P-0048-09, SMART ITMS:
26240120005, SMART II ITMS: 26240120029, VEGA No. 2/0211/0 9.

y Institute of Informatics of the Slovak Academy of Sciences, Dubravska cesta 9, 84507 Bratislava, Slovakia ( f Ondrej.Habala,
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Table 2.1
Depiction of the predictors and variables of the ORAVA scena rio

Time Rainfall T empAir Discharge T empReservoir Height St T empSt

T-2 RT � 2 FT � 2 DT � 2 ET � 2 X T � 2 YT � 2

T-1 RT � 1 FT � 1 DT � 1 ET � 1 X T � 1 YT � 1

T RT FT DT ET X T YT

T+1 RT +1 FT +1 DT +1 ET +1 X T +1 YT +1

T+2 RT +2 FT +2 DT +2 ET +2 X T +2 YT +2

network of meteorological data. They have also provided severalyears of stored weather radar data, necessary
for one of the scenarios. The programs used by the application arein the context of ADMIRE described in
Data Mining and Integration Lanuage (DMIL) [7]. The processes described in DMIL perform data extraction,
transformation, integration, cleaning and checking. Additionally, in some scenarios we try to predict future
values of some hydro-meteorological variables; if necessary, we use a standard meteorological model to predict
weather data for these cases.

2. Environmental Scenarios of ADMIRE. In this chapter we present the suite of environmental sce-
narios, which we use to test the data mining and integration capabilities of the ADMIRE system. The scenarios
are part of the Flood Forecasting and Simulation Cascade application, which has been in the meantime ex-
panded beyond the borders of 
ood prediction into a broader environmental domain. There are four scenarios,
which are in the process of being implemented and deployed in the ADMIRE testbed. These scenarios have
been selected from more than a dozen of candidates provided by hydro-meteorological, water management, and
pedological experts in Slovakia. The main criterion for their selectionwas their suitability for data mining
application. The scenarios are named ORAVA, RADAR, SVP, and O3, and they are in di�erent stages of
completion, with ORAVA being the most mature one, and O3 only in the beginning stages of its design.

2.1. ORAVA. The scenario named ORAVA has been de�ned by the Hydrological Service division of the
Slovak Hydrometeorological Institute, Bratislava, Slovakia. Its goal is to predict the water discharge wave and
temperature propagation below the Orava reservoir, one of the largest water reservoirs in Slovakia.

The pilot area covered by the scenario (see Figure 2.1) lies in the north of Slovakia, and covers a relatively
small area, well suitable for the properties of testing ADMIRE technology in a scienti�cally interesting, but not
too di�cult setting.

The data, which has been selected for data mining, and which we expect to in
uence the scenario's target
variables|the discharge wave propagation, and temperature propagation in the out
ow from the reservoir to
river Orava|is depicted in Table 2.1.

For predictors in this scenario, we have selected rainfall and air temperature, the discharge volume of the
Orava reservoir and the temperature of water in the Orava reservoir. Our target variables are the water height
and water temperature measured at a hydrological station below the reservoir. As can be seen in Figure 2.1, the
station directly below the reservoir is no.5830, followed by 5848 and 5880. If we run the data mining process in
time T, we can expect to have at hand all data from sensors up to this time (�rst three data lines in Table 1).
Future rainfall and temperature can be obtained by running a standard meteorological model. Future discharge
of the reservoir is given in the manipulation schedule of the reservoir. The actual data mining targets are the
X and Y variables for times after time T (T being current time).

2.2. RADAR. This experimental scenario tries to predict the movement of moisture in the air from a
series of radar images (see for example). Weather radar measures the re
ective properties of air, which are
transformed to potential precipitation before being used for data mining. An example of already processed
radar sample (with the re
ection already re-computed to millimeters of rainfall accumulated in an hour) can be
seen in Figure 2.2.

The scenario once again uses both historical precipitation data (measured by sensors maintained by SHMI)
and weather predictions computed by a meteorological model. Additionally to these, SHMI has provided several
years' worth of weather radar data (already transformed to potential precipitation).

2.3. SVP. This scenario, which is still in the design phase, is the most complex of all scenarios expected
to be deployed in the context of ADMIRE. It uses the statistical approach to do what the FFSC application
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Fig. 2.1 . The geographical area of the pilot scenario ORAVA

Fig. 2.2 . An example of weather radar image with potential precipitat ion

did before ADMIRE|predict 
oods. The reasons why we decided to p erform this experiments are mainly the
complexity of simulation of 
oods by physical models when taking into account more of the relevant variables,
and the graceful degradation of results of the data mining approach when facing incomplete data|in contrast
to the physical modeling approach, which usually cannot be even tried without having all the necessary data.

For predicting 
oods, we have been equipped with 10 years of historical data from the Vah cascade of
waterworks by the Slovak Water Enterprise, 9 years of meteorological data (precipitation, temperature, wind)
computed by the ALADIN model at SHMI, hydrological data from th e river Vah, again by SHMI, and addi-
tionally with measured soil capacity for water retention, courtesy of our partner Institute of Hydrology of the
Slovak Academy of Sciences. We base our e�orts on the theory, that the amount of precipitation, which actually
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reaches the river basin and contributes to the water level of the river is in
uenced by actual precipitation and
its short-term history, water retention capacity of the soil, and t o lesser extent by the evapotranspiration e�ect.

3. Data integration engine for environmental data. In this section, we discuss the data integration
engine designed for the environmental data integration and mining.It is motivated by the scenarios described
in previous section. We �rst describe requirements that we took into account and then we present our approach
to environmental data integration. In the discussion, we give examples mainly from Orava scenario; the �rst
scenario implemented using our data integration engine.

In Orava river management scenario, the data from three di�erent sources are used. The data are owned
and maintained by di�erent organizations. To allow the data mining operations proposed for this scenario, the
data from those di�erent sources must be integrated �rst. Furt hermore, the data are kept in di�erent formats.
In the case of Orava scenario, two data sets are stored in relational database (waterworks data, water stations
measurements) and one is kept in binary �les (precipitation data arestored in GRIB �les|binary �le format
for meteorological data). From technical point of view, we must beable to work with the heterogeneous data
stored in distributed, autonomous resources. In our work, we have considered so far the data in the form of
lists of tuples.

In the following, we use the term data resource to denote a serviceproviding access to data, with a single
point of interaction. We use the term processing resource to denote a service capable of performing operations
on the input lists of tuples. Data resource can have capabilities of a processing resource.

Atomic units used for data access and transformations are called processing elements (PE). Following types
of processing elements are needed:

� Data retrieval PEs|operations able to retrieve the data from di�e rent, heterogeneous data sources.
Data retrieval PEs are executed at data resources. This class ofPEs is also responsible for transforming
raw data sets to the form of tuples.

� Data transfer PE|able to transfer list of tuples between distinct p rocessing resources.
� Data transformation PE|operations that transform input list of t uples. These PEs can perform data

transformation on per tuple basis, or can be used to aggregate tuples in the input lists.
� Data integration PEs|given input lists of tuples, data integration op erations combine the tuples from

input lists into a coherent form.
An operation has one or more inputs and one or more outputs. Inputs can be either literals or list of tuples
and a outputs are list of tuples. Operations can be chained to form adata integration work
ow|an oriented
graph, where nodes are operations and edges are connection of inputs and outputs of the operations.

The term Application Processing Element (APE) will denote a data integration work
ow that can be
executed at a single resource. APE is a composition of atomic operations that provides functionality required
by a data integration task. For example, in Orava scenario we use the precipitation data from GRIB �les. The
GRIB reader processing element extracts the data from GRIB �les; it has two inputs|the �rst is a list of GRIB
�les and the second is a list of indexes in GRIB value arrays. The GRIB reader activity outputs all the values
at input indexes from all the input �les. We use an operation that queries the GRIB metadata database to
determinate GRIB �les of interest and another operation that tra nsform given geo-coordinates in WGS84 to
the indexes consumed by GRIB reader activity. This small work
ow of three operations forms a single APE
that provides precipitation data for given time period and geo-coordinates. The idea behind APE is to provide
data integration blocks that can be executed at a single processingor data resource and can be reused for in
multiple data integration tasks. Similarly to atomic PE, the inputs of AP E can be literals or list of tuples and
outputs are list of tuples.

The goal of our proposed data integration engine is to provide means of executing data integration tasks
that are composed of multiple APEs and can integrate the data fromdistributed, autonomous and possibly
heterogeneous data resources. Our data integration engine is designed to run the data integration tasks, given
the input parameters and the APE work
ow speci�cation.

APE work
ow speci�cation is composed of four components: de�nit ion of APEs instances, mapping between
inputs and outputs of connected APEs, mapping between the de�nition of integration task parameters and the
parameter inputs of APEs in work
ow and the de�nition of the result output.

In alignment with ADMIRE project vision, the APEs are speci�ed in Dat a Mining and Integration Language
(DMIL) [7] that is being developed within the project. The goal of DM IL is to be a canonical representation of
data integration process, described in an implementation independent manner. The APE instance is speci�ed by
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Fig. 3.1 . Orava river management scenario - APEs work
ow

the DMIL description of the process that should be executed, thespeci�cation of the data/processing resource
it should be executed at and APE instance identi�er that is unique with in the APE work
ow speci�cation.
Figure 3.1 depicts the APEs work
ow of the Orava river managementscenario.

In our view, the main advantage of proposed data integration engine is that user can specify sub-work
ows
that are executed on a separate data resources and the engine automatically connects the results of APEs
executed on distributed resources. This helps to deal with the complexity of the distributed data integration.

3.1. Implementation. The prototype of proposed data integration engine for environmental data (DIEED)
is implemented in JAVA programming language. It uses OGSA-DAI ([8], [9]) framework as the platform for
exposing data resources in the distributed testbed and for executing the partial work
ows of processing elements;
it also provide us with the data transfer capabilities and streaming ofthe list of tuples between remote nodes.
The data integration engine takes as inputs the integration task parameters and APE work
ow speci�cation.
From the APE work
ow speci�cation, the engine constructs an oriented graph of APEs (de�ned by the mapping
between inputs and outputs of APEs). For each node of the graph(containing an APE speci�ed in DMIL) the
DIEED performs following actions:

1. Compiles DMIL code|the DMIL speci�cation of the node process is compiled to JAVA class that
constructs an OGSA-DAI work
ow.

2. JAVA class containing OGSA-DAI work
ow is compiled by JAVA compile r, it is instantiated and
OGSA-DAI work
ow object is created

3. work
ow object is submitted to OGSA-DAI service for execution
4. work
ow execution on remote server is monitored

The whole APEs work
ow is monitored during execution (providing info rmation on the state of each of
APEs); after execution is �nished, the results can be retrieved in form of WebRowSet object.

DIE was integrated with the toolkit being developed in the project; t his allows the user to submit APEs
work
ows, visualize the speci�ed work
ow and monitor its execution via graphical user interface based on
Eclipse platform. Figure 3.2 depicts the graphical user interface for DIEED.

4. Conclusion. In this paper, we have presented preliminary results of our ongoingwork on the data
integration engine for environmental data that is being developed inthe scope of ADMIRE project. We have
�rst described four scenarios dealing with the integration and mining of environmental data. The main challenge
is that the environmental data required by scenarios are maintained and provided by di�erent organizations
and are often in di�erent formats. Our work concentrated on providing a platform that would allow integration
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Fig. 3.2 . GUI showing results of DIEED|APEs work
ow and its results

of data from distributed, heterogeneous resources. Our results allow users to construct reusable application
processing elements speci�ed in DMIL [7] (language for data mining and integration, which is being designed
within the project) and the engine executes them transparently on distributed data resources.
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ULTRA-FAST CARRIER TRANSPORT SIMULATION ON THE GRID.
QUASI-RANDOM APPROACH. �
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Abstract. The problem for simulation ultra-fast carrier transport in nano-electronics devices is a large scale computational
problem and requires HPC and/or Grid computing resources. T he most widely used techniques for modeling this carrier tra nsport
are Monte Carlo methods.

In this work we consider a set of stochastic algorithms for so lving quantum kinetic equations describing quantum e�ects
during the femtosecond relaxation process due to electron- phonon interaction in one-band semiconductors or quantum w ires. The
algorithms are integrated in a Grid-enabled package named Stochas-tic A Lgorithms for U ltra-fast T ransport in s Emiconductors
(SALUTE).

There are two main reasons for running this package on the com putational Grid: (i) quantum problems are very computation ally
intensive; (ii) the inherently parallel nature of Monte Car lo applications makes e�cient use of Grid resources. Grid (d istributed)
Monte Carlo applications require that the underlying rando m number streams in each subtask are independent in a statist ical sense.
The e�cient application of quasi-Monte Carlo algorithms en tails additional di�culties due to the possibility of job fa ilures and the
inhomogeneous nature of the Grid resource. In this paper we s tudy the quasi-random approach in SALUTE and the performanc e
of the corresponding algorithms on the grid, using the scram bled Halton, Sobol and Niederreiter sequences. A large numb er of
tests have been performed on the EGEE and SEEGRID grid infras tructures using specially developed grid implementation s cheme.
Novel results for energy and density distribution, obtaine d in the inhomogeneous case with applied electric �eld are pr esented.

Key words: ultra-fast carrier transport, Monte Carlo methods, quasi- Monte Carlo, scrambled Halton, Sobol and Niederreiter
sequences, grid computing

1. Introduction. The Monte Carlo Methods for quantum transport in semiconductors and semiconductor
devices have been actively developed during the last two decades [3,10, 16, 20, 24]. These Monte Carlo
calculations need large amount of computational power and the reason is as follows: If temporal or spatial
scales become short, the evolution of the semiconductor carrierscannot be described in terms of the Boltzmann
transport and therefore a quantum description is needed. Let usnote that in contrast to the semiclassical
transport when the kernel is positive, the kernel in quantum transport can have negative values. The arising
problem, sometimes referred to as the \negative sign problem," leads to additional computational e�orts for
obtaining the desired solution. That is why the quantum problems are very computationally intensive and
require parallel and Grid implementations.

Quasi-Monte Carlo (QMC) simulation, using deterministic sequences that are more uniform than random
ones, holds out the promise of much greater accuracy, close toO(N � 1) [23] in optimal cases. While these
sequences (called low discrepancy sequences or quasirandom sequences) do improve the convergence of applica-
tions like numerical integration, it is di�cult to apply them for Markov c hain based problems due to correlations.
These di�culties can be overcame by reordering, hybrid algorithms or randomization techniques. Successful
examples can be found in [13, 14, 15, 17, 19] and many other papers.

In this paper we present quasirandom approach for ultrafast carrier transport simulation. Due to cor-
relation, the direct quasirandom variants of Monte Carlo methods do not give adequate results. Instead
of them, we propose hybrid algorithms with pseudorandom numbersand scrambled quasirandom sequences.
We use scrambled modi�ed Halton [2], scrambled Sobol [1] and scrambled Niederreiter (the scrambling al-
gorithm is similar to described in [1]). In this paper we present also the developed grid implementation
scheme which uses not only the computational capacity of the grid but also the available grid services in a
very e�cient way. With this scheme we were able to obtain new estimates about important physical quanti-
ties.

This paper is an extended version of [5], presented at the the international conferenceParallel Processing
and Applied Mathematics (PPAM09) , held in September 2009 in Poland. Here we have added more details
about the quasirandom approach for problems of considered kind (including our algorithm for generating Sobol
and Niederreiter sequences). We also have updated the Grid implementation description; the numerical tests
are obtained using the most recent Grid middleware and services.

� Supported by the Ministry of Education and Science of Bulgar ia under Grant No. DO02-146/2008.
y IPP|Bulgarian Academy of Sciences, Acad. G. Bonchev St., Bl .25A, 1113 So�a, Bulgaria , E-mails: f emanouil, gurov,

anet g@parallel.bas.bg
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The paper is organized as follows: Section 2 describes very brie
y the problem and the Monte Carlo
algorithms, section 3 presents the quasirandom sequences and hybrid algorithms, section 4 describes the grid
implementation scheme, section 4 contains the new estimates and performance analysis.

2. Background (Brief description of SALUTE). The �rst version of SALUTE was designed at IPP-
BAS in 2005 as a set of Monte Carlo algorithms for simulation of ultra-fast carrier transport in semiconductors
together with simple Grid implementation, [3, 4]. Later on, we extended the the area of application (quantum
wires), the algorithms (more complicated equations to be solved) and the implementation scheme. In this
paper we present the quasirandom approach in SALUTE and discussthe new results. The physical model
describes a femtosecond relaxation process of optically excited electrons which interact with phonons in one-
band semiconductor, [21]. The interaction with phonons is switched on after a laser pulse creates an initial
electron distribution. Experimentally, such processes can be investigated by using ultra-fast spectroscopy, where
the relaxation of electrons is explored during the �rst hundred femtoseconds after the optical excitation. In
our model we consider a low-density regime, where the interaction with phonons dominates the carrier-carrier
interaction. Two cases are studied using SALUTE: electron evolution in presence and in absence of electric
�eld.

As a mathematical model we consider Wigner equation for the nanometer and femtosecond transport
regime. In the homogeneous case we solve a version of the Wigner equation called Levinson (with �nite
lifetime evolution), [18], or Barker-Ferry equation (with in�nite lifetim e evolution), [6]. Another formulation
of the Wigner equation considers inhomogeneous case when the electron evolution depends on the energy and
space coordinates. The problem is relevant e.g. for description of the ultra-fast dynamics of con�ned carriers.
Particularly we consider a quantum wire, where the carriers are con�ned in the plane normal to the wire by
in�nite potentials. The initial condition is assumed both in energy and space coordinates.

The numerical results that we present in this paper are for the inhomogeneous case with applied electric �eld
(see �gures in the Numerical tests section). We recall the integral form of the quantum-kinetic equation, [22]:
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Here, f w (z; kz ; t) is the Wigner function described in the 2D phase space of the carrier wave vectorkz and the
position z, and t is the evolution time.

F = eE=~, where E is a homogeneous electric �eld along the direction of the wire z,e being the electron
charge and~|the Plank's constant.

nq 0 = 1 =(exp(~! q 0=KT) � 1) is the Bose function, whereK is the Boltzmann constant and T is the temper-
ature of the crystal, corresponds to an equilibrium distributed phonon bath.

~! q 0 is the phonon energy which generally depends onq0 = q0
? + q0

z = q0
? +( kz � k0

z ), and "(kz ) = ( ~2k2
z )=2m

is the electron energy.
F is obtained from the Fr•ohlich electron-phonon coupling by recalling the factor i~ in the interaction

Hamiltonian, Part I:
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where ("1 ) and (" s) are the optical and static dielectric constants. The shape of thewire a�ects the electron-
phonon coupling through the factor

G(q0
? ) =

Z
dr ? ei q 0

? r ? j	( r ? )j2 ;

where 	 is the ground state of the electron system in the plane normal to the wire.
In terms of numerical solution the problem consists of determining di�erent quantities of interest by

evaluating linear functional of the following type:

J (f w ) = h(x)f w (x)dx = ( h; f w ); (2.2)

The given function h(x) depends on the choice of the physical quantities. In our quantummodel, we are
interested from the following physical quantities:

1. Wigner function for �xed evolution times;
2. The wave vector;
3. Electron density distributions;
4. The energy density.

In the inhomogeneous case the wave vector (and respectively theenergy) and the density distributions are
given by the integrals

f (kz ; t) =
Z

dz
2�

f w (z; kz ; t); n(z; t) =
Z

dkz

2�
f w (z; kz ; t): (2.3)

Our aim is to estimate these quantities (2.3), as well as the Wigner function (2.1) by quasi-MC approach.
At present, SALUTE numerical experiments use GaAs material parameters. In one of the next version

of the SALUTE application, we will provide results for other types of semiconductors like Si or for composite
materials.

Detailed description of MCMs for this problem can be found in [3, 12, 16]. Let us mention that MCMs have
the advantage that MCMs estimate directly the necessary quantities, i. e. without calculating the solution of
the Wigner function in the whole domain. The serious problem with MCMs is the large variance of the random
variable which is proportional to the exp(T 2) where T is the evolution time. As the physicists are interested
in the quantum e�ects for large evolution time, the problem becomescomputationally very intensive|we have
to perform billions of trajectories in order to obtain reasonable results. This was our motivation for applying
quasirandom approach and using computational grid.

3. Quasirandom approach in SALUTE. Quasi-Monte Carlo methods and algorithms proved to be
e�cient in many areas ranging from physics to economy. We have applied quasirandom approach for studying
quantum e�ects during ultra-fast carrier transport in semicondu ctors and quantum wires in order to reduce the
error and to speedup the computations. Next, we have used scrambled sequences for two main reasons: (i) the
problem is very complicated (the use of scrambling corrects the correlation problem found when we have used
a purely quasi-Monte Carlo algorithm), and, (ii) the Grid implementatio n which needs parallel streams.

The computational Grid (or, shortly, the Grid) proved to be very e �cient computing model. The Grid
goes well beyond simple communication between computers and aims ultimately to turn the global network of
computers into one vast computational resource. Using the Grid isespecially useful for Monte Carlo applications
as there the amount of similar calculations that has to be done is huge. Technically Grid coordinates resources
which are not a subject to central administrative control and utiliz es general-purpose protocols. Another
distinction is that a Grid could in principle have access to parallel computers, clusters, farms, local Grids, even
Internet computing solutions, and would choose the appropriate tool for a given calculation. In this sense, the
Grid is the most generalized form of distributed computing. One major advantage of Monte Carlo methods is
that they are usually very easy to be parallelized. This is, in principal, also true of quasi-Monte Carlo methods.
However, the successful parallel implementation of a quasi-MonteCarlo application depends crucially on various
quality aspects of the parallel quasirandom sequences used [8, 9]. Much of the recent work on parallelizing quasi-
Monte Carlo methods has been aimed at splitting a quasirandom sequence into many subsequences which are
then used independently on the various parallel processes, for example in [1, 2, 7]. This method works well for
the parallelization of pseudorandom numbers, but due to the nature of quality in quasirandom numbers, this
technique has some di�culties. Our algorithms are based on scrambling (suitable for heterogeneous computing
environments).
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3.1. Quasirandom sequences. We use scrambled Halton, Sobol and Niederreiter sequences.

Halton sequence. We use the modi�ed Halton sequences introduced in [2] for which the discrepancy has
a very small leading term. His construction is based on the existenceof some numbers, called \admissible".
Here we recall the de�nitions of admissible numbers and modi�ed Halton sequence.
De�nition 1. Let p1; : : : ; ps be distinct primes. The integers k1; : : : ; ks are called admissible for them, if
pi - ki and for each set of integersm1; : : : ; ms, pi - mi , there exists a set of integers� 1; : : : ; � s, satisfying the
congruences

ki
� i

Y

1� j � n; j 6= i

pj
� j � mi (mod pi ); i = 1 ; : : : ; s:

De�nition 2. Let p1; : : : ; ps be distinct primes, and the integersk1; : : : ks are admissible for them. The mod-
i�ed Halton sequence � (p1; : : : ; ps; k1; : : : ; ks) = f (xn

(1) ; : : : ; xn
(s) )gn = f 0; 1g is constructed by setting each

sequencef xn
( i ) gn =0

1
to be a generalized Van der Corput - Halton sequence in basepi , with the sequence of

permutations � j
( i ) (t) to be the reminder oftk i

j modulo pi , � j
( i ) (t) 2 f 0; : : : ; pi � 1g.

Determining \admissible" generation of modi�ed Halton sequence canbe found in [2]. In the experiments
described in this paper we use the following scrambling: We change theformulas for the permutations as

� j
( i ) (t) � tk i

( j +1) + bj
( i ) (mod pi );

where the integersbj
( i ) are chosen independently in the interval [0; pi � 1]. The scrambled sequence has the

same estimate for its discrepancy as if for any integersm1; : : : ; ms the congruences

ki
� i

Y

1� j � n; j 6= i

pj
� j � mi (mod pi ); i = 1 ; : : : ; s (3.1)

have a solution, then the same is true for the congruences

ki
� i +1

Y

1� j � n; j 6= i

pj
� j + bj � mi (mod pi ); i = 1 ; : : : ; s: (3.2)

The chosen algorithm is very fast, requires a small amount of memory and generates the terms of sequences
with maximal error less that 10� 14 when 106 terms are generated. It shows superior results compared to other
Halton generators.

Niederreiter and Sobol sequences. We use the De�nition 3 (below), which covers most digital (t; m; s)-
nets in base 2. The Sobol sequence is a (t; s)-sequence in base 2 and is a particular case of this de�nition.
De�nition 3. Let A1; : : : ; As be in�nite matrices Ak = f a(k )

ij g; i; j = 0 ; 1; : : : ; with a(k )
ij 2 f 0; 1g, such that

a(k )
ii = 1 for all i and k, a(k )

ij = 0 if i < j . The � (1) ; : : : ; � (s) are sequences of permutations of the setf 0; 1g.
Each non-negative integern may be represented in the binary number system as

n =
rX

j � 0

bi 2i :

Then the nth term of the low-discrepancy sequence� is de�ned by

x(k )
n =

rX

j =0

2� j � 1� (k )
j (� j

i =0 bi a
(k )
ij );

where by� we denote the operation of bit-wise addition modulo 2.
Next lemma explains how we generate consecutive terms of the sequence.

Lemma. Let � be a sequence or net satisfying De�nition 3, and let the non-negative integersn; p; m be given.
Suppose that we desire the �rstp binary digits of elements in � with indices of the form 2m j + n < 2p; this
implicitly de�nes a set of compatible j 0s. Thus the only numbers we need to compute are

y(k )
j = b2px(k )

2m j + n c:
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The integers f v(k )
r g1

r =0 , which we call "twisted direction numbers", are de�ned by

v(k )
r =

p� 1X

t =0

2p� 1� t � p� 1
j = m a(k )

tj :

Suppose that the largest power-of-two that divides2m (j + 1) + n is l , i. e. 2m (j + 1) + n = 2 i (2K + 1) . Then
the following equality holds

y(k )
j +1 = y(k )

j � v(k )
i :

To obtain the results presented in this paper we have used the scrambled Sobol and Niederreiter sequences.
The algorithm for generating scrambled Sobol sequence is described in [1]. We have modi�ed this algorithm
for generating scrambled Niederreiter sequence. We have to notethat not all optimizations for Sobol sequence
can be applied for Niederreiter (due to the structure of metricesA0s. This algorithm allows consecutive terms
of the scrambled sequence to be obtained with essentially only two operations per coordinate: one 
oating
point addition and one bit-wise xor operation (this omits operations that are needed only once per tuple).
This scrambling is achieved at no additional computational cost overthat of unscrambled generation as it
is accomplished totally in the initialization. In addition, the terms of the sequence are obtained in their
normal order, without the usual permutation introduced by Gray code ordering used to minimize the cost of
computing the next Sobol element. This algorithm is relatively simple and very suitable for parallel and grid
implementation.

The mathematical explanations can be found in [1], here we present the algorithm in pseudo code.
� Input initial data:

{ if the precision is single, set the number of bitsb to 32, and the maximal power of two p to 23,
otherwise setb to 64 and p to 52;

{ dimension s;
{ direction vectors f aij g; i = 0 ; p; j = 1 ; : : : ; s representing the matricesA1; : : : ; Ad (always aij <

2i +1 );
{ scrambling terms d1; : : : ; ds - arbitrary integers less than 2p, if all of them are equal to zero, then

no scrambling is used;
{ index of the �rst term to be generated - n;
{ scaling factor m, so the program should generate elements with indices 2m j + n, j = 0 ; 1; : : :.

� Allocate memory for s?l b-bit integers (or 
oating point numbers in the respective precision) y1; : : : ; ys..
� Preprocessing: calculate the twisted direction numbersvij , i = 0 ; : : : ; p � 1; j = 0 ; : : : ; s:

{ for all j from 1 to s do
{ for i = 0 to p � 1 do
{ if i = 0, then vij = aij 2p� m , elsevij = vi � 1j xor (ai + m;j ? (2p� i � m ));

� Calculate the coordinates of then-th term of the Sobol sequence (with the scrambling applied) using
any known algorithm (this operation is performed only once). Add +1 to all of them and store the
results as 
oating point numbers in the respective precision in the array y.

� Set the counter N to the integer part of n
2m .

� Generate the next point of the sequence:
{ When a new point is required, the user supplies a bu�erx with enough space to hold the result.
{ The array y is considered as holding 
oating point numbers in the respective precision, and the

result of subtracting 1. from all of them is placed in the array x.
{ Add 1 to the counter N ;
{ Determine the �rst nonzero binary digit k of N so that N = (2 M + 1)2 k (on the average this is

achieved in 2 iterations);
{ Consider the array y as an array ofb-bit integers and updated it by using the kth row of twisted

direction numbers:
for i = 1 to d do
yi = yi xor vki .

{ Return the control to the user. When a new point is needed, go to beginning of this paragraph
(Generate the next point of the sequence).
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Parallelization. There are three basic ways to parallelize quasirandom number sequences:
� Leap-frog - The sequence is partitioned in turn among the processors like a deck of cards dealt to card

players.
� Sequence splitting or blocking- The sequence is partitioned by splitting it into non-overlapping contigu-

ous subsections.
� Independent sequences - Each processor has its own independent sequence.

The �rst and second schemes produce numbers from a single quasirandom sequence. The third scheme needs a
family of quasirandom sequences. Scrambling techniques can generate such a stochastic family of quasirandom
sequences from one original quasirandom sequence. Numerical calculations presented in this paper are done
using blocking. In this way we can exactly repeat the results for comparison.

3.2. Hybrid Algorithms in SALUTE. We have constructed hybrid Monte Carlo algorithms that use
pseudo-random numbers for some dimensions and scrambled quasi-random numbers for the other dimensions.

A schematic description of the algorithm is given below, assuming thatwe only need to compute the Wigner
function at one point (k1; z1). In the algorithm, � 1 is the truncation parameter.

� Input number of trajectories to be used N , relaxation time T, other parameters, describing the initial
condition.

� For i from 1 to N sample a trajectory as follows:
{ set time t := T , weight W := 1 ; k = k1; z := z1

{ prepare the next point of the quasirandom sequence to be used (Niederreiter, Halton or Sobol)
(x1; x2; : : : ; xn ), with n su�ciently big ( n = 100 in our case), and setj = 1

{ repeat until t > � 1:
� k is simulated using pseudorandom numbers
� t0; t are simulated using consecutive dimensions of the quasirandom sequence, i. e. the points

x2j � 1; x2j , by the formula

t2 := tx 2j � 1; t1 := t2 + x2j (t � t2); t0 := t1; t = t2

� multiply the weight: W := W ? t(t � t2)
� compute the two kernelsK 1 and K 2

� select which one to use with probability proportional to their absolute values.
� multiply the weight: W := W ? (jK 1j + jK 2j)sgn(K m ) if K m is the kernel selected
� sampleq using a spline approximation of the inverse function
� multiply the weight by the appropriate integral: W := W ? I
� modify k, depending on the kernel and the electric �eld applied:knew = k � c3 ?(t � t2) if K 1

was chosen orknew = k � c3 ? (t � t2) if K 2 was chosen
� modify z : znew = z � c1 ? k ?(t � t2) � c2 ? (t � t2) ? (t + t2)
� compute the contribution of this iteration to the Wigner function: a dd W ?  (z; k) to the

estimator, where  (z; k) is the value of the initial condition
� increment j := j + 1

The constructive dimensionality of the algorithm is 4n, where n is the maximal length of the trajectory.
We use 2n pseudorandom numbers for each trajectory, and the dimensionality of the Halton sequence is 2n.

4. Grid implementation. A computational grid is a computing environment which enables the uni�ca-
tion of geographically widely distributed computing resources into one big (super)computer [11]. The individual
computing resources commonly consist mostly of computer clusters or several individual computers, which are
interconnected by a high-speed wide area network. At present, the grid is intended for supporting e-Science,
however the technology itself is very adaptable for a very wide areaof future computer use. The grid accumu-
lates and coordinates as much computing power as possible and makeit available for use by applications, which
have a particularly high demand for computing resources.

In order to compute the physical quantities (2.1),(2.3) SALUTE application requires considerable computa-
tional power and time to obtain su�ciently accurate results. Hundr eds (thousands) of jobs with di�erent input
data have been implemented on grid clusters included in the SEEGRID infrastructure.
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The SEEGRID infrastructure integrates computational and storage resources in South Eastern Europe.
Currently there are more than 40 clusters with a total of more than 3000 CPUs and more than 400 TB of
storage and this infrastructure is a part of European Grid infrastructure named EGEE [25]. The peculiarities of
the region are that the network connectivity of many of these clusters is insu�cient, which implies the necessity
to avoid network-hungry applications and emphasize computationally intensive applications, that make e�cient
use of the available resources. It also imposes the need of fault-tolerant implementations.

The SEEGRID infrastructure was built using the gLite middleware [26]. Each of the SEEGRID clusters
has the mandatory Grid services:

� Computing Element
� Worker Nodes
� Storage Element
� MON box

The Worker Nodes provide the computational resource of the site, and the Storage Element provides the
storage resources. The set of services, that are not tied to thespeci�c site are called core services. They include

� VOMS (Virtual organisation management system)
� MyProxy
� R-GMA registry/schema server (distributed data-base)
� BDII (provides comprehensive information about the resources)
� WMS (distributes and manages the jobs among the di�erent grid sites)
� FTS (�le transfer service)
� AMGA (metadata catalog)

4.1. Grid implementation scheme. The need of performing a large number of tests on the EGEE and
SEEGRID infrastructures allows us to develop a grid implementation scheme in order to facilitate the execution
and monitoring of the submited tasks. In our grid implementation scheme we incorporated the use of the FTS
and AMGA services, available in the gLite, and we were able to include the estimation of several new physical
quantities, which increased the total amount of data to be generated, stored, processed and visualized.

On the User Interface (UI) computer the scientist launches the Graphical User Interface (GUI) of the
application (see Fig. 1). The job submission, monitoring and analysis of the results is controlled from there.

The jobs are monitored from a monitoring thread, started from the GUI, and information about their
progress is displayed to the user. Another thread run from the GUI is responsible for collecting the output
results from the various Storage Elements to the local one. For each output �le a request for transfer is sent to
the File Transfer Service (FTS) computer.

The computational tasks are submitted using a messaging broker,that follows the AMQP protocol. The
grid jobs contact the AMQP broker and obtain the tasks from a message queue.

The AMGA (ARDA Metadata Catalog) is used to hold information about the results obtained so far by
the user|for example input parameters, number of jobs executed, execution date etc.

The WMS sends the job to the Grid sites. When the job starts on theWN (Worker Node), it downloads
the executable from the Storage element. The executable obtainsthe input parameters from the AMQP broker,
performs the computations and stores the results in the local Storage Element. It registers the output. One of
the Worker Nodes is responsible for gradual accumulation of the output of the jobs. At regular intervals the
accumulated results are registered and made available to the user.

The FTS is used in order to limit the number of �les that are transferr ed simultaneously, because of the
limited bandwidth available. In this way we also avoid some scalability limitat ions of the middleware and we
try not to overload the Storage Elements. This approach is e�cient, because in most cases it will not lead
to increase of the total time necessary for completing all transfers, since they compete for the same network
resource. Additional bene�t of the FTS is that it provides reliable tr ansfer of the �les, by retrying the transfers
if necessary.

5. Numerical Tests and Grid performance analysis. The problems arising when we solve the Wigner
equation using Monte Carlo approach are due to the large statistical error. This error is a product of two factors:
standard deviation and sample size on the power one half. The standard deviation increases exponentially with
time, so in order to achieve reasonable accuracy, we must increaseconsiderably the sample size. This implies
the need of computational resources. Using the grid and above described grid implementation scheme, we were
able to obtain new results about important physical quantities: Wigner function, wave vector, electron density



144 Emanouil Atanassov, Todor Gurov and Aneta Karaivanova

Fig. 4.1 . Graphical User Interface (GUI) for submission and monitori ng of SALUTE jobs, and accumulation and visualization
of their results.

and energy density. The results presented here are for inhomogeneous case with applied electric �eld for 140
femtoseconds evolution time. Normally, the execution times of the jobs at the di�erent sites are similar, and
the delay in starting is caused by lack of free Worker Nodes. Thus our new scheme allows the user to achieve
the maximum possible throughput.

We have performed experiments with pseudorandom, and scrambled Niederreiter, Sobol and Halton se-
quences. In order to achieve the su�cient accuracy we have implemented 400 jobs (each with 4000000 tra-
jectories) with our Monte Carlo algorithm, and 64 jobs (each with 222 trajectories) with the hybrid algo-
rithm (correspondingly, with scrambled Halton, Niederreiter and Sobol sequences). The mean square errors of
rez( i )

MCM � rez( i )
Hybrid , where rezi means wave vector, electron density energy density and Wigner function has

order ranging from O(10� 4) to O(10� 5). But to achieve the same results with the hybrid method we
performed 6 times less trajectories .

On the Figures 2, 3 and 4 one can see the quantum e�ects|there is no symmetry when electric �eld is
applied. The results obtained with MCM and the three hybrid algorithm s are plotted on the same picture for
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Fig. 5.1 . Wave vector obtained with MCM and Hybrid1 (with Niederreite r) and Hybrid2 (with Halton) algorithm. The electric
�eld is 15[kW/cm] along to the nanowire.

Fig. 5.2 . The Wigner function at 140fs presented in the plane z � kz . The electric �eld is 15[kV/cm] along to the nanowire.

each of the estimated quantities. They are not visible on Fig. 2 because the error is very small. The graph
on Fig. 4 is in logarithmic scale and the di�erences can be seen. The best results are obtained using the
Niederreiter sequence (in our version with the described scramblingalgorithm).
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Fig. 5.3 . Electron density obtained with MCM and Hybrid1 (Niederreit er) and Hybrid2 (Halton). The electric �eld is
15[kV/cm] along to the nanowire.

6. Conclusion. The use of scrambled quasi-random sequences allows for faster convergence of the algo-
rithms compared to pure Monte Carlo, providing also aposteriory error estimation and avoiding singularities.
The chosen computational infrastructure - Grid, enabled the achievement of interesting new results through
extensive computations, which would otherwise require considerable amount of time.

Further improvement of the convergence of the algorithms may beobtained by employing improved scram-
bling algorithms of modi�ed quasi-random sequences and this will be animportant direction for our future
work.
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MANAGEMENT OF HIGH PERFORMANCE SCIENTIFIC APPLICATIONS
USING MOBILE AGENTS BASED SERVICES

SALVATORE VENTICINQUE �, ROCCO AVERSA � , BENIAMINO DI MARTINO � , RENATO DONINI � , SERGIO

BRIGUGLIO y , AND GREGORIO VLAD y

Abstract. High performance scienti�c applications are currently imp lemented using native languages for optimizing perfor-
mance and utilization of resources. It often deals with thou sands of code lines in FORTRAN or in C built of legacy applicat ions.
On the other hand new technologies can be exploited to improv e 
exibility and portability of services on heterogeneous a nd dis-
tributed platforms. We propose here an approach that allows programmers to extend their applications to exploit this ki nd of
services for management purposes. It can be done simply by ad ding some methods to the original code, which specialize app lication
management on occurrence of particular events. We mean that applications do not need to be rewritten into di�erent langu ages or
adopting speci�c programming models. We implemented a nati ve console that is used by Mobile Agents to control the applic ation
life-cycle. Agents implement a mobile service that support s check-pointing, suspension, resume, cloning and migrati on of managed
applications. A WSRF interface has been provided to Grid use rs who do not need to be aware about agents technology. We used
a FORTRAN code for simulation of plasma turbolence as a real c ase study.

1. Introduction. We aim here at investigating how Mobile Agents technology can be usedto develop
advanced services for management of resources in distributed systems. Mobile Agents mechanisms such as
autonomy, reactivity, clone-ability and mobility can be exploited for r esource management and load balancing
when system conditions change dynamically. Most of all mobile agentsplatforms are executed by Virtual
Machines which make transparent the hardware/software architecture of the hosting node. It allows to distribute
and execute mobile agents code on heterogeneous environments ina 
exible way. On the other hand, most of
legacy applications have been implemented by languages such as FORTRAN and C, and they are compiled for a
target machine in order to optimize their performances. Here we present a mobile agent based service that allows
for management of native applications on heterogeneous distributed systems. Agent technology has been used
to provide management facility on any node where the execution of applications will be started. Programmers,
in order to exploit the management service, can extend their application without modify the original code,
but by overriding some methods which specialize the application life-cycle. We aim at supporting checkpoint,
resume, migration and monitoring. Furthermore service is targeted to each Grid user, who is unaware about
Agent technology and can exploit services facilities by a compliant WSRF interface. A console that allows
the application control by an agent has been designed and implemented. An agent based service designed
and implemented to automatically perform management strategies. In the second section related works on
management services and load balancing mechanism are described. In section 3 we describe the facilities we
have implemented in order to control the application life-cycle. In section 4 the software architecture of our
service is presented. Section 5 provides an example of simple application that has been extended in order to
exploit the service.

2. Related work. Application management and migration are mechanisms developed in many environ-
ments for common purposes. There are many platforms which exploit migration to implement load balancing
in distributed and parallel systems. When we deal with homogeneousclusters, process migration is supported
to share resources dynamically and adaptively. MOSIX [1] provides aset of algorithms to react in real time
to the changes of resources utilization in a cluster of workstations. Migration of processes is preemptive and
transparent. The objective is to provide high performances to parallel and sequential applications. OpenMosix
[2] is a decentralized version of MOSIX. Each node behaves as an autonomous system. Kerrighed [3] supports
thread migration. When a node is less loaded a process is moved therefrom a more busy node. OpenSSI [3]
does not need to save part of the process on the original hosting node. System calls are called locally. Not all
the processes are candidates for migration.

On the other hand in heterogeneous systems process migration is not generally supported. Di�erent en-
vironments are virtualized by a middleware that hides architectural details to the applications and supports
portability. In this case is possible to migrate code and status of applications, but not to resume the process
status. An hybrid approach that manage a Grid of homogeneous clusters is presented in [4] as an advance
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Fig. 3.1 . Application life-cycle

of research cited above. Some relevant contributions, which exploit Mobile Agents technology are [5, 6]. We
aim at exploiting 
exibility of Mobile Agent programming to manage legacy applications without changing the
original code and without rewriting the application into another langu age or adopting a new programming
paradigm. Some approaches which should be compared with the one presented in this paper are cited below. [7]
presents an approach to support mobility of applications in a GRID environment. A mobile agent is described
by an UML-like language called blueprint. The blueprint description is tr ansferred together its status. The
receiving platform translates the agent blueprint description in a Java or a Python application that implement
the original functionalities Blueprint is a language for a high level speci�cation of agent functionalities and
of its operational semantics. A speci�cation describes the behavior of an agent in terms of its basic building
blocks: components, control 
ow and data 
ow. Agent factories interpret the agent blueprint description and
generate executable code composed of, for example, Java, Python, or C components. To support migration of
common user applications, in [8], authors provide the possibility to insert some statements, such as go( ) or
hop( ), between blocks of computation, such as for/while loops. A pre-compiler, such as ANTLR for C/C++
and JavaCC for Java source code, is used to substitute these statements with code that implements mobility.
A user program may be entirely coded in C/C++ and executed in native mode. As a result Java agent starts
the native code using a wrapper implemented by the JNI technology.In our approach programmers who want
to support migration do not need to deal with any models, but they have just to handle such events which ask
to save or resume the application status.

3. Management facilities and application life-cycle. We exploited Mobile Agents technology to allow
services execution on heterogeneous platforms. We mean that wecan execute monitoring and control facilities
on heterogeneous nodes in a distributed environment. Furthermore we can move dynamically a service instance
from a node to another resuming the execution at destination. Mechanisms of Mobile Agents technology have
been adopted to design and implement advanced management facilities. Besides we provide the possibility to
extend the same facilities to the managed application. Our model of application life-cycle is shown in Fig: 3.1.
Regardless of the location, the process state could assume the following values: started, suspended, stopped
and resumed. In the suspended mode, the application status has been saved in order to allow process restoring
when a resume action will be invoked. Let us clClrify that the application status is saved not the process one.
That's because we aim at supporting mobility across heterogeneousarchitectures. Life-cycle can be monitored
and controlled by a software console that generates and handles the following events:

1. start : starts the execution of a native application on a cluster node
2. suspend: suspends the native application saving its execution status.
3. resume: resumes the native application restoring the status saved on thelast suspension.
4. stop: stops the native application.
5. checkpoint: saves the status of the native application without stopping its execution.
6. migrate: migrates the native application to a target node restoring its status at destination.
7. split : clones the native application and splits the job between the clones.

We have developed both an interactive GUI and a batch interpreterfor submitting commands to the application
console.
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Fig. 4.1 . Software Architecture

4. Service architecture. As shown in Fig:4.1 software architecture of the management service is com-
posed of di�erent elements at di�erent levels. A �rst set of components implements a portable service executed
by Mobile Agents. Distributed Agents perform di�erent roles. They implement user interface, application mon-
itoring and control, code management. A monitor detects relevantchanges of system conditions and noti�es
these events to the Agent Scheduler. The Agent Scheduler reacts in order to avoid performance degradation.
It communicate and coordinates other agents. The Proxy Agent isresponsible of the application execution. It
receives requests from other agents and manages the applicationby a Java console. An abstract console de�nes
the interface between the proxy and the application. It is obviously independent by the kind of application
that will be controlled. Native applications will be linked to the console by mean of a native implementation
of abstract methods. In order to support the execution on heterogeneous architectures, the programmer has
to make available a new shared library that overrides native methodsand that has been compiled for a target
architecture. Libraries will be stored on a remote repository and the proxy agent is able to automatically
download them, when the execution is moved to a new heterogeneous node.

4.1. Agent level.

4.1.1. Agent Proxy. An Agent Proxy is delegated to manage an instance of users' application. It can:
� save and resume the status of the native application (save, resume);
� migrate, clone or split the application;
� handle special conditions such as termination.

For instance whenever the agent manager requires the migration of a native application to a selected node, the
Agent Proxy has to transparently:

� suspend the native application as soon as possible;
� save the status of the native application;
� migrate to the target node;
� detect the target node hardware and software equipment;
� whenever it is necessary download and install the right library;
� restore the status of the native application;
� resume the native application.

4.1.2. Agent Manager. The Agent Manager provides a graphic interface for creating, migrating, cloning
and destroying both Agent Proxies and the native applications. It sends standard ACL messages (ACL stands
for Agent Communication Language) to ask for the actions ProxyAgents should take. The Manager allows
to load references to libraries which have been built and made availablefor di�erent hardware and software
architecture. It can handle independently multiple execution instances of the same application. A snapshot of
the Management Console GUI is shown in Figure 4.2.



152 Salvatore Venticinque, Rocco Aversa et al.

Fig. 4.2 . Management Console Gui

4.1.3. Agent Monitor. Our architecture includes a monitor module to detect relevant changes of system
conditions and noti�es these events to the Autonomous Agent. Asshown in the following the system is able
to react to the events which a�ect the performance of the both service and application. The way to generate
the events to send to the Batch Agent, could be less o more complexaccording to the particular requirements.
Currently a simple con�guration of management strategy based onthreshold mechanisms is supported. The
agent monitor checks the application's performance and comparesit with a target input, such as the throughput
of a web server; when a performance degrade was detected the right actions could be performed.

4.1.4. Agent Scheduler. The Agent Scheduler uses management facilities provided by Agent Proxies in
order to carefully distribute the cluster workload or to optimize performance of applications. For instance, it
can migrates native applications from a platform to another one that is less loaded. It can redistribute groups
of applications in order to reduce network tra�c by minimizing inter-c ommunications, or reducing the overhead
due to data transfer. Actually the user can con�gure the Scheduler behavior by associating a set of actions to a
noti�cation event. When a speci�c ACL messages has been receivedfrom the agent monitor the related batch
�le is interpreted and executed. A batch �le can be written as described in Figure 4.1.4. In the example we
show a sequence of commands which are executed on the occurrence of two events: idle node and busynode.
Parameters of commands are extracted from content of relatedevents noti�ed by ACL messages.

<?xml version="1.0" encoding="UTF-8" ?>
<batch>
<activation>

<and>
<event name="idle_node">
<event name="busy_node">

</and>
</activation>
<sequence>
<operation>
<command type="suspend" agent="$busy_node.agent_name[0]"/>

</operation>
<operation>
<command type="move" agent="$busy_node.agent_name[0]">
<parameters>
<parameter>$idle_node.container[0] </parameter>

</parameters>
</command>

</operation>
<operation>
<command type="resume" agent="$busy_node.agent_name[0]"/>

</operation>
<sequence>

</batch>

Fig. 4.3 . An XML batch �le de�ne the list of action that must be taken on a n event occurence
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We are planning to adopt a more complete language such as the ones which support choreography or
orchestration [9].

4.2. Console level. In order to make transparent the management of di�erent kinds of applications we
de�ned the ApplicationManager abstract class. An implementation needs to support management of each kind
of application. We provided a NativeManager class with java and native methods. Other classes implements
special utilities. In particular:

� ApplicationManager: is an abstract class that represents an application manager.
� NativeManager: is a class that extends ApplicationManger It overrides abstract methods in order to

interface with native applications.
� ApplicationThread : is a thread that starts native application and waits for events.
� Library : is a class that contains a set of parameters, which are used to identify and retrieve the compliant

version of application library for the target machine architecture.
� ManagementException: is a class that implements an exception that could be thrown by the Applica-

tionManager.
JNI (Java Native Interface) is the technology that has been usedto link the native implementation of the
ApplicationManager to the Java implementation. JNI de�nes a standard naming and calling convention so the
Java virtual machine can locate and invoke native methods. A nativeimplementation of these methods have
been developed in POSIX C and compiled for di�erent architectures (AMD64, IA32, . . . ). As it is shown in
Figure 4.4, in order to allow its application to be managed a programmerhas to add those methods which
override the ones de�ned in the native console. Linking the original application code with the new methods and
the native console, a dynamic library for a target machine can be built. The native console is implemented by
two POSIX processes: a father and its son. The son is spawn when the application starts. The father waits for
requests from the Java part of the service, forwards them to the son that executes the application code by POSIX
signals. The son before to start registers signal handlers and communicate by two POSIX pipes with the father.
Pipes are used by the son to communicate to the father the �le namewhere the application status has been
stored and to communicate events such as a termination. Handlerscan be specialized by the programmer by
overriding the following methods (using C, FORTRAN, or any other native languages): start () , resume(char
status[]), stop (char status[]), suspend(char status[]), checkpoint (char status[]), split (char status[]), whose
meanings has been described in the previous sections.

Fig. 4.4 . Building a new library

5. Plasma turbulence simulation. As case study, we chose a Fortran application for Particle-in-cell
simulation. Particle-in-cell simulation consists [15] in evolving the coordinates of a set ofNpart particles in
certain 
uctuating �elds computed (in terms of particle contributio ns) only at the points of a discrete spatial
grid and then interpolated at each particle (continuous) position. Two main strategies have been developed
for the workload decomposition related to porting PIC codes on parallel systems: theparticle decomposition
strategy [11] and the domain decompositionone [12, 13]. Domain decomposition consists in assigning di�erent
portions of the physical domain and the corresponding portions ofthe spatial grid to di�erent processes, along
with the particles that reside on them. Particle decomposition, instead, statically distributes the particle
population among the processes, while assigning the whole domain (and the spatial grid) to each process. As a
general fact, the particle decomposition is very e�cient and yields a perfect load balancing, at the expenses of
memory overheads. Conversely, the domain decomposition does not require a memory waste, while presenting
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particle migration between di�erent portions of the domain, which causes communication overheads and the
need for dynamic load balancing [14, 13]. The typical structure of a PIC code for plasma particle simulation
can be represented as follows. At each time step, the code

1. computes the electromagnetic �elds only at theNcell points of a discrete spatial grid (�eld solver phase);
2. interpolates the �elds at the (continuous) particle positions in order to evolve particle phase-space

coordinates (particle pushing phase);
3. collects particle contribution to the pressure �eld at the spatial-grid points to close the �eld equations

(pressure computationphase).
We can schematically represent the structure of this time iterationby the following code excerpt:

call field_solver(pressure,field)
call pushing(field,x_part)
call compute_pressure(x_part,pressure)

Here,pressure(1:n cell) , field(1:n cell) and x part(1:n part) (with n cell = Ncell and n part = Npart )
represent pressure, electromagnetic-�eld and particle-positionarrays, respectively. In order to simplify the
notation, we will refer, in the pseudo-code excerpts, to a one-dimensional case, while the real code refers to a
three-dimensional (3-D) application. In implementing a parallel version of the code, according to the distributed-
memory domain-decomposition strategy, di�erent portions of the physical domain and of the corresponding
spatial grid are assigned to thennode di�erent nodes, along with the particles that reside on them. This
approach yields bene�ts and problems that are complementary to those yielded by the particle-decomposition
one [11]: on the one hand, the memory resources required to each node are approximately reduced by the number
of nodes (n part � Npart =nnode , n cell � Ncell =nnode ); an almost linear scaling of the attainable physical-space
resolution (i. e., the maximum size of the spatial grid) with the number of nodes is then obtained. On the other
hand, inter-node communication is required to update the �elds at the boundary between two di�erent portions
of the domain, as well as to transfer those particles that migrate from one domain portion to another. Such
a particle migration possibly determines a severe load unbalancing of the di�erent processes, then requiring
a dynamic balancing, at the expenses of further computations andcommunications. Let us report here the
schematic representation of the time iteration performed by eachprocess, before giving some detail on the
implementation of such procedures:

call field_solver(pressure,field)
call check_loads(i_check,n_part,n_part_left_v,

& n_part_right_v)
if(i_check.eq.1)then
call load_balancing(n_part_left_v,n_part_right_v,

& n_cell_left,n_cell_right,n_part_left,n_part_right)
n_cell_new=n_cell+n_cell_left+n_cell_right
if(n_cell_new.gt.n_cell)then
allocate(field_aux(n_cell))
field_aux=field
deallocate(field)
allocate(field(n_cell_new))
field(1:n_cell)=field_aux(1:n_cell)
deallocate(field_aux)

endif
n_cell=max(n_cell,n_cell_new)
n_cell_old=n_cell
call send_receive_cells(field,x_part,

& n_cell_left,n_cell_right,n_part_left,n_part_right)
if(n_cell_new.lt.n_cell_old)then
allocate(field_aux(n_cell_old))
field_aux=field
deallocate(field)
allocate(field(n_cell_new))
field(1:n_cell_new)=field_aux(1:n_cell_new)
deallocate(field_aux)
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endif
n_cell=n_cell_new
n_part=n_part+n_part_left+n_part_right

endif
call pushing(field,x_part)
call transfer_particles(x_part,n_part)
allocate(pressure(n_cell))
call compute_pressure(x_part,pressure)
call correct_pressure(pressure)

In order to avoid continuous reallocation of particle arrays (here represented byx part ) because of the particle
migration from one subdomain to another, we overdimension (e.g., +20%) such arrays with respect to the initial
optimal-balance size,Npart =nnode . Fluctuations of n part around this optimal size are allowed within a certain
band of oscillation (e.g., � 10%). This band is de�ned in such a way to prevent, under normal conditions, index
over
ows and, at the same time, to avoid excessive load unbalancing.

5.1. Restructuring the original code. Preliminary experiments deal with restructuring and manage-
ment of the sequential program that solves the problem presented above. The program performs, after an
inizialization phase, a number of iterations that at each run update values of �elds, pressures, position and
velocity of simulation particles. The original application (about 5-tho usands lines of fortran code) has been
provided by the ENEA 1. It saves at the end of each iteration the intermediate results. Weindenti�ed the set of
additional relevant information that need to be saved, at the end of each iteration in order to checkpoint and
resume the application after a suspension. It means that before anew iteration starts, the application status
has been already saved. A suspension will cause the lost of work that has performed since the beginning of the
current iteration.

We restructured the original code by adding a number of functionsto handle the start, stop, suspendand
resume events. start: it calls the init function that reads the input data. The init subroutine starts also the
main cycle that use many iterations to update particles data step bystep.
integer function start()

start=1
call init
call main_cycle
end function

stop: it stops the execution, that will restart from the beginning of the application when the start-command
will be invoked. When the application restarts input data will be read again and intermediate results will be
lost.
integer function stop()

stop=1
end function

checkpoint: it writes in a �le the intermediate information which describe the partic les (pressure, position,
volume . . . ), algorithm data such as the current iteration, the max number of iterations, and others. These
data are stored in two modules, which areglobal data and particles data. The write data subroutine uses the
dataout parameter as �lename.
integer function checkpoint(dataout,n)

integer n
character dataout(n)

use global_data
use particles_data
checkpoint=1
call write_data(dataout)

end function
suspend: it suspends the execution that can be resumed at any time, restoring the application status. The write
status saves the application status in a �le as it has been explained above. If a suspension has been requested,

1ENEA is the Italian Agency for New Technologies, Energy and S ustainable Economic Development - http :
==www:fusione:enea:it
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Iteration StartTime (sec) Duration (sec)
1 5,864 86,414
2 92,278 87,236
3 179,514 87,574
4 267,087 87,836
5 354.923 87,657
6 442,580 87,835
7 530,414 87,792
8 618,206 87,695
9 705,900 87,658
10 793,558 87,620

Fig. 6.1 . Mean time for each iteration of plasma simulation

the function is executed at the end of the current iteration. In this case it does not need to perform any actions.
integer function suspend()

suspend=1
end

resume:it resumes the application execution after a suspension. Theread data subroutine restores the ap-
plication status. The read data subroutine initializes the gobal varaiables of the program modules with the
values stored in theindata �le. The start main cycle starts from the beginning of the same iteration that was
interrupted by the last suspension.
integer function resume(indata,n)

integer n
character indata(n)

use global_data
use particles_data
resume=1

call read_data(indata)
call start_main_cycle
end function

Migration is transparent to the programmer. It transfer the Jav a agent code and thedata �le , nedded for
resumption.

6. Experimental results. In order to build the native library we used the Ubuntu Linux Operativ e
System, GNU FORTRAN 4.4.1, GCC 4.4.1 and SUN JDK 1.6. The Jade platform v. 1.3.5 has been used
to develop and run agents. TheC implementation of the native console and the FORTRAN restructured
application have been compiled and linked together. Agents can download di�erent builds, for 64 bit and 32 bit
Linux platforms by a FTP server. Computing nodes are connected by a 100MB Ethernet network. Successful
experiments demonstrated that the prototype works properly, in fact the platform successfully supports check-
pointing, resume, migration and monitoring of native applications. Results allowed us to evaluate the overhead
due to cloning and migration when it is necessary to migrate the nativecode which was previously compiled for
the target machine, and the status of execution.

We experienced the native management of the application for the plasma simulation. The original code has
been executed on a dual-cpu Intel Xeon 3.06 GHz, 512K cache size and 2GB RAM. In a �rst experiment an
Agent Proxy is started from an Agent Manager on its same node. TheAgent Proxy get the cpu architecture
and the operative system (i386,linux) and asks for the correct version of native library. A shared library is
downloaded via a public ftp server connected to the Internet by a 8MB connection in a di�erent geographic
site . The application executes 10 iterations without suspension andresume, but saving at each iteration the
intermediate results of its computation in case of asynchronous requests for migration. In Table 6 we show the
measures we have collected after 100 runs. Wen can see that time needed to start the application, and to read
the input data is 5,86 sec. Before that the time needed to ask for the shared libraries, to get their location
and download it was 1,794 (sec). In a second experiment theAgent Manager sends randomly a request for
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migration from a node to another one of the cluster. Even if we knowin advance that the nodes have the
same cpu an operative system we chose to ask for and download again the shared library. Furthermore, even
if the nodes share the same �le system via NFS, however the agent servers and the application execute in two
di�erent directory. In the �rst one we have the agents code and the input data, in the second one only the
intermediate results will be saved. The agent code will be transfered during migration and saved in a cache.
The status of application contains intermediate values of the program variables and of the particles. The total
size of information is about 95MB. To optimize the data transfer, the application compresses the data before
the migration, and decompresses the �le at destination. The time spent to suspend, migrate and resume the
application will be:

Ttotal = Twrite + Tcompress + Tdecompress + Ttransfer + Tresume + Tlost (6.1)

When migration is asked the array of particles has been already written into a �le at the end of the previous
iteration. Twrite represents the time needed to write only the current values of variables necessary for resumption.
Tcompress is the compression time that takes 6.2 sec, while the decompression takes 1.4 sec. The compression
reduce the data size to 30 MB. In theresume method of the native console, overridden by the application, we
call the tar utility, with the czf options to compress the application s tatus. It could be done in the java code if
such utility is not available. The Proxy Agent, before to move, store the compressed �le in a byte array and uses
the Jade APIs to migrate with its own code and attributes. Ttransfer is the time needed to transfer the agents
and the application status. On the target node we only need a running agent platform. Tresume represents
the time to restart the application that will read the intermediate va lues of its variable from the �le system.
Tlost is the time elapsed since the beginning of the current iteration before the migration request. It depends
on when the signal interrupts the main thread. It will be less than the duration of a complete iteration. In
our implementation all the work that has been done since the beginning of the current iteration is lost. In the
formula we do not consider the time needed to download the native code because we could send an agent at the
new destination to identify the target architecture and to download the right version of native library before and
meanwhile the application is suspended. However in the following measures this strategy as not been applied
and Ttotal will include also that contribution.

After a test-set of 100 runs, we observed a mean turnaround of16m 22,611s without migration, and 17m
18,993s with a random migration. That means a mean time ofTtotal equals to 56,382 secs to be spent for
migrating the execution from a node to another one of the local network. We can observe that the migration,
in this case, takes about 64% of a single iteration, that is not relevant if compared to a real execution of
hundreds iterations. We mean that the service can be e�ectively used to move the execution to a faster node,
or to continue when the hosting machine should be upgraded or restarted. Furthermore many performance
improvements can be designed. For example the choice to save the application status at each iteration is not
the most e�ective one. We could plan di�erent strategies taking into account the duration of each iteration, the
time needed to suspend, migrate and resume the application, and the probability that it could be happening.
In Fig. 6 it is shown the time trace for one execution of the test-set. We can see step by step what happened.
In the �rst column we have who takes the time, in the second one theitem is described and in the last one
the time duration. On the left side we describe what happened on the�rst node (Container 1) and on the
right side the second Container nodes works after the migration. The character@ represents the time elapsed
since the start of the native application, otherwise the time value represents the duration of that event. In this
case the suspension is received at 15,073 sec from the init of the application and Tlost is about 9,17 secs. As
the mean iteration lasts for 88,728 secs, the other contributions of Ttotal are all relevant. We can observe that
the library download takes more time at Container-2 because the Agent Proxy is running on a di�erent node
than the Agent Manager, so the communication use the cluster network. Nevertheless the application needs
to resume the intermediate results before to start the �rst iteration, however all the needing initialization are
already done. That is because the �rst iteration starts already at 0,35 (sec).

7. Conclusions. We presented an approach for agents based management of high performance scienti�c
applications, providing a real case study as a proof of concept. Wedesigned and implemented a Mobile Agents
based service and its interface to POSIX applications. Programmers can extend their native applications in
order to support checkpoint, migration, suspension, resuming, etc. Service implementation is in Java. It is
portable and mobile. Application portability on heterogeneous node issupported through the dynamic linking
of native libraries compiled for the target machine. The application lifecycle can be controlled interactively from
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Container-1 Container-2
Code Event Time (sec) Code Event Time

Proxy Agent Library down. 1,629 - - - - - - - - - - - - - - -

Application Iteration 1 @5,893 ; 0 - - - - - - - - - - - - - - -

Application Suspend @15,073 - - - - - - - - - - - - - - -

Agent manager Ttotal 17,349 - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - Proxy Agent Library down. 2,015

- - - - - - - - - - - - - - - Application Iteration 1 @0,329 ; 89,168

- - - - - - - - - - - - - - - Application Iteration 2 @89,497 ; 89,194

- - - - - - - - - - - - - - - Application Iteration 3 @178,691 ; 89,186

- - - - - - - - - - - - - - - Application Iteration 4 @267,878 ; 89,047

- - - - - - - - - - - - - - - Application Iteration 5 @356,926 ; 88,348

- - - - - - - - - - - - - - - Application Iteration 6 @445,274 ; 88,615

- - - - - - - - - - - - - - - Application Iteration 7 @533,889 ; 88,537

- - - - - - - - - - - - - - - Application Iteration 8 @622,426 ; 88,364

- - - - - - - - - - - - - - - Application Iteration 9 @622,426 ; 88,88

- - - - - - - - - - - - - - - Application Iteration 10 @710,790 ; 87,932

Fig. 6.2 . Trace of a migrated execution

a GUI or can be programmed by a scheduler that reacts to changesin the environment. An abstract console
de�nes the methods which are used by agents in order to interfacewith the application. An implementation
for POSIX application has been implemented and tested. We presented preliminary results which will be
extended and discussed in the camera ready version. We Future work will deal with the management of parallel
and distributed applications by cooperation of mobile agents which implement strategies for distributing the
workload in order to optimize system utilization or application performance.
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Abstract. In large scale production and scienti�c, academic environm ents, the information sets to perform computations
on come from various sources. In particular, some computati ons may require the information obtained as a result of previ ous
computations. Work
ow description o�ers an attractive app roach to formally deal with such complex processes. Vine Too lkit
[1] solution addresses some major challenges here such as the synchronization of distributed work
ows, establishing a community
driven grid environment for the seamless results sharing an d collaboration. In order to accomplish these goals Vine Too lkit o�ers
integration on di�erent layers starting from rich user inte rface web components embedded in portal frameworks like Gri dSphere
[28] or Liferay [26], integration with work
ow engine and gr id security and ending up with a built-in meta-scheduling me chanisms,
that allow IT administrators to perform load balancing auto matically among computing clusters and data centers to meet peak
demands. As a result of the wow2green [5] project a complete s olution has been developed and delivered and still is being a dopted
in the pending projects like PL-Grid [4].

Key words: grid portals, web portal, work
ows, grid computing, grid te chnology, grid, Vine toolkit, Vine, GRMS, 
owify,
wow2green, PL-Grid, GRIA, middleware, GridSphere, lifera y

1. Introduction. Vine Toolkit (in short Vine) is a modular, extensible Java library that o� ers developers
an easy-to-use, high-level Application Programming Interface (API) for Grid-enabling applications and more
as it will be described in this article. It was developed within EU-funded projects like OMII Europe [2] or
BEinGRID [3] and polish infrastructural project PL-Grid [4]. It was u sed to build advanced portal solution
integrating many di�erent grid technologies within BEinGRID business experiment called wow2green (Work-

ows On Web2.0 for Grid Enabled infrastructures in complex Enterpr ises) [5]. The solution will be described to
illustrate the great scope of Vine usage and its advanced features. Integration with web frameworks like Liferay
[26] allows developers to build production quality web collaboration solutions. The article is an extended version
of the PPAM 2009 article [27]|individual paragraphs were extended a nd some new added.

1.1. State of the art. Currently there are several grid portals on the market. While someof them allow
only to submit and manage jobs in the dedicated system, other are application development platforms designed
for building and running simulations in multiple middleware solutions. There are also environments which put
focus on the work
ow or collaboration capabilities. Possibility of working with multiple middleware at the
same time combined with work
ow support, collaboration capabilities as well as possibility of integration with
multiple portal frameworks are features which distinguish Vine Toolkit amongst competitive open-source grid
portal solutions.

Some of the grid portals which are related to the Vine Toolkit are described in the following subsections.

1.1.1. P-GRADE. [6]|�rst highly integrated parallel application development system fo r Grid and clus-
ters. It uses Globus, Condor-G and MPICH-G2 as grid-aware middleware to conduct computations. To provide
Grid programming interface with support for work
ow and orchest ration P-GRADE uses GRAPNEL language
which allows a programmer to set a work
ow of objects/library calls. Special tool may be used to generate MPI
code from a GRAPNEL program. Supports legacy applications written in: C, C++, Fortran, MPI, PVM.

P-GRADE Grid Portal|is a web based, service rich environment for th e development, execution and
monitoring of work
ows and work
ow based parameter studies on various grid platforms. P-GRADE Portal
hides low-level grid access mechanisms by high-level graphical interfaces, making even non grid expert users
capable of de�ning and executing distributed applications on multi-institutional computing infrastructures.
Work
ows and work
ow based parameter studies de�ned in the P-GRADE Portal are portable between grid
platforms without learning new systems or re-engineering programcode. Technology neutral interfaces and
concepts of the P-GRADE Portal help users cope with the large variety of grid solutions. More than that, any

� Poznan Supercomputer and Networking Center, ( f dejw, piotr.dziubecki, pkopta, mich, tomasz.kuczynski,
krzysztof.kurowski, bogdanl, piontek, dominikt, gosiaw g@man.poznan.pl).

yFedStage Systems, (f piotr.domagalski, krzysztof.witkowski, jarek.nabrzysk i g@fedstage.com).
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P-GRADE Portal installation can access multiple grids simultaneously, which enables the easy distribution of
complex applications on several platforms. Interoperability with Globus Toolkit 2, Globus Toolkit 4, LCG and
gLite grid middlewares. Secured grid access mechanisms using X.509 certi�cates and proxy credentials. Built-in
graphical editor to design and de�ne grid work
ows and grid parameter studies. Integrated work
ow manager
that orchestrates the fault tolerant execution of grid applications. On-line work
ow and job monitoring and
visualization facilities. MPI execution in Globus and gLite grid environments. Graphical MDS and BDII grid
information system browser. Support to include local and remote storage �les into grid applications. User
level storage quota management to protect against server overloading. Legacy application publish and reuse
capabilities by the GEMLCA mechanism. Work
ow import-export-arc hive service.

License: GPL

1.1.2. myExperiment.org. [8]|is a collaborative environment where scientists can safely publish their
work
ows and experiment plans, share them with groups and �nd those of others. Work
ows, other digital
objects and bundles (called Packs) can now be swapped, sorted and searched like photos and videos on the
Web. Unlike Facebook or MySpace, myExperiment fully understandsthe needs of the researcher and makes it
really easy for the next generation of scientists to contribute to apool of scienti�c methods, build communities
and form relationships|reducing time-to-experiment, sharing exp ertise and avoiding reinvention. Launched in
November 2007, contains the largest public collection of work
ows across multiple work
ow systems including
Taverna (over 800 work
ows) and Trident and is used by thousands of users ranging from life sciences and
chemistry to social statistics and music information retrieval. Project source code is accessible and written in
Ruby on Rails.

License: BSD

1.1.3. G-POD. [7]|European Space Agency Earth Observation G-POD (Grid Processing on Demand),
it is a generic GRID-based operational environment where speci�c data handling applications can be seamlessly
plugged into system. Coupled with high-performance and sizeable computing resources managed by GRID
technologies, it provides the necessary 
exibility for building an application virtual environment with quick
accessibility to data, computing resources and results. The G-PODweb portal is a 
exible, secure, generic
and distributed platform where the user can easily manage all its tasks. From the creation of a new task to
the result publication, passing by the data selection and the job monitoring, the user goes trough a friendly
and intuitive interface accessible from everywhere. The portal o�ers access to, and support for, science-oriented
Earth Observation GRID services and applications, including accessto a number of global geophysical ENVISAT
products. Globus and gLite is used as main target middleware.

1.1.4. EnginFrame. [9] (EF) is a web-based front-end for job submission, tracking andintegrated data
management for HPC applications and other services. EnginFrame can be easily plugged on several di�erent
scheduler or grid middleware like: Platform LSF, Sun Grid Engine, PBS,gLite. Every service de�ned in the
EF portal respects the JSR168 standard and can be exposed in any portlet container. EF is certi�ed to be
compliant with IBM WebSphere Enterprise Portal. Every service de� ned in the portal is automatically exposed
trough a WSDL interface so it can be accessed like a web-service application and comes with a J2EE API so
you can plug your java application to it. Can be linked with any authent ication system (NIS, LDAP, Active
Directory, MyProxy). Authorization system decides which services the user is able to see and/or use. Portal
administrators can restrict the access to some applications to a de�ned class of users. Supports remote desktop
tools like: Citrix metaFrame, IBM DCV, NoMachine's NX, VNC.

License: EnginFrame uses a proprietary license.

1.2. Problem Description. The general problem solved within wow2green business experiment ispre-
sented in this paragraph. This use case is just an illustration of how and where Vine Toolkit can be used. This
article is focused mainly on Vine itself and only on the business logic layerwithout going into end user interface
and functionality description.

Big companies consist of several units generating a variety of information sets and performing advanced
computations. Work
ow description o�ers an attractive approac h to formally deal with complex processes. Un-
fortunately, existing work
ow solutions are mostly legacy systemswhich are di�cult to integrate in dynamically
changing business and IT environments. Grid computing o�ers 
exible mechanisms to provide resources in the
on-demand fashion. Wow2green system|called o�cially Flowify [10] wh ich is based on the Vine Toolkit|is a
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Grid solution managing computationally intensive work
ows used in advanced simulations. Each department
within big enterprise or a small company in a supply chain:

{ performs unsynchronized computations among departments,
{ exchanges computing results independently with other project participants, so input data is re-entered

in di�erent formats, output data is lost or overwritten,
{ overloads computing resources during deadlines.

Flowify helps users to synchronize the data processing for execution and collection of results in an auto-
mated fashion. Easy-to-use Flowify work
ow interfaces are provided as intuitive Web applications or integrated
with commonly used tools. Thus many users can simultaneously form dynamic workspaces, share not only
data for their computing experiments but also manage the whole process of advanced computations. Built-in
GRMS meta-scheduling mechanisms provided by Flowify allows IT administrators to perform load balancing
automatically among computing clusters and data centers to meet peak demands.

Similar scenarios are present also in scienti�c, academic environments where people use scienti�c applications
(often open-source) to conduct computations and analyze big sets of data. Often the relations between persons
involved are less formal and there is no such restrictive bi-directional relations between members of the team
working on the given problem. Vine with a set of web applications is an excellent solution to prepare web portal
environment for advanced scienti�c and engineering applications with grid-enabled resources in the backend.
Moreover, the heterogeneity of resources brings about an opportunity to integrate di�erent sets of geographically-
scattered grid resources. Integration scenario could be tightened by applying meta-scheduler for di�erent sets of
grid resources and middleware systems and make it the main entry tothe grid. Component-based architecture
of the GRMS meta-scheduler allows administrators to apply scheduling policies and brokering functionality
across organization boundaries.

1.3. Main Requirements and Demands. The following main requirements have been identi�ed within
wow2green experiment:

{ enable work
ow executions via the wow2green portal(portal based solution should provide a suitable,
user-friendly interface for work
ow executions using Web 2.0 styleeasy-to-use web interfaces. Users
should have a fully transparent access to underlying computing resources so they can take advantage
of high level work
ow management)

{ provide detailed information and feedback for users about their computing work
ow simulations (every
work
ow is a kind of template for creating a computing simulation which could be later executed
on di�erent computing resources. External work
ow engine was selected|Kepler [11] which supports
provenance mechanisms required to search and discover templates in created work
ows. These features
are also available via the wow2green portal)

{ enable more e�cient platform usage through applying brokering of jobs de�ned in work
ow nodes
(GRMS [12] broker is used as a meta-scheduling and brokering component for load balancing among
computing resources. Thus, end users will not have to select computing resources manually and the
overall utilization of computing resources will be improved), end user is freed from resource selection
decision every time something is computed what is troublesome in largeinfrastructures

{ easy-to-use stage in and stage out simulation data(users are able to upload and load simulation data
and work
ows to and from our portal in an intuitive way), this requir ement is quite generic and appears
in many other scenarios|users wants easier data management what could be especially hard to master
in a large and heterogeneous infrastructures|portal solution makes it easier, users may overcome many
troubles like �rewall issues for example

{ easy-to-use, Kepler-like graphical user interfaces for work
ow management and control (to provide
user friendly web interfaces we selected a new web technology calledAdobe Flex. It will enable us to
implement various web applications for easy management and control of work
ows via portal)

{ support for new work
ow de�nitions (additional web tools for work
ows will be developed to enable
users to create, share and modify work
ows. Users (work
ow creators) will be able to share created
work
ows with other users interested only in performing simulations of existing work
ows).

{ provide a repository of work
ow de�nitions

2. Flowify Architecture. The overall Flowify architecture is presented below, all components are de-
scribed to show its function and reveal the complexity of the prepared environment (Fig.2.1).

Identi�ed components:
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Fig. 2.1 . Wow2greem system (Flowify) overall architecture.

{ Gridsphere portal framework|portal framework that provides an open-source portlet based Web portal.
GridSphere enables developers to quickly develop and package third-party portlet web applications that
can be run and administered within the GridSphere portlet container. The wow2green portal is based
on this framework, production-ready portal for a larger community could be deployed on Liferay

{ Vine Toolkit |used as business model layer within the portal, applications created for the scenario uses
the Vine mechanisms to interact with grid services and work
ow engine, integrated Adobe Flex with
BlazeDS technology allows creating advanced web applications. Vine Toolkit components used in portal:

o Work
ow Manager |general component used to interact with di�erent work
ow mana gement so-
lutions through common API; in case of the wow2green solution kepler plugin was introduced

o Role Manager|role management component which allows administrators to manage role-based
access to GUI elements and accessible actions and also to de�ne role-based access policies regarding
data managed through logical �le manager component

o File Manager|File Manager component which allows for interacting with di�erent da ta manage-
ment systems by means of common API

o Portal Security Component|used for portal user certi�cates and proxies management, tog ether
with the Certi�cates generation module allows for automatic certi�c ate generation for registered
portal users

o Portal User Management|used for portal users management, user registration in the portal; to-
gether with the MS Active Directory plugin it enables using existing users in the given organisation
to make the integration easier with the existing IT environment (it is a lso possible to use some
existing LDAP service it desired)

{ Vine web service|web service which exposes a subset of functionality of the Vine Toolkit component
to external systems/services|regarding Job and File Manager, t he web service is used by Kepler actors
to interact with grid enabled resources

{ Kepler work
ow engine|core part of the Kepler/Ptolemy standalone application/framewo rk for work-

ow management, it is used in the wow2green solution as primary work
ow management engine, kepler
work
ow description called MOML is used within the system

{ Kepler engine web service|the web service exposes the work
ow engine functionality to exte rnal sys-
tems/services, portal work
ow manager component uses it as the work
ow management service

{ Set of kepler's vine actors|base components of the work
ows' de�nitions to submit jobs and manage
data through the Vine Toolkit service layer
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{ GRMS broker with web service interface|job broker component with advanced scheduling technol-
ogy, scheduling policies could be easily exchanged dependently on therequirements, for the wow2green
experiment version 2.0 was deployed

{ GRIA middleware [13]|grid middleware|service-oriented infrastructure (SOI) designe d to support
B2B collaborations through service provision across organizational boundaries. Following services are
used in the wow2green system: Job Service job management, DataService data management, Mem-
bership Service to manage groups of users relevant to the roles de�ned in the portal

{ Griddle Information Service|web service which exposes the information about available GRIA re-
sources and batch queues statistics

In case of new scenarios for scienti�c communities, GRMS 3.0 is used,bringing about new possibilities
like support for cross-cluster MPI application support. Such functionality was successfully applied during the
QosCosGrid [22] project and could be useful with some scienti�c applications applied on many clusters. The
new version of broker also introduces built-in support for work
ows, which makes the whole architecture simpler
and more robust rendering the work
ow management much consistent and powerful. More advanced schedul-
ing policies are possible and job-related data management is much more consistent and better operated. The
work
ow de�nition is also simpli�ed which makes it more suitable for a sub set of scenarios and enables faster
implementation for the new scienti�c applications.

3. Vine Toolkit portal based solution. Vine Toolkit (Fig. 3.1) is a modular, extensible Java library
that o�ers developers an easy-to-use, high-level Application Programming Interface (API) for Grid-enabling
applications. Vine can be deployed for use in desktop, Java Web Start, Java Servlet 2.3 and Java Portlet
1.0 environments with ease. Additionally, Vine Toolkit supports a wide array of middleware and third-party
services. Using Vine Toolkit, one composes applications as collectionsof resources and services for utilizing
those resources (basic idea in Vine|generic resource model|any service and data source can me modeled as
an abstract entity called resource and can be integrated with web applications using high-level APIs).

Fig. 3.1 . Vine Toolkit high level architecture in portal deploy scena rio.

The Vine Toolkit makes it possible to organize resources into a hierarchy of domains to represent one or
more virtual organizations (VOs). Vine o�ers security mechanismsfor authenticating end-users and authorizing
their use of resources within a given domain. Other core features include an extensible model for executing
tasks (every action is persisted as Task) and transparent support for persisting information about resources
and tasks with in-memory or external relational databases. Adobe Flex [14] and BlazeDS [15] technology al-
lows for creating advanced and sophisticated web applications similarto many stand-alone GUIs. Other GUI
technologies like GWT, HTML, CSS and Javascript with Ajax could be used instead where Vine business logic
layer could be used below to interact with di�erent resources. Vine comes with many co-bundled components.
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There is a set of bundled components. User / Role / Application managers|administrative tools for user
management, their roles, application related right management foraccessible methods of web applications, user
login and user registration|it is module-based so the process could be extended and span any external service.
like ldap or ms active directory and portal incorporates authenticated users automatically. Resource manager
where the con�guration of resources is accessible, could be displayed and changed by advanced users if desired.
File browser component allows users to manage data on di�erent data management servers and also portal
�le system (PFS)|Vine provides such components to allow storing of users' data in the portal. Job Manager
component based on JSDL speci�cation allows users to prepare JSDL based job description and submits jobs.
Jobs are monitored and outputs could be retrieved later. Basic information about the job is also displayed.
Di�erent job managers are used here according to the installed andcon�gured plugins. Credential manager
allows for getting proxy credentials from MyProxy server con�gured for the portal. User is able also to add some
mapping to his accounts for the accessible DN|so later it is possible to log in using MyProxy user account|
single sign-on is possible then, proxy certi�cates are loaded automatically and user can use grid services directly.
Resource browser is able to display information about grid resources|globus MDS services are used here|it is
also possible to show dynamic values such as free memory.

3.1. Work
ow Engine Support. Vine Toolkit API has been enriched with the generic Work
ow Engine
API. It was created as a separate subproject which could be added as a feature during the portal installation.
API re
ects identi�ed requirements regarding functionality used w ithin end user web applications to manage
users' work
ows through the independent API. The following main functionality was included in the work
ow
submission interface:startWork
ow , stopWork
ow , pauseWork
ow, resumeWork
ow, terminateWork
ow , get-
Work
owOutputs , getWork
owStatusById, createWork
owSpec and beside this a set of support methods like
getWork
owByTaskId to retrieve work
ow instance from Vine using its task id. It allows quit e simply add sup-
port for di�erent work
ow engines if desired or required by some applications constraints. For the wow2green
experiment Kepler engine was used as the primary work
ow engine. The base API allows de�ne so called
Work
owDe�nition which represents the work
ow de�nition prepared as a XML string. In the case of Kepler
engine MoML [16] based work
ow description is used. Through the use of genericWork
owDe�nitionParame-
ter a set of input parameters could be passed along with the work
ow de�nition to the target work
ow engine
plugin. Work
owManager component plays role of the generic work
ow manager while the concrete instance
is created during work
ow submission to the service deployed on thetarget host. Resources de�ned in the
Vine domain description (it is a resource registry in the given domain). Vine contains Kepler plugin project
which encapsulates the Kepler engine client to implement the generic Vine Work
ow API. The �gure 2.1 clearly
shows the connection from the portal to the Kepler Web Service it is another component which exposes the
functionality of the Kepler work
ow engine to the external clients a cting as a work
ow management service.
The key point here are so called theVine actors|small java classes which are in fact Vine Web Serviceclients.
These \bricks" are used by the work
ow designer to prepare work
ow description to execute applications using
grid resources and to acquire results of the computations. User isnot aware where the computations take
place| Vine Web Service by using grid services like GRMS which meta-scheduler and job broker|dispatches
the jobs on the accessible grid environment. Vine is used here in di�erent separate role in servlet mode to be
a backed of theVine Web Serviceand provide ease and uni�ed access to di�erent grid services like in this case
GRMS and GRIA. Such construction allows easily switch to di�erent gr id technology and recon�guration of
the whole environment to di�erent middleware stack like Unicore 6 [17]. In case of new application scenarios
and new GRMS 3.0 it is possible to use the broker directly regarding application work
ows. New GRMS broker
supports DAG-based work
ows, which are enough for most of thepotential applications and possible depen-
dencies between them. New project added to the Vine allows send XML-based GRMS work
ows to the broker
service. It gives a great opportunity for many scientists to connect their computing clusters on-demand to share
computing resources and run large-scale simulations reducing the execution time or dealing with much bigger
problem instances. Two parallel programming environments like OpenMPI and ProActive cover a wide range
of programming languages, including Fortran, C/C++, Python (Ope n MPI) or Java (ProActive), thus can be
easily integrated with legacy code or naturally used as a communication layer among parallel processes and
threads. So by using GRMS work
ow description with massive parallelapplications could bring new possible
scenarios and even reduce potential costs of extending of the existing infrastructure. Resources could be shared
to run big parallel applications between di�erent organizations.
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3.2. Uniform interface to HPC infrastructures. In order to provide end-users with transparent access
to resources, we developed a mechanism responsible for the management of uniform interfaces to diverse Grid
middleware. Advanced classloader management mechanism enables dynamic loading of components that provide
access to the functionality of speci�c Grid middleware through a uniform interface. These components are called
plug-ins in this context (and are realized as Vine subprojects with separate set of client jars). These uniform
interfaces are provided for such functionality like job submission, control, monitoring, data management, role
management, user registration and authentication. They are based on standards where possible (e.g. JSDL
for job submission) and take into account both the gathered requirements and the functionality provided by
Grid middleware deployed in HPC centers. The provided interface could be extended if needed of course. Such

exibility is required as we use di�erent work
ow or single job xml desc riptions regarding di�erent work
ow
management services like Kepler or GRMS. By extendingWork
owDe�nition or JobSpecinterfaces, developer
is able to add support for other work
ow or job descriptions. Thus many work
ow or job management services
could work at the same time hiding complexity of the grid infrastructu re by web application uni�ed GUI
interfaces.

3.2.1. Job Submission, Control and Monitoring (JSMC) Inter face. One of the interfaces which
makes use of the mechanism described above is the uniform interface for job submission functionality. It was
based, �rstly, on an analysis of the functionality of middleware systems and, secondly, on the Job Speci�cation
Description Language (JSDL) [18] created by the JSDL working group at the Open Grid Forum [19]. JSDL
speci�es di�erent information required for successful application execution. One of the sub elements is appli-
cation element which allows the user to specify the application to be executed on the Grid and the various
application parameters and arguments, including input and output � les. Requirements element allows the user
to specify di�erent requirements needed for the execution of thejob, such as amount of memory, number of
CPUs, etc. Data element allows the speci�cation of input and output staging, in order for the user to optionally
de�ne which �les should be copied to and / or from the working directory on the host where the job will be
executed before job submission and / or after job completion respectively. The following main functionality was
included in the job submission interface:startJob, stopJob, getJobOutputs, getJobStatusById, createJobSpecand
beside this a bunch of support methods likegetJobByTaskId to retrieve job instance from Vine using its task
id. Currently Vine supports such middleware like gLite 3.x [20] WmProxy and CREAM, Unicore 6 UnicoreX
job submission, Globus GT4 [21] WsGram, GRIA Job Service and recently QosCosGrid SMOA Computing
and GRMS. Vine's plugin management allows for simultaneous usage of di�erent middleware technologies what
enables uniform access to the di�erent HPC resources. In case ofwow2grenn use case GRIA and GRMS Plugins
were used to access grid services. Another motivation beside seamless usage of di�erent grid technologies was
ease of con�guration and possibility to switch on to di�erent mieddleware stack without modi�cations to the de-
veloped web applications (Vine plays role of the abstract access layer with well de�ned interface). JSMC service
persists the information about all executed jobs along with all required details and the submitted speci�cation.
Monitoring data consists of job state history and basic information like start, �nish time for example.

3.2.2. Data Management Interface. Another interface is the uniform interface for data management
functionality. It was based, �rst, on an analysis of the functionalit y of storage services of middleware systems
trying to �nd common API. The following main functionality was included in the data management interface:
getHomeDirectory, createInputStream, createOutputStream, info, exists, list, goUpDirectory, changeDirectory,
makeDirectory, copy, rename, move, delte, upload, download, createNativeURLString and beside this a bunch of
support methods like getDefaultFileManager to retrieve default data manager instance from Vine. Currently
Vine supports such middleware like gLite 3.x SRM and LFC, Globus GridFTP, Unicore 6 Storage Management
System (SMS), WebDAV, Storage Resource Broker (SRB), GRIA Data Service, HTTP. Vine's plugin manage-
ment allows to simultaneous usage of di�erent storage technologiesand copying data between them. In case of
wow2green use case GRIA Data Service and HTTP Data Service plugins were used to access grid services. By
using Vine abstract layer the web applications could be written without taking into account di�erent technolog-
ical nuances. Vine also allows use di�erent storage servers as uniform services making data management quite
easy for the application developer. Vine is also shipped with the built-inPortal File System (PFS) which allows
store portal end users �les directly in the disk storage managed bythe portal container. It is very convenient
for developers to expose data by using disposable links and store users con�guration �les and others close to
the portal instance. PFS is also used while downloading �les from remote data storage systems. In conjunction
with security related mechanisms and components Vine simpli�es usage of di�erent data management systems
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not only by unifying the API but also by covering the whole complexity r elated to the security issues. Vine also
de�nes logical data management API which is similar to the physical one described earlier but has also support
for meta data attributes, permissions related to �les, multi-criter ia �le search related to meta data attributes,
tags support. The logical data management API is used to organizeusers data and describe them with meta
data attributes and tags. During the wow2green experiment all experiments results were stored and tagged in
the logical �le system to facilitate searching for �nished experiments and concrete results.

3.3. Security Issues. Vine can solve di�erent security issues while accessing di�erent grid services. A
signi�cant interoperability problem results from the di�erences in th e security models of systems such as UNI-
CORE or GRIA (where authentication is based on standard X.509 certi�cates) and Globus-based Grids (au-
thentication based on GSI [23]). The main di�erence between these systems is that basic versions of UNI-
CORE and GRIA do not support dynamic delegation while GSI-compliant systems do. Currently, to overcome
this problem, we allow a portal to authenticate on behalf of end-users. To do this, the portal signs a job
with its own certi�cate and adds the distinguished name of the end-user before submitting the job to, for
example, a GRIA site. In case of Unicore Vine supports GSI-enabledextension for Unicore gateway what
enables to authenticate users by using proxy certi�cates. In case of gLite3 middleware voms proxy certi�-
cate are created and used|Vine can be con�gured to support di�e rent voms servers and allow users inter-
actions from di�erent VO without any problem. Vine support MyProx y [24] server to provide true single
sign-on|during the user logging in to the portal proxy certi�cate is retrieved and used while accessing dif-
ferent middleware services. In case of the wow2gren solution the GRIA middleware was used. So as men-
tioned before portal common certi�cate was used to submit jobs (GSI is not supported). To distinguish
users so called GRIA policy rules are used to set job and data �le owners by using users' public certi�-
cates and their distinguished names. One of the requirements of the experiment was to simplify the security
management issues. So user certi�cates are maintained by the Vine-based portal integrated with Certi�cate
Authority|when user is registered for the �rst time, their certi�c ate is generated and hold in the safe place
on the server. Later proxy certi�cates are used to interact with the grid middleware. Common portal cer-
ti�cate is used to submit jobs to enable GRMS broker to manage themon behalf of users without the need
to pass the private user's key certi�cate. Vine supports all aspects of security-related issues and processes.
Account creation allows automated, user-friendly user registration at the portal and to underlying Grid mid-
dleware and third-party services used through the portal (registration modules are used to register new user
accounts in external services). User authentication allows the user to login into the portal and be authen-
ticated, login portlet is shipped together with Vine and could be embedded in di�erent portal frameworks.
Single-Sign-On (SSO) management allows automated SSO user authentication in various Grid middleware and
services used through the portal. The user must have been previously registered in these external services.
Authorization allows the administrator to access third-party auth orization systems to change user permis-
sions.

3.4. User Management. Common problem to solve while using di�erent middleware infrastructures is
user management and account provision. Vine is able to register users in di�erent middleware infrastructures
like gLite3, Unicore 6 or Globus GT4. Vine containsregistration modules which allow register users on di�erent
resources. Currently the following are provided: GridsphereRegistrationResource|allows adding new users to
Gridsphere portal, LiferayRegistrationResource|allows adding new users to Liferay portal, GssCerti�cateReg-
istrationResource|creates x509 certi�cate and key pairs for new users, Gt4RegistrationResource|creates user
accounts on Globus Toolkit 4 host machine,GriaRegistrationResource|creates user accounts in Gria 5.3 Trade
Account Service, Unicore6RegistrationResource|creates user accounts on Unicore 6 XUUDB, DmsRegistra-
tionResource|registers users on Data Management Service,VomsRegistrationResource|registers users to Vir-
tual Organization Membership Service. Modular architecture and plugin management system allows easily plu-
gin other registration modules if desired and extend Vine with new functionality. In case of wow2green use case
GssCerti�cateRegistrationResource, GridsphereRegistrationResourceand DmsRegistrationResourcewere used to
generate users' certi�cates, create portal accounts and logical �le system DMS [25]. Vine also comes with bun-
dled administrative web applications regarding user managamnet. One of them is UserRegistrationApp, which
allows create requests for new accounts in Vine. Another isUserManagementAppwhere administrator has got
option for deactivate user account and edit user's pro�le information.

3.5. Role Management. Vine also introduces role management mechanism to authorize userswhile
taking di�erent actions in the web applications. Roles are used in two scenarios|as roles at the portal level
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and middleware stack level. Roles at the portal level allow administrators to set permissions to access di�erent
functionality in the web applications based on Vine. Administrator is able to set permissions for roles to di�erent
part of application and distinguish users regarding their possible scope of actions. Roles at the middleware stack
are used to set access permissions regarding jobs and data �les atthe storage services. For the wow2green use case
GriaRoleResource, DmsRoleResourcewere implemented. Thus the roles created in the portal are propagated
to the middleware stack|in this case of GRIA. The end user interfac e allows share data for the selected roles.
Such action is propagated to the middleware resources and could beused later while accessing remote storage
by using given role name. Such approach makes permission management much simpler and does not multiply
remote policies for every user of the system|it is enough to assign policy for some role and assign an user to
the given role at the target system. Of course it is applicable only on middleware system which supports roles
management like GRIA or DMS logical �le system.

4. Towards production quality portals. Vine integrates with di�erent portal frameworks and proper
one should be used to provide production quality of the �nal solution.

Fig. 4.1 . Vine Toolkit integrated with Liferay portal framework.

4.1. Liferay as a primary solution for the production qualit y portal. Vine was initially designed
to work with Gridsphere portlet container. The reason for that was Gridsphere's open source nature and its
target community|mainly scientists dealing with High Performance Co mputing problems. It was good starting
point but after a few years it became obvious that concurrent solutions need to be taken into account as well.
After analysis and evaluation of possible options a decision has been made to create a Liferay integration
thread. Liferay is a modern approach to create complex web portals. It supports many standards for content
presentation and management. It is integrated with various application containers, database systems and has
modular structure with well designed API allowing creation of custom extensions and integration with third
party software.

4.2. Vine Toolkit integration with Liferay. Vine is designed with its modular structure in mind. It
has several places|hooks providing easy adaptation to the external environment. Integration with the portal
acting as a portlet container is conducted on several levels. The most important are:
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4.2.1. Build system.
o Flex sources compilation for the Liferay context path. Every 
ex component needs to establish com-

munication with BlazeDS backend server. As for that a context path must be compiled into the speci�c
component. Vine's build system takes care of that task and simply prepares a version of component
speci�c to the destination portal environment.

o New deployment routines including modi�cation of portal con�gura tion. Vine Toolkit deployed in
the application container acts as complex web application. Mainly due to its advanced class loaders
preventing from the con
ict of jars it has to be deployed in a speci�c way. Vine's build system is
responsible for the proper jar distribution, replacing speci�c tokens in the deployment descriptors,
altering portal layouts etc.

o New installers designed for Liferay portal. To shorten the learningcurve for new users, new installers
have been introduced. They are general examples of proper con�guration both Vine Toolkit along with
its basic services and Liferay environment. Thanks to that user is able to startup and test new portal
without any advanced con�guration actions.

4.2.2. Integration with Liferay services.
o Authentication/password policies. Integration with the parent a uthentication and password policies is

a crucial task to provide synchronization of applications' state between portal and Vine. Appropriate
plugins have been developed speci�cally for Liferay which provide seamless authentication of user against
Liferay and Vine.

o User management. Vine has its own user registry to enable Vine's deployment to various destination
environments. In the portal integration scenario Vine has to integrate and synchronize with the existing
portal users. To accomplish thatRegistrationModule plugins are used.LiferayRegistrationModule plugin
is provided for adding/editing/deleting portal users.

o Applications management. Vine components are accessible as portlet applications from the Liferay
perspective. They are fully manageable with no di�erence to the ordinary portlets. On top of that it
is possible to put more control over Vine applications via Vine Toolkit administration interfaces. They
provide advanced management actions for all Vine components, i. e. enabling/disabling certain features
in speci�c applications, granting/revoking special permissions to them etc.

o JSR 168 compliant renderer for Vine components within Liferay portlets. Vine uses portlet component
to render Flex components. In that way it preserves internal components integrity and make Vine
applications independent from the external portal. As an output a html wrapper code is generated
with a reference to the Vine Flex object inside.

4.3. Future plans for enhancing user experience using porta l.
o Introducing web messaging based on BlazeDs/Flex technologies togreatly improve applications func-

tionality.
Currently the primary way of communication in Vine GUI is remoting bas ed on BlazeDs/Flex implemen-
tation. It provides e�cient and responsive link between the client an d server side. In Vine Toolkit the
Model View Controller design pattern has been implemented enabling reuse of business logic with di�erent
presentation layers and leaving a place for future GUI mechanisms evolution. The next enhancement will
be adding web messaging as an alternate way of communication between the server and client side. It en-
ables server to trigger noti�cation of state's change directly to the registered client interfaces. It will en-
able developers to design new components, for instance, a statusmonitoring applications with great ease.
Until now they had to implement a querying mechanism on the client side to ask for the updated model
constantly. With the web messaging a business logic on the server side will trigger noti�cations only if
its state has changed. That will result in more e�cient and sophisticated applications delivered to end
users.

o Integration with Liferay Collaboration Suite package.
Liferay Collaboration Suite is a set of web applications, collaboration tools that come boundled with Liferay
portal framework. The set of applications consists of blogs, message boards, instant messenger, shared calendar,
address book, mail client, RSS client, Wikis, meta-tagging support.The main interest here is to idea of sharing
experiments results form executed jobs and work
ows by the Vinemanagement engine and �les stored in a
portal �le system with other portal users. Integration will be ach ieved by development of dedicated plugins
which will communicate with Liferay API. This approach will enable all ap plications using File Manager with
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seamless integration with Liferay Collaboration Suite with respect to security policies expressed by Liferay.
First stage of integration, includes sharing data with wikis and message boards.

5. Next step|nanotechnology support portal. Currently our main focus is on the web application
level scenarios and domain speci�c scienti�c and engineering applications. The idea is to prepare portal-based
solution for the nanotechnology community to take advantage from nanotechnology related scienti�c application
ran in a large Polish grid infrastructure under the Pl-Grid project um brella. Initial plan is to start with the
support for open source nanotechnology applications like Abinit andFireball. The basic functionality foreseen
is to simplify application every day usage by applying graphical interface, identify possible scienti�c use cases
and propose di�erent GUI layout. Another important thing is to pre pare work
ow de�nitions where the raw
results will be transformed and prepared for further analysis|au tomation of many steps usually done manually
will speed up work and allow to focus on the given problem. Advanced problems also require parameter
sweep parameters what is especially useful in case of preparing big set of potential experiments varying only
by some parameter value. The intermediate results from the given experiment and also from parameter swep
steps will be used to prepare and show graphical plot of di�erent physical values almost in a real time. End
user will be able to control current execution and make possible decision to break the process for example.
GMRS v3.0 meta-scheduler and broker plays here signi�cant role as itsupports work
ows, parameter sweep
and cross cluster job execution. Advanced data management features make possible to extract intermediate
data during job execution. Extracted data will be used not only to prepare 2D plot display but also to prepare
3D visualization of the molecules structures. 3D visualization threadwas started to prepare web based with
latest web standards like HTML5 and WebGL. Portal solution will bring up the desktop application and strong
collaboration environment for the whole domain speci�c community allowing to interact between geographically
separated scientists.

6. Conclusions. In this paper we presented Vine Toolkit as universal framework to build complete web
solutions to interact with di�erent services and technologies (among others di�erent grid middleware stacks)
by means of uniform, easy API. Integration with production quality portal frameworks like Liferay opens new
opportunities for creating production-ready portal environments directed for large communities. The generic
architecture of the Vine Toolkit was presented. We also included some requirements and initial ideas for the
wow2green business experiment as illustration of Vine application in a real, practical use case. Vine allows
submit jobs to di�erent middleware stacks through a uniform user interface. In similar way uniform API
for work
ow management, data management, user authentication, role and user management are provided.
Resource based model allows straightforward service support and con�guration by uniform way regardless of
the target technology. Security issues which always occur while accessing di�erent middleware stacks are solved
by using Vine registration, authorization modules and proxy certi�c ates support. Role management mechanism
allows administrators and end users to easily manage permissions in the applications and easy grant permissions
to data �les on the storage server if applicable. Beside simple jobs, whole work
ows could be managed by the
uniform work
ow interface. Currently only the Kepler engine is supported but it could be easily extended by
adding another work
ow engine plugin. Vine Toolkit could be used as framework for building advanced web
applications for example with use of Adobe Flex technology as well as business logic provider for advanced web
service solutions. Prospective application scenario related with nanotechnology science will be bene�cial for the
scientists who want to focus on the concrete problems and large grid infrastructure exploitation. The on-going
project will enrich our experience regarding generic scienti�c application support.
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Abstract. Scheduling of jobs organized in work
ows to a computational grid is a permanent process due to the dynamic
nature of the grid and the frequent arrival of new jobs. Thus, a permanent rescheduling of already planned and new jobs mus t be
performed. This paper will continue and extend previous wor k, which focused on the tuning of our G lobal O ptimising R esource
B roker and A llocator GORBA in a static planning environment. A formal de �nition of the scheduling problem and a classi�cation
will be given. New heuristics for rescheduling based on the \ old plan" will be introduced and it will be investigated how t hey
contribute to the overall planning process. As an extension to the work published in [22] a simple local search is added to the basic
Evolutionary Algorithm (EA) of GORBA and it is examined, whe ther and how the resulting Memetic Algorithm improves the
results within the limited time frame of three minutes avail able for planning. Furthermore, the maximal possible load, which can
be handled within the given planning time, will be examined f or a grid of growing size of up to 7000 grid jobs and 700 resourc es.

Key words: scheduling, multi-objective optimisation, evolutionary algorithms, memetic algorithms, benchmarks, heuristics,
computational grid, restricted resources

1. Introduction. A computational grid can be regarded as a virtualised and distributed computing centre
[11]. Users describe theirapplication jobs, consisting of one or more elementarygrid jobs, by work
ows, each of
which may be regarded a directed acyclic graph de�ning precedencerules between the grid jobs. The users state
which resources like software, data storage, or computing powerare needed to ful�l their grid jobs. Resources
may need other ones. A software tool, for instance, may require acertain operating system and appropriate
computer hardware to run on. This leads to the concept of co-allocation of resources. Furthermore, users
will give due dates, cost budgets and may express a preference for cheap or fast execution [20]. For planning,
execution times of the grid jobs are needed. In case of entirely newjobs, this can be done by estimations or by
the use of prediction systems only. Otherwise, values coming from experience can be used. The grid middleware
is expected to support this by providing runtimes and adding them to the work
ow for further usage. According
to the policy of their owners, resources are o�ered at di�erent costs depending on e.g. time of day or day of the
week and their usage may be restricted to certain times. In addition, heterogeneous resources usually di�er in
performance as well as cost-performance ratios.

To ful�l the di�erent needs of resource users and providers, the following four objectives are considered:
completion time and costs of each application job measured as ful�lment of user-given limits andaveraged, and
to meet the demands of resource providers, thetotal makespanof all application jobs and the ratio of resource
utilisation . Some of these criteria like costs and time are obviously con
icting.

As grid jobs are assumed to require computing time in the magnitude of several minutes at the minimum, a
certain but limited time frame for planning is available. A time limit of three minutes was regarded reasonable
for planning. All grid jobs, which will be started within this time slot acc ording to the old schedule, are regarded
�xed jobs and will not become subject of rescheduling.

This paper extends work on rescheduling published at the PPAM 2009conference [22] by adding two left
out benchmark scenarios for the investigation of increasing workload. Furthermore, a simple heuristic search
mechanism is introduced and incorporated in the basic EA of GORBA in such a way that it improves generated
o�spring. Thus, the EA is turned into a Memetic Algorithm (MA), an alg orithm class, which has already
proven its superiority to pure EA in various domains [25, 23, 15, 16, 29, 2]. The investigation presented in
[22] is enhanced in this paper by the assessment of the new Memetic Algorithm and its comparison to the EA
results. The main problem of creating a Memetic Algorithm is the de�nit ion of suited local searchers for the
task on hand. We will come back to this in x3.

In x2 a formal de�nition of the problem, a classi�cation, and a comparison with other scheduling tasks
will be given. The section ends with a discussion of related work. Section 3 will describe the used algorithms,
especially the new heuristics and the new local searcher, and give a summary of the work carried out so far.
The results of the experiments for assessing the e�ect of the newrescheduling heuristics will be presented in
x4, which will also report about �rst investigations regarding the max imum possible load for a grid, the size of
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which is growing proportionally to the amount of grid jobs. In x5 a summary and outlook to future research
will be provided.

2. Problem De�nition and Classi�cation. A notation common to scheduling literature [6, 7] is used
to facilitate comparisons with other scheduling problems. Given are aset M = f M 1; : : : ; M m g of resources, a
set J = f J1; : : : ; J l g of application jobs, and a setO of grid jobs. The ni grid jobs of application job J i are
denoted Oi 1; : : : ; Oin i . The following functions are given:

(i) a precedence functionp : O � O ! f T RUE; F ALSE g for the grid jobs
(ii) an assignment function � : O ! P (P(M )) from grid jobs to resource sets.P(M ) is the power set of

M . � ij is the set of all possible combinations of resources fromM , which together are able to perform the grid
job Oij

(iii) a function t : O � P (M ) ! R, which gives for every grid job Oij the time needed for the processing
on a resource setRij 2 � ij

(iv) a cost function, c : R � P (M ) ! R, which gives for every timez 2 R the costs per time unit of the
given resource set

Optimisation is done by choosing suitable start timess(Oij ) 2 R and resource allocationsRij 2 � ij . A
solution is valid, if the following two restrictions are met:

1. All grid jobs are planned and resources are allocated exclusively:

8Oij : 9s(Oij ) 2 R; Rij 2 � ij : 8M j 2 Rij :
(2.1)

M j is in [s(Oij ); s(Oij ) + t(Oij ; Rij )] exclusively allocated by Oij :

2. Precedence relations are adhered to:

8i; j 6= k : p(Oij ; Oik ) ) s(Oik ) � s(Oij ) + t(Oij ; Rij ) (2.2)

A violation of the two following soft constraints is treated by penalty functions in such a way that the
amount of time and cost overruns is considered as well as the number of application jobs a�ected.

1. All application jobs J i have a cost limit ci , which must be observed:

8J i : ci �
n iX

j =1

s(O ij )+ t (O ij ;R ij )Z

s(O ij )

c(z; Rij )dz (2.3)

2. All application jobs J i have due datesdi , which must be adhered to:

8J i : di � s(Oin i ) + t(Oin i ; Rin i ) where Oin i is the last grid job of J i (2.4)

The �tness calculation is based on the above-mentioned four objectives and a auxiliary objective. It measures
the average delay of each non-terminal grid job (i. e. a grid job withno successors) relative to the earliest starting
time of its application job and it is aimed at rewarding the earlier completion of non-terminal grid jobs. The
idea is to support the process of starting grid jobs earlier, such that the �nal grid job can be completed earlier
in the end, which is recognised by the main objectivecompletion time. Lower and upper estimations for costs
and processing times are calculated in the �rst planning stage of GORBA, which will be described in the next
section. Except for the utilisation rate, the value crit i;val of everycriterion i is calculated relative to these limits
based on the actual valuecriterion i;act as follows:

crit i;val =
criterion i;act � criterion i;min

criterion i;max � criterion i;min
(2.5)

This makes the single valuescrit i;val independent of the task on hand and results in a percentage-like range.
These values are weighted and summed up, which yields theraw �tness. To avoid unwanted compensation e�ects,
the criteria are sorted singly or in groups according to priorities. The criteria of the highest priority always
contribute to the sum, while the others are added, if all criteria of the next higher priority ful�l a given threshold
value. Weights and priorities are based on experience and aimed at reaching a fair compromise between users
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and resource providers. The tuning of the suggested adjustment is left to the system administrator. If the two
soft constraints are violated, the raw �tness is lowered to theend �tness by a multiplication by the corresponding
penalty function, each of which delivers a factor between 0 and 1. Otherwise, end �tness and raw �tness are
identical.

Generalising, this task contains thejob shop schedulingproblem as a special case. The extensions are co-
allocation of heterogeneous and alternative resources of di�erent performances and time-dependent availability
and costs, earliest start times and due dates, parallel execution of grid jobs, and more than one objective. As
our task includes the job shop problem, it is NP-complete. For this reason and because of the three minutes
runtime limit, approximated solutions can be expected only.

A comparable problem could not be found in literature, see e.g. [6] and[7] for a comprehensive presentation
of scheduling problems. This corresponds to the results of the literature review found in [32]. There, it is
concluded that only few publications deal with multiple objectives in scheduling and, if so, they mostly deal
with single machine problems. Within the grid domain some papers dealingwith multi-criteria optimisation
were published recently. In [35] it is reported that most of them deal with two criteria, like e.g. [10], and that
in most cases only one criterion is really optimised while the other serves as a constraint, see e.g. [31, 37]. The
approach from [37] uses matrix-like chromosomes, which is probablythe reason why they can handle about
30 jobs within one hour only. Kurowski et al. [24] use a modi�ed version of the weighted sum for a real
multi-criteria optimisation, but do not handle work
ows. The same ho lds for Xhafa et al. [36], who use two
criteria, makespanand average 
ow time. They can be regarded as less con
icting as time and costs, which are
obviously contradicting goals. Their approach and ours have the following points in common: The usage of a
Memetic Algorithm, a structured population, the concept of fast and permanent replanning, and experiments
based on workloads and ressource pools of comparable sizes. One di�erence regarding both, EA and MA, is
that we use much more heuristics for seeding the initial population and for resource allocation. In [20] we have
shown that heuristic resource selection outperforms its evolutionary counterpart if the runtime for planning is
strictly limited. GLEAM uses a structured population based on the di� usion model since the early 90's, see
[13, 14, 19, 18]. Regarding the balance between exploration and exploitation it has properties comparable to the
cellular approach used by Xhafa et al. But cellular neighbourhoods are harder to control and to adjust (cf. [36])
than the ring structure we use. The latter needs only one parameter to steer the ratio between exploration
and exploitation and this is the neighbourhood size. The cellular approach allows the genetic information to
spread in two dimensions, which requires smaller neighbourhood sizes, as also Xhafa et al. observed in their
experiments [36]. Assuming the same populaton size and a comparableslow loss of genotypic diversity during
the course of evolution the ring topology allows larger neighbourhoods and thereby the establishment of better
elaborated niches of individuals. This and the simpler control ability can be regarded as advantages and are
arguments in favour for our continuing usage of the ring based di�usion model introduced by Gorges-Schleuter
20 years ago [13, 14].

Summarising, beside the work of Xhafa et al. [36] we did not �nd any report about a comparable amount
of resources and grid jobs organised in work
ows and subject to aglobal multi-criteria optimisation. Of course,
a lot of publications focus on partial aspects of this problem. For instance, the well-known Gi�er-Thompson
algorithm [12, 28] was extended to the given problem, but surprisingly produced inferior results than our
heuristics [20] described below.

3. Algorithms of GORBA and Results from the Tuning Phase. GORBA [21, 20, 22] uses advanced
reservations and is based on Globus toolkit 4 at present. It executes a two-stage planning process. In the
�rst stage the data of new application jobs are checked for plausibility and a set of heuristics is applied that
immediately delivers �rst estimations of costs and completion times. These results are also used to seed the
start population of the subsequent run of the Evolutionary Algorit hm GLEAM ( Global Learning Evolutionary
A lgorithm and M ethod) [4, 5].

Firstly, the old heuristics used for the tuning of GORBA reported in [33, 20] are described, followed by the
new ones for rescheduling. This is followed by a short introduction ofGLEAM and a description of the local
search procedure and the adaptive mechanism of its application as ameme of GLEAM.

3.1. Heuristics for Planning and Replanning. In a �rst step a sequence of grid jobs is produced by
the following three heuristic rules taking the precedence rules into account:

1. Shortest due time: grid jobs of the application job with the shortest due time �rst
2. Shortest working time of grid job: grid jobs with the shortest working time �rst
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3. Shortest working time of application job: grid jobs of the application job with the shortest working
time �rst

In the next step resources are allocated to the grid jobs using oneof the following three resource allocation
strategies (RAS ):

RAS-1: Use the fastest of the earliest available resources for all grid jobs
RAS-2: Use the cheapest of the earliest available resources for allgrid jobs
RAS-3: Use RAS-1 or RAS-2 for all grid jobs of an application job according to its time/cost preference

As every RAS is applied to each grid job sequence, nine schedules aregenerated, from which the best
one is selected as result. These heuristics are rather simple and, therefore, more sophisticated ones have been
investigated. Among them, such well-known ones like the Gi�er Thompson Algorithm [12, 28], Tabu Search [3],
Shifting Bottleneck [1, 8], and GRASP (Greedy Randomised Adaptive Search Procedure) [30]. To our surprise,
they all performed inferior to our best heuristic, which is based onshortest working time of application job
[20, 27]. Thus, the �rst planning phase is still based on the three �rst heuristics, which can be used for both
creating a new schedule and replanning an already started one. In the latter case the information of the old
plan is ignored, of course.

3.2. New Replanning Heuristics. The new heuristics tailored to the replanning situation use the grid
job sequence of the old plan for grid jobs, which are subject to rescheduling, i. e. all grid jobs which have
not already been started or will be started within the three minutes time frame. The new grid jobs are sorted
according to one of the three heuristic rules already described andadded to the sequence of old jobs, yielding
three di�erent sequences. Resources are allocated using the three RAS and again, nine more schedules are
generated, but this time based on the old plan. The best of these eighteen schedules is the �nal result of the
�rst planning stage, while all are used to seed the subsequent EA run of the second stage.

3.3. Evolutionary Search. The EA GLEAM already contains some evolutionary operators designed for
combinatorial problems. They are summarised here only, due to thelack of space, and the interested reader
is referred to [4, 5]. A chromosome consists of a sequence of segments, containing a sequence of genes, whose
structure is de�ned by their associated problem-con�gurablegene types. The de�nition of a gene type constitutes
its set of real, integer, or Boolean parameters together with theirranges of values. The latter are observed by
the standard genetic operators of GLEAM so that explicit constraints of parameters are always met. For the
problem in hand there are two basic gene types, thegrid job genesand the RAS-gene described later. Each
grid job gene consists of a grid job identi�er (id in �gure 3.1), represents a grid job, and has no parameters.
The gene sequence is important, as it determines the scheduling sequence described later. Apart from the
standard mutation, which changes the sequence of genes by simplyshifting one of them, GLEAM contains
genetic operators for arbitrary movements of gene segments and for the inversion of their internal order. As
segment boundaries can be changed by some mutations, the segments form an evolvable meta structure over
the chromosomes. Segment boundaries are also used for the standard 1- and n-point crossover operators, which
include a genetic repair that ensures that no o�spring lacks genes inthe end. The evolvable segmentation and
the problem-con�gurable gene types as well as their associated operators among others distinguish GLEAM
from most standard EAs.

Figure 3.1 illustrates the coding by an example consisting of two simple application jobs or work
ows, one
containing �ve grid jobs and the other two. The grid jobs of all work 
ows are labeled by distinct identi�ers id :

1 � id � n =
lX

l =1

ni (3.1)

Besides the grid job genes, each chromosome contains a special additional gene for the selection of the
RAS, the so calledRAS-gene. It has one integer parameter, the ras-id : 1 � ras-id � 3. This is the only
parameterised gene in this coding and thus, the only one which can undergo parameter mutation (in this case a
uniform mutation). The position of the RAS-gene has no signi�cancefor the interpretation of the chromosome.

A schedule is constructed from the grid job genes in the sequence of their position within the chromosome
as follows:
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Fig. 3.1 . Example of a scheduling task consisting of two simple work
o ws and a chromosome representing a legal schedule.
It is legal because there is no gene representing a direct pre decessor of a grid job, which is located after the gene of that grid job.
Thus, all precedence rules will be observed. The example chr omosome consists of three segments, the role of which during evolution
is described in the text. The parameter part of the RAS-gene i s marked by a white background.

Step 1: The earliest start time of a grid job is either the earliest start time of its application job or the
latest end time of its predecessors, if any.

Step 2: According to the RAS selected by the RAS-gene, a list of alternatives is produced for every primary
resource.

Step 3: Beginning with the �rst resources of the lists, the duration of the job is calculated and it is searched
for a free time slot for the primary resource and its depending ones, beginning at the earliest start
time of step 1. If no suitable slot is found, the resources at the next position of the lists are used.

Step 4: The resources found are allocated to the grid job with the calculated time frame.
The example chromosome shown in �gure 3.1 is a legal solution, as all grid jobs are scheduled in such a

way that no job is scheduled before its predecessor. In this case the described scheduling mechanism ensures
that the precedence rules are adhered to. Alternatively, a phenotypic repair is performed, which is described
and assessed in detail in [33, 20]. It retains all grid jobs with missing predecessors from beeing scheduled until
their predecessors are scheduled.

3.4. Memetic Search. The basic idea of a Memetic Algorithm is to mimic the learning capability of
individuals in nature by an improvement procedure, usually in the form of some local or heuristic search applied
to the o�spring. This type of enhanced EA is called Memetic Algorithm, a term coined by Moscato [26]. For the
problem on hand, the multi-objective nature of the �tness function makes it hard, if not impossible to de�ne a
local searcher (LS), for which local assessment is su�cient. This is, because it is hard to decide whether a small
local change of e.g. a job sequence is an improvement or not withoutsetting up the complete allocation matrix.
For the travelling salesman problem, for instance, which is a common benchmark task for combinatorial optimi-
sation, it is easy to judge whether the swapping of two cities, for example, yields a better result or not. Conse-
quently, we have dropped this desirable property of local assessment and now accept the necessity of elaborating
the entire schedule to evaluate a change. The �rst result is the local searcher described at the end of this section.
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Fig. 3.2 . Pseudocode of the basic EA GLEAM and its memetic extension (m arked by a dark grey background)

Firstly, the LS is regarded a black box and it will be shown how it is integrated in the EA and what is
adjusted adaptively. Figure 3.2 shows both the basic EA and its memetic extension indicated by a dark grey
background. Within the generational loop, every individual of the population chooses a partner and produces
some o�spring as determined by the sets of genetic operators andtheir prede�ned probabilities. According to the
strategy parameterbest improvement, only the best o�spring is locally enhanced or its siblings have the chance to
undergo local search, too (indicated asadaptive all-improvement in �gure 3.2). The general adaptation scheme,
which is described in detail in [16, 17, 18], controls strategy parameters like termination thresholds or iteration
limits of the applied local searchers (LS) as well as their application intensity in case ofadaptive all-improvement.
If more than one LS are used, their selection also is adaptively controlled. The adaptation is based on the costs
caused by the local search measured in additional �tness calculations and by the bene�t obtained measured in
relative �tness gain. The relative measurement of the �tness improvement is motivated by the fact that the
same absolute amount may be achieved easily in the beginning of an optimisation run when the overall quality
is low and hardly in the end of an optimisation process. For more detailsabout the adaptation see [16, 17, 18].

In this particular case, only one local searcher is applied and it has nostrategy parameters to control its
search intensity, as will be described later. Thus, �gure 3.2 only contains the adaptation of the probability
p all, by which the siblings of the best o�spring are selected for improvement. When a prede�ned amount of
matings has been processed, the adaptive adjustment ofp all is performed based on the observed relative �tness
gain and the required evaluations recorded for the matings since the last adjustment. If the quality of the best
o�spring of a mating is su�cient to substitute its parent and if it was im proved by local search, the chromosome
is updated according to the LS results. For the details of o�spring acceptance and the rationale of chromosome
update (Lamarckian evolution), see [4, 5, 18]. The outer loop is performed until a given termination criterion,
which is here the time limit of three minutes, is ful�lled.

As mentioned before, the RAS-gene determines the RAS used in thesecond step of the schedule construction.
For crossover operators the RAS-gene of the better parent is inherited to the o�spring assuming that it will
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perform best for the new child. But what, if not? This question motivates a check-out of all reasonable
alternatives in the form of a local search. Reasonable means in this context that alternative RAS are determined
for testing based on the actual RAS and the properties of the associated schedule. If, for example, a schedule
is too costly and RAS-2 preferring cheap resources was used for its construction, only RAS-3 may perform
better. If fast resources were preferred (RAS-1) both otherRAS may yield better results. All other situations
are treated accordingly.

Due to the fact that this simple local search procedure does not possess any parameters to control its search
intensity, the adaptation of the Simple Adaptive Memetic Algorithm (A SMA) is limited to the adjustment of
its adaptive all-improvement part. As pointed out in [16, 18], this type of Memetic Algorithm is called simple,
because it works with one meme or local searcher only.

3.5. Benchmarks and Results from Earlier Investigations. In a �rst development phase of GORBA
the incorporated algorithms were tested and tuned using our standard benchmark set without co-allocation
described in [34]. We use synthetic benchmarks, because it is easier to ensure and steer dissimilarities as
described below. The set consists of four classes of application jobs, each class representing di�erent values of
the following two characteristics: the degree of dependencies between grid jobsD and the degree of freedom of
resource selectionR:

D =

lP

i =1

n iP

j =1
pij

n(n � 1)=2
(3.2)

R =

lP

i =1

n iP

j =1
card(� ij )

nm
(3.3)

where pij is the number of predecessors of grid jobOij , n is the number of all grid job as de�ned in (3.1).
The resulting values are in the range between 0 and 1 with small valuesfor few dependencies or a low number

of resource alternatives respectively. The benchmarks are constructed in such a way that random values for pij

and card(� ij ) are chosen using a uniform distribution within given ranges. These bounds are adjusted so that
either a small degree of about 0.2 or a large one of about 0.8 is achieved. The four combinations of low and high
degrees result in four basic benchmark classes, which are abbreviated by sRsD, sRlD, lRsD, and lRlD, where s
stands for small andl for large values ofR and D.

The duration of grid jobs ranges uniformly distributed between three and seven time units. The same
holds for the amount of grid jobs per application job. As the total number of grid jobs is another measure
of complexity, benchmarks containing 50, 100, and 200 grid jobs are de�ned using the same set of resources
for every amount. A fourth benchmark set again consists of 200 grid jobs, but with a doubled set of resources
available. Time and cost budgets of the application jobs were manuallyadjusted so that the described heuristics
just could not solve them and the exciting question was whether theEA can produce schedules that observe
the budgets. The four benchmark classes, together with four di�erent loads, yielded a total of 16 benchmarks
[34]. They were used for former investigations, the results of whichare summarised at the end of this section.

The benchmarks used for the experiments presented here are based on the described ones with the following
peculiarities. In the experiment section four questions are investigated, seex4, which deal �rstly with the
usability of the old plan for rescheduling and the e�ectiveness of thenew rescheduling heuristics. For these
questions the old benchmarks with 100 and 200 grid jobs are used. And secondly, the processible workload
and the e�ect of the Memetic Algorithm compared to the pure evolutionary search is investigated. For that
the amount of grid jobs and resources is increased proportionally while preserving the remaining properties of
the basic benchmarks based on 200 grid jobs. But in this case, the budgets are no longer adjusted manually
to reduce the e�ort. The new constraints are based on the results of a �rst heuristic planning with a given
percentage of average reduction to make them harder.

The investigations presented here are based on the results reported in [20, 33]. This means that the described
coding of the chromosomes is used together with the already mentioned phenotypic repair of possible violations
of precedence rules of the grid jobs. The advantage of this approach compared to repair mechanisms on the gene
level is that intermediate steps of shifting genes, which themselvesmay be faulty, are allowed to occur. The idea
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is that the resulting schedule is improved after some generations. Furthermore, the well-known OX crossover
reported by Davis [9] is added to the set of genetic operators. It preserves the relative order of the parent genes
and is aimed at combining of useful gene sequences rather than disturbing them, as (larger) disturbances are
provided by the standard crossover operators.

4. Experimental Results for Fast Rescheduling. There are various reasons for rescheduling, of which
the introduction of new application jobs is the most likely one. Others are job cancellations or terminations,
new resources, resource breakdowns, or changes in the availability or prices of resources. The experiments are
based on the most likely scenario of new application jobs and shall answer the following four questions:

1. Does rescheduling bene�t from the old plan? If so, to which fraction of �nished and new grid jobs?
2. How e�ective are the old and new heuristics and the subsequent GLEAM run?
3. Up to which amount of grid jobs and resources does the EA or ASMA improve the best heuristically

generated schedule?
4. Does the ASMA perform better than the EA and if so, which improvement type is better, best-

improvement or adaptive all-improvement?
As the two benchmark classes based on large degrees of dependencies turned out to be harder than those

using small degrees [20, 33], they were used here to answer the questions one, two, and four to limit the e�ort.
In contrast to the work presented at the already mentioned PPAM conference [22], the examination of the
third question was now based on all four classes. As pointed out in [20] and [33], the time and cost limits of
the application jobs were set so tightly that the heuristics could not solve them without violating these soft
constraints. One criterion of the usefulness of the EA run was to �nd �tting schedules, which was achieved in
most, but not all cases. In addition to this criterion, the end �tnes s values obtained were also compared for the
new investigations.

For the experiments reported here, the only EA parameter tunedwas the population size varying from 90
to 800 for the runs investigating the �rst two questions. For the last two ones, smaller population sizes also
had to be used, as will be described later on. For every benchmark setting and population size, 50 runs were
done, with the results being based on the averages. Con�dence intervals and t-tests were used to check the
signi�cance of di�erences at a con�dence range of 99%.

Fig. 4.1 . Comparison of the �tness shares obtained from the basic heur istics (dark grey), rescheduling heuristics (light grey)
and GLEAM (white) for all 32 rescheduling settings. X-axis: fraction of new grid jobs in percent relative to the original schedule
size, y-axis: normalised end �tness. All GLEAM runs improve the �tness signi�cantly. Even for the smallest improvement of
benchmark lRlD, 100 grid jobs, 10% �n. jobs, the best heurist ic �tness is clearly outside of the con�dence interval of the GLEAM
result (three times more than necessary). Abbreviations: � n. jobs: �nished grid jobs, lv: limit violations (mostly 1 to 3 application
jobs violating the due date), for sRlD and lRlD see previous p age.

For the �rst two questions, the two basic benchmark scenarios were used for the �rst planning, with 10
resources and application jobs consisting of 100 and 200 grid jobs,respectively. Eight rescheduling events were
compared, which take place when 10 or 20% of the grid jobs are �nished and new application jobs with 10, 20,
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30, or 50% grid jobs (relating to the original schedule size) are added. This results in 32 benchmark settings. We
concentrated on small amounts of already processed grid jobs, because this is more likely in practice and gives
a chance for the old schedule to be useful. Otherwise, the situationis coming closer to the already investigated
\new planning" situation.

Figure 4.1 compares the results for all 32 benchmark settings. It must be mentioned that a certain variation
in the resulting normalised �tness values is not relevant, as the benchmarks are generated with some stochastic
variations. Values between 50 and 70 may be considered good results, as the lower and upper bounds for the
evaluations are theoretical minima and maxima. Results close to 100%would indicate either a trivial case or
a software error. The most important outcome is that for 10% newgrid jobs, all eight scenarios perform well.
The contribution of the heuristics is clearly situation-dependent and if they tend to yield poor results, GLEAM
compensates this in most cases. In other words, if the heuristics can solve the problem well, there is smaller
room left for an improvement at all. Another nice result is that this compensation is also done to a certain
extent for more new grid jobs, even if the schedules cannot be made free of limit violations (cf. the six columns
indicated by lv, which stands for limit violations). It can be expected that more new grid jobs will lower the
contribution of the replanning heuristics and, in fact, Figure 4.1 con�rmes this for the instance of 50% new grid
jobs. The case of lRlD, 200, and 10% �nished grid jobs is somewhat exceptional, as the replanning heuristics
do not work well even in the case of few new jobs.

Table 4.1
Comparison of the contributions of all rescheduling heuris tics for the di�erent fractions of �nished and new grid jobs. The

best values of each column are marked dark grey, while values which reach 90% of the best at the minimum are marked light gre y.
Abbreviations: SDT: shortest due time, SWT: shortest work t ime, AJ: application job, GJ: grid job, RAS: see x3.

Finished grid jobs: 10% 20% Ave-
New grid jobs: 10% 20% 30% 50% 10% 20% 30% 50% rage
RH SDT & RAS-3 0.90 0.96 0.88 0.92 0.86 0.83 0.89 0.92 0.90
RH SDT & RAS-2 0.70 0.44 0.73 0.80 0.64 0.59 0.75 0.61 0.66
RH SDT & RAS-1 0.48 0.44 0.54 0.45 0.59 0.22 0.53 0.45 0.46
RH SWT (GJ) & RAS-3 0.97 0.86 0.81 0.69 0.94 0.78 0.81 0.62 0.81
RH SWT (GJ) & RAS-2 0.74 0.42 0.63 0.53 0.66 0.50 0.68 0.39 0.57
RH SWT (GJ) & RAS-1 0.47 0.41 0.46 0.28 0.57 0.24 0.54 0.26 0.40
RH SWT (AJ) & RAS-3 0.90 0.88 0.82 0.70 0.86 0.83 0.77 0.70 0.81
RH SWT (AJ) & RAS-2 0.70 0.41 0.70 0.56 0.64 0.51 0.57 0.46 0.57
RH SWT (AJ) & RAS-1 0.48 0.44 0.57 0.31 0.59 0.24 0.49 0.43 0.44
SDT & RAS-3 0.45 0.42 0.35 0.56 0.45 0.41 0.47 0.51 0.45
SDT & RAS-2 0.58 0.52 0.38 0.72 0.51 0.43 0.56 0.69 0.55
SDT & RAS-1 0.42 0.42 0.39 0.54 0.39 0.37 0.37 0.45 0.42
SWT (GJ) & RAS-3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SWT (GJ) & RAS-2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SWT (GJ) & RAS-1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SWT (AJ) & RAS-3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
SWT (AJ) & RAS-2 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
SWT (AJ) & RAS-1 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Table 4.1 illustrates the contribution of each heuristic. For each of the 32 benchmark settings, the �tness of
each heuristic is calculated relative to the best heuristic result for this setting. The four values for both grid job
amounts for sRlD and lRlD are averaged and shown in the table. The right column again averages the values
for the di�erent �nished and new grid job fractions. The old heurist ics based on short working times in the
lower half of the table show the same poor behaviour as for planning an empty grid [20], but when taken as a
basis for the new rescheduling heuristics, they contribute quite well. According to the table, RAS-3 performs
best, but the raw material not shown here has thirteen cases, in which the two other RAS are the best ones.
Thus, it is meaningful to use them all for replanning, but it seems to be wise to drop the six old heuristics
sorting according to short working times.
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To investigate the last two questions concerning the processible load, the rescheduling scenario with 10%
�nished and 10% new grid jobs is used with proportionally growing numbers for grid jobs and resources. The
studies on the behaviour of the EA GLEAM are based on all benchmark classes, while the ASMA is checked
with sRlD and lRlD only to limit the e�ort. The penalty functions showed a weakness when applied to an
increasing load, with the penalty factor converging to one for smallnumbers of penalty causing application
jobs. Thus, the two functions penalising the number of too costly or late application jobs were modi�ed to
yield a value 0.8 instead of near 1.0 in case of just one job. 0.8 was chosen to have a distinct separation from
penalty-free schedules with weaker overall quality. It must be borne in mind that a suitable de�nition of the
�tness function is crucial to the success of every evolutionary search. To achieve comparability, all runs were
done with the modi�ed �tness function, so that the results report ed in [22] di�er in the details of the �gures
from those reported here. But the general tendencies remain the same as expected.

The comparisons are based on the �tness improvement obtained bythe EA compared to the best heuristic
result and on the success rate, which is the ratio between violation-free and total runs per benchmark setting.
Figure 4.2 shows the results. As expected, success rate and EA improvement decrease with growing load. For
large resource alternatives, good success rates can be preserved much longer. This is not surprising, as more
resources mean more planning freedom. The relatively large variations of the EA improvement can be explained
by the varying ability of the heuristics to produce schedules with more or less limit violations. As limit violations
are penalised severely, a small di�erence already can produce a relatively large �tness alteration.

No violations at all leave little room for improvements like in the two cases of sRlD and lRsD and 200 grid
jobs. There is a clear correspondence between the success and the magnitude of the con�dence intervals. This is
because the penalty function reduces the �tness signi�cantly. For loads of up to 400 grid jobs and 40 resources,
GLEAM can always produce violation-free schedules. For up to 1000grid jobs and 100 resources, this can be
achieved for the cases of large resource alternatives. From thaton to 1600 grid jobs and 160 resources, the
chance of producing successful schedules is slowly diminishing. But improvements of the overall quality and
below the level of violation-free schedules are still possible for loadsof up to 7000 grid jobs and 700 resources,
as shown in the lower part of Figure 4.2. In other words, the amountof application jobs keeping the budgets is
still increased compared to the heuristic results.

The fourth question concerns the e�ect of adding local search tothe evolutionary process. The results for
sRlD and lRlD exhibit better success rates for an increasing load, as shown in Figures 4.3 and 4.4. For sRlD
both improvement types of the ASMA yield a success for 600 grid jobs and 60 resources, which could not be
achieved by GLEAM alone. In case of lRlD, the ASMA runs with adaptive all-improvement produce the better
results for the three loads between 1200 and 1600 grid jobs. Looking at the improvement rate, it is striking that
there are only minor di�erences, which in most cases are not signi�cant, for all completely or nearly successful
runs. Again, the ASMA with adaptive all-improvement works better f or the lRlD benchmarks in all cases, but
one (5000 grid jobs) and in many cases of the other benchmark series. As there are four sRlD cases and one lRlD
case, where GLEAM performs best (900, 1000, 1200, and 2400 grid jobs), more investigations are necessary.
For results like sRlD and 3200 or 5000 grid jobs, the t-test shows that the di�erences are not signi�cant. In
summary, there is a clear tendency in favour of the ASMA variant using adaptive all improvement, which is
based mainly on the achieved improvements of the success rates.

Finally, the questions for how long improvements can be expected and which population sizes are good
shall be studied. The more grid jobs must be planned, the less evaluations can be processed within the three
minutes time frame. Figure 4.5 shows that this amount decreases continuously with growing load. The more
resource alternatives are available, the more must be checked by the RAS, which lasts longer and explains the
lower numbers for the two lR cases. In the long run, the evaluationspossible decrease to such an extent that
the population size must be reduced to 20 or 30 to obtain two dozensof generations at least in the end. It
is obvious that with such small numbers, only poor results can be expected and it is encouraging that even
with the largest load there still is a signi�cant improvement. Hence, a faster implementation of the evaluation
software or better hardware will enlarge the possible load or deliverbetter results for the loads investigated.

As mentioned above, the only tuned strategy parameter of the EAand the ASMA is the population size.
For GLEAM, sizes between 20 and 400 were observed, if the exceptional cases of 10 and 800 are left out. The
values are a little bit lower for the ASMA using best-improvement and about half (20 to 200) for adaptive
all-improvement. This means that the range of potential good population sizes is signi�cantly smaller for the
ASMA based on adaptive all-improvement. This is due to the more intensive search done when more siblings
of a mating are locally improved.
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Fig. 4.2 . Success rate and EA improvement compared to the best heurist ic at increasing load for all four benchmark classes
and 10% �nished and new grid jobs. The improvement factors ar e given with their con�dence intervals. The bars of the succe ss
rates are not shaded, so that the marks of low success rates re main visible. They are always located in the same column as th e
corresponding success rate. The number of resources is in ea ch case 10% of the number of grid jobs. For a better visibility the
results for 2400 grid jobs and more are plotted in a separate d iagram, where success rates already shown in the upper part a re left
out.
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Fig. 4.3 . Success rate and EA improvement as described in Figure 4.2 fo r the sRlD benchmark series comparing GLEAM
with the two ASMA variants described in x3.4.
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Fig. 4.4 . Success rate and EA improvement as described in Figure 4.2 fo r the lRlD benchmark series comparing GLEAM
with the two ASMA variants described in x3.4.
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Fig. 4.5 . Evaluations possible within the three minutes time frame at increasing load. The number of resources is in each
case 10% of the number of grid jobs. For a better visibility, t he diagram for 2400 and more grid jobs is shown separately.

5. Conclusion and Future Work. It was shown that the problem of scheduling grid jobs to resources
based on realistic assumptions and taking the demands of resourceusers and providers into account is a much
more complex task than just job shop scheduling, which, in fact, is complex enough, as it is NP-complete.
The task on hand enlarges the classical problem by alternative and heterogeneous resources, co-allocation, and
last, but not least by multi-objective optimisation. A local searcher was presented, which checks reasonable
alternatives of the used resource allocation strategy (RAS) and itwas shown how it was integrated in the
Evolutionary Algorithm GLEAM. The resulting adaptive simple Memetic A lgorithm (ASMA) was assessed
using two of the four benchmark classes introduced. The promisingresults encourage us to implement and
examine three more local searchers, which shift genes based on information obtained from the corresponding
schedule.

The investigated problems are rescheduling problems, which are thecommon case in grid resource manage-
ment. Rescheduling is necessary, if new jobs arrive, planned ones are cancelled, resources break down or new
ones are introduced, to mention only the more likely events. For thispurpose, new heuristics that exploit the
information contained in the \old plan" were introduced. It was shown that the solution for the common case
of smaller changes, i. e. in the range of up to 20% �nished and new gridjobs, could be improved signi�cantly.

The processible work load was also investigated for 10% �nished and new grid jobs at an increasing number
of jobs and resources. It was found that for loads of up to 7000 grid jobs and 700 resources, it was still possible
to gain an improvement by the EA run, even if it is comparably small. As with this load only 27 generations
and population sizes in the range of 20 or 30 are possible within the three minutes time frame for rescheduling,
not many greater loads can be expected to be processible. A faster implementation of the evaluation software
or better hardware could help. On the other hand, single resources only have been considered up to now. In
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the future we want to extend the system to resources with capacities like clusters of homogeneous hardware or
data storage resources.
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Abstract. Cloud computing represents a novel and promising computing paradigm where computing resources have to be
allocated to software for their execution. Self-manageabl e Cloud infrastructures are required in order to achieve tha t level of

exibility on one hand, and to comply to users' requirements speci�ed by means of Service Level Agreements (SLAs) on the o ther.
However, many assumptions in Cloud markets are old fashione d assuming same market conditions as for example in computat ional
Grids. One such assumptions is that service provider and con sumer have matching SLA templates and common understanding of
the negotiated terms or that they provide public templates, which can be downloaded and utilized by the end users. Moreov er,
current Cloud negotiation systems have based themselves on common protocols and languages that are known to the partici pants
beforehand. Matching SLA templates and a-priori knowledge about the negotiation terms and protocols between partners are
unrealistic assumption in Cloud markets where participant s meet on demand and on a case by case basis. In this paper we present
VieSLAF, a novel framework for the speci�cation and managem ent of SLA mappings and meta-negotiations facilitating ser vice
mediation and negotiation bootstrapping in Clouds. Using V ieSLAF users may specify, manage, and apply SLA mappings bri dging
the gap between non-matching SLA templates without a-prior i knowledge about negotiation protocols, required securit y standards
or negotiated terms. We exemplify two case studies where Vie SLAF represents an important contribution towards the deve lopment
of open and liquid Cloud markets.

Key words: grid services, cloud computing, autonomic computing, serv ice negotiation

1. Introduction. Service-oriented Architectures (SOA) represent a promising approach for implementing
ICT systems [9, 24, 30] by packaging the software to services that can be accessed independently of the used
programming languages, protocols, and platforms. Despite remarkable adoption of SOA as the key concept for
the implementation of ICT systems, the full potential of SOA (e.g., dynamism, adaptivity) is still not exploited
[28]. SOA approach and Web service technologies represent large scale abstractions and a candidate concept
for the implementation Cloud Computing systems, where massively scalable computing is made available to
end users as a service [9, 24]. The key bene�ts of providing computing power as a service are (a) avoidance of
expensive computer systems con�gured to cope with peak performance, (b) pay-per-use solutions for computing
cycles requested on-demand, and (c) avoidance of idle computing resources [16].

Non-functional requirements of a service execution are termed asQuality of Service (QoS), and are expressed
and negotiated by means ofService Level Agreements (SLAs). SLA templates represent empty SLA documents
with all required elements like parties, SLA parameters, metrics andobjectives, but without QoS values [12].
However, most existing Cloud frameworks assume that the communication partner know about the negotiation
protocols, required security standards and negotiated terms before entering the negotiation and that they
have matching SLA templates. These assumptions rely on related technologies (like computational Grids) and
cannot be transferred to computational Cloud markets. In caseof computational Clouds a priori knowledge
about negotiation protocols and strategies as well as matching SLAtemplates represent unrealistic assumption
since services are discovered dynamically and on demand.

In this paper we approach the gap between existing QoS methods and Cloud services by proposing a
Vienna Service Level Agreement Framework (VieSLAF)architecture for Cloud service management with com-
ponents for service mediation and negotiation bootstrapping [7, 8]. Thereby, we introduce so-calledmeta-
negotiations to allow two parties to reach an agreement on what speci�c negotiation protocols, security stan-
dards, and documents to use before starting the actual negotiation. Moreover, we discuss the concept of
SLA-mappings to bridge the gap between inconsistent SLA templates. The concept of SLA mappings can
be exempli�ed in di�erences in terminology for a common attribute such as price, which may be de�ned as
usage priceon one side andservice price on the other, leading to inconsistencies during the negotiation pro-
cess. VieSLAF framework has been successfully applied to (i) develop Cloud infrastructures for the SLA-based
resource virtualization [20] by utilizing our meta negotiation approach and (ii) to facilitate liquidity manage-
ment in Clouds by using our SLA mapping approach [29]. Besides performance evaluation of the VieSLAF
we discuss successful case studies for the application of VieSLAF to establish open and liquid Cloud mar-
kets.
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The main contributions of this paper are (1) description of the scenarios for the de�nition of SLA mapping
documents; (ii) development of the architecture for the meta-negotiations in Cloud systems; (iii) description
of the meta-negotiation document; (iv) de�nition of the VieSLAF architecture used for the semi-automatic
management ofSLA mappings and meta-negotiations and (iv) demonstration of the usability of the VieSLAF
framework for real-world Cloud negotiations.

The rest of this paper is organized as follows: Section 2 presents the related work. Section 3 gives an overview
about the goals of the adaptable, versatile, and dynamic services,in particular goals considering negotiation
bootstrapping and service mediation. In Section 4 we discuss the meta-negotiation approach, whereas in Section
5 we present the SLA mapping approach. Section 6 presents theVieSLAF architecture. In Section 7 we evaluate
SLA mapping and meta negotiation approach and report successful VieSLAF case studies. Section 8 concludes
this paper and describes the future work.

2. Related Work. Currently, a large body of work exists in the area of service negotiation and SLA-based
QoS. Most of the related work can be classi�ed into the following fourcategories: (1) adaptive SLA mechanisms
based on OWL, DAML-S and other semantic technologies [13, 26, 38];(2) SLA based QoS systems, which
consider varying service requirements but do not consider non matching SLA templates [1, 34]; (3) systems
relying on the principles of autonomic computing [3, 21, 22]; and systems addressing versatile negotiation in
Grids/SOAs [25, 27, 18]. Since there is very little work on service mediation and negotiation bootstrapping in
Clouds we look in particular into related systems like Grids and SOAs [4].

Work presented in [27] discusses incorporation of SLA-based resource brokering into existing Grid systems.
Oldham et al. describe a framework for semantic matching of SLAs based on WSDL-S and OWL [26]. Dobson
at al. present a uni�ed quality of service (QoS) ontology applicable tothe main scenarios identi�ed such as QoS-
based Web services selection, QoS monitoring and QoS adaptation [13]. Zhou et al. survey the current research
on QoS and service discovery, including ontologies such as OWL-S andDAML-S. Thereafter, an ontology is
proposed, DAML-QoS, which provides detailed QoS information in a DAML format [38]. Hung et al. propose
an independent declarative XML language called WS-Negotiation for Web services providers and requestors.
WS-Negotiation contains three parts: negotiation message, whichdescribes the format for messages exchanged
among negotiation parties, negotiation protocol, which describes the mechanism and rules that negotiation
parties should follow, and negotiation decision making, which is an internal and private decision process based
on a cost-bene�t model or other strategies [17]. Work presentedin [1] extends the service abstraction in the Open
Grid Services Architecture (OGSA) for QoS properties focusing onthe application layer. Thereby, a given service
may indicate the QoS properties it can o�er or it may search for other services based on speci�ed QoS properties.

Quan et al. discuss the process of mapping a light communication work
ow within an SLA context with
di�erent kinds of sub-jobs and resources [25]. Dan et al. present aframework for providing customers of Web
services di�erentiated levels of service through the use of automated management and SLAs [12]. Ardagana et
al. present an autonomic grid architectures with mechanisms to dynamically re-con�gure service center infras-
tructures, which is basically exploited to ful�ll varying QoS requirements [3]. Koller et al. discuss autonomous
QoS management using a proxy-like approach. The implementation is based on WS-Agreement [36]. Thereby,
SLAs can be exploited to de�ne certain QoS parameters that a service has to maintain during its interaction
with a speci�c customer [21]. K•onig at al. investigate the trust issue in electronic negotiations, dealing with
trust to a potential transaction partner and selection of such partners based on their past behavior [22].

Quan et al. and Ouelhadj et al. discuss incorporation of SLA-based resource brokering into existing Grid
systems [25, 27]. Li et al. discusses Rudder framework, which facilitates automatic Grid service composition
based on semantic service discovery and space based computing [23]. Hill et al. discusses an architecture
that allows changes to the Grid con�guration to be automated in response to operator input or sensors placed
throughout the Grid based on principles of autonomic computing [18]. Similarly to Hill et al. work discussed
in Vambenepe et al. addresses global service management based onprinciples of autonomic computing [33].
Vu et al. present an extensible and customizable framework for theautonomous discovery of semantic Web
services based on their QoS properties [35]. Condor's ClassAds mechanism is used to represent jobs, resources,
submitters and other Condor daemons [31].

However, to the best of our knowledge none of the discussed approaches deals with user-driven and semi-
automatic de�nition of SLA mappings enabling negotiations between inconsistent SLA templates. Also, none of
the presented approaches addressmeta-negotiations (MN) where participating parties may agree on a speci�c
negotiation protocol, security standards or other negotiation pre-requisites.
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Fig. 3.1 . FoSII infrastructure

3. Adaptable, Versatile, and Dynamic services. In this section we discuss how service mediation and
negotiation bootstrapping can be realized using the concepts of autonomic computing [19]. First, we introduce
the Foundations of Self-governing ICT Infrastructures (FoSII) project (Section 3.1). Thereafter we discuss how
the VieSLAF architecture contributes to the implementation of FoSII goals (Section 3.2).

3.1. FoSII infrastructure. To facilitate dynamic, versatile, and adaptive IT infrastructures, SOA systems
should react to environmental changes, software failures, and other events which may in
uence the systems'
behavior. Therefore, adaptive systems exploiting self-* properties (self-healing, self-controlling, self-managing,
etc.) are needed, where human intervention with the system is minimized. In Foundations of Self-governing
ICT Infrastructures (FoSII) project we propose models and concepts for adaptive services, utilizing autonomic
computing concepts [3, 19]. As shown in Figure 3.1 theFoSII infrastructure is used to manage the whole
Monitoring, Analysis, Planning and Execution (MAPE) lifecycle of self-adaptable Cloud services [5]. Each
FoSII service implements three interfaces: (i) negotiation interface necessary for the establishment of SLA
agreements, (ii) job-management interface necessary to startthe job, upload data, and similar job management
actions, and (iii) the self-management interface necessary to devise actions in order to prevent SLA violations.

The self-management interface shown in Figure 3.1 is implemented by each Cloud service and speci�es
operations for sensing changes of the desired state and for reacting to those changes. The host monitor sensors
continuously monitor the infrastructure resource metrics (input sensor values arrowa in Figure 3.1) and provide
the autonomic manager with the current resource status. The run-time monitor sensors sense future SLA
violation threats (input sensor values arrowb in Figure 3.1) based on resource usage experiences and prede�ned
threat thresholds. The treat thresholds should be retrieved by the knowledge management systems as described
later on in the paper. The mapping between the sensed host values and the values of the SLA parameters is
described next.

As shown in Figure 3.1 we distinguish betweenhost monitor and runtime monitor . Resources are monitored
by host monitor using arbitrary monitoring tools (e.g. Ganglia). Thus, resources metrics include e.g., down-time,
up-time, available in and out bandwidth. Based on the prede�ned mapping rules stored in a database monitored
metrics are periodically mapped to the SLA parameters. An example SLA parameter is service availability Av,
which is calculated using the resource metricsdowntime and uptime and the according mapping rule looks like
the following one:

Av = 1 � downtime=uptime (3.1)

The mapping rules are de�ned by the provider using appropriate Domain Speci�c Languages (DSL). These
rules are used to compose, aggregate, or convert the low-level metrics to form the high-level SLA parameter
including mappings at di�erent complexity levels e.g., 1 : n or n : m. Thus, calculated SLA values are
compared with the prede�ned threat threshold in order to react before SLA violations happen. The concept
of detecting future SLA violation threats is designed by de�ning a more restrictive threshold than the SLA
violation threshold known as threat threshold. Generation of the threat threshold is far from trivial and should
be de�ned and mananaged by the FoSII's knowledge management system.
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Fig. 3.2 . Negotiation Bootstrapping and Service Mediation as Part of the Autonomic Process

As described in [11] we implemented a highly scalable framework for mapping of Low-level Resource Metrics
to High Level SLA parameters LoM2HiS framework facilitating exchange of large numbers of messages. We
designed and implemented a communication model based on the Java Messaging Service (JMS) API, which is
a Java Message Oriented Middleware (MOM) API for sending messages between two or more clients. We use
Apache ActiveMQ as a JMS provider that manages the sessions and queues.

As shown in Figure 3.1VieSLAF framework represents an actuator mediating between inconsistent SLA
templates and bootstrapping between di�erent protocols. In the following we discuss how theVieSLAF con-
tributes to the implementation of the MAPE cycle in self-adaptable Cloud services considering service negotia-
tion phase.

3.2. Negotiation Bootstrapping and Service Mediation. Figure 3.2 depicts how the principles of
autonomic computing can be applied to negotiation bootstrapping and service mediation. As a prerequisite of
the negotiation bootstrapping users have to specify meta-negotiation document describing the requirements of
a negotiation, as for example required negotiation protocols, required security infrastructure, provided docu-
ment speci�cation languages, etc. During themonitorig phase all candidate services are detected which need
negotiation bootstrapping, e.g. which do not have matching negotiation protocol with the potential consumer.
During the analysis phaseexisting knowledge base is queried and potential bootstrapping strategies are found.
In case of missing bootstrapping strategies users can de�ne in a semi-automatic way new strategies (planning
phase). Finally, during the execution phasethe negotiation is started by utilizing appropriate bootstrapping
strategies.

The same procedure can be applied to service mediation. During the service negotiation inconsistencies
in SLA templates may be discovered (monitoring phase). During the analysis phaseexisting SLA mappings
are analyzed. During the planning phasenew SLA mappings can be de�ned, if existing mappings cannot be
applied. Finally, during the execution phasethe newly de�ned SLA mappings can be applied.

As indicated with bold borders in Figure 3.2, in this paper we present solutions for the de�nition and
accomplishment of meta-negotiations (Section 5) and for the speci�cation and applications of SLA mappings
(Section 4) as described next.

4. Service Mediation with SLA Mappings. In the presented approach each SLA template has to be
published into a registry where negotiation partners i. e., provider and consumer, can �nd each other. The
management of SLA mappings and published services is presented in Section 4.1. The transformations between
remote and local SLA templates are discussed in Section 4.2. Finally, an example SLA mapping document is
presented in Section 4.3.
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(a) (b)

Fig. 4.1 . (a) Management of SLA-Mappings (b) QoS basic scenario

4.1. Management of SLA Mappings. Figure 4.1(a) depicts the architecture for the management of
SLA mappings and participating parties. The registry comprises di�erent SLA templates whereby each of them
represents a speci�c application domain e.g., SLA templates for the medical, telco or life science domain. Thus,
each service provider may assign his/her service to a particular template (see step 1 in Figure 4.1(a)) and
afterwards assign SLA mappings, if necessary (see step 2). Eachtemplate a may have n services assigned.
Available templates can be browsed using an appropriate GUI.

Service consumers may search for the services using meta-data and search terms (step 3). After �nding
appropriate services each service consumer may de�ne mappings to the associated template (step 4). Thereafter,
the negotiation between service consumer and service provider may start as described in the next section. SLA
mappings should be de�ned in a dynamic way. Thus, SLA templates canbe updated frequently to re
ect
the actual SLAs used by service provides and consumers based onprede�ned adaptation rules (step 5). The
adaptability functionality facilitates the generation of user driven p ublic SLA templates.

4.2. SLA-Mappings Transformations. Figure 4.1(b) depicts a scenario for de�ning XSL transforma-
tions. As the SLA speci�cation language we use Web Service Level Agreements (WSLAs) [37]. We also developed
�rst bootstrapping strategies for communication across di�erent SLA speci�cation languages [6].

Templates are publicly available and published in a searchable registry.Each participant may download
already published templates and compare it in a semi-automated or automated way with the local template. If
there are any inconsistencies discovered, the service consumer may write rules (XSL transformation) from his/her
local SLA template to the remote template. The rules can also be written by using appropriate visualization
tools, for example using a GUI as depicted in Figure 6.1. Thereafter,the rules are stored in the database and can
be applied during the runtime to the remote template. Since during the negotiation process transformations are
done in two directions, the transformations from the remote SLA template to the local template are necessary
as well.

As depicted in Figure 4.1(b), a service consumer is generating an SLA. The locally generated SLA plus the
rules de�ning transformations from local SLA to remote SLA deliver an SLA which is complaint to the remote
SLA. In the second case the remote template has to be translatedinto the local one. In that case the remote
SLA plus the rules de�ning transformations from the remote to local SLA deliver an SLA which is compliant to
the local SLA. Thus, the negotiation may be done between non-matching SLAs in both directions: from service
consumer to service provider and vice versa.

The service provider can de�ne rules for XSL transformations in the same way as depicted in Figure 4.1(b)
from the publicly published SLA templates to the local templates. Thus, both parties, provider and consumer,
may match on a publicly available SLA template.

4.3. SLA-Mappings Document (SMD). Figure 4.2 shows a sample rule for XSL transformations where
price de�ned in Euros is transformed to an equivalent price in US Dollars. Please note that for the case of
simplicity we use a relatively simple example. Using XSLT more complicatedmappings can also be de�ned.
Explanation of this is out of scope of this paper.

As shown in Figure 4.2, the Euro metric is mapped to the Dollar metric. In this example we de�ne the
mapping rule returning Dollars by using the Times function of WSLA Speci�cation (see line 4). TheTimes
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1.~\dots
2. <xsl:template \dots >
3. <xsl:element name="Function" \dots >
4. <xsl:attribute name="type"> <xsl:text>Times</xsl:te xt> </xsl:attribute>
5. <xsl:attribute name="resultType"> <xsl:text>double< /xsl:text> </xsl:attribute>
6. <xsl:element name="Operand" \dots >
7. <xsl:copy> <xsl:copy-of select="@*|node()"/> </xsl:c opy>
8. </xsl:element>
9. <xsl:element name="Operand" \dots >
10. <xsl:element name="FloatScalar" \dots > <xsl:text>1. 27559</xsl:text> </xsl:element>
11. </xsl:element>
12. </xsl:element>
13.</xsl:template>
14\dots .

Fig. 4.2 . Example XSL Transformation

Fig. 5.1 . Meta-negotiation phases

function multiplies two operands: the �rst operand is the Dollar amount as selected in line 7, the second operand
is the Dollar/Euro quote (1.27559) as speci�ed in line 10. The dollar/euro quote can be retrieved by a Web
service and is usually not hard coded.

With similar mapping rules users can map simple syntax values (values ofsome attributes etc.), but they
can even de�ne complex semantic mappings with considerable logic. Thus, even syntactically and semantically
di�erent SLA templates can be translated into each other.

5. Negotiation Bootstrapping with Meta-negotiations. In this section, we present an example sce-
nario for the meta-negotiation architecture and describe the document structure for publishing negotiation
details into the meta-negotiation registry.

5.1. Scenario. As depicted in Figure 5.1, the meta-negotiation infrastructure can be employed in the
following manner:
Publish. A service provider publishes descriptions and conditions of supported negotiation protocols into the

registry (see Section 6).
Lookup. Service consumers perform lookup on the registry database by submitting their own documents

describing the negotiations that they are looking for.
Match. The registry discovers service providers who support the negotiation processes that a consumer is

interested in and returns the documents published by the service providers.
Negotiate. Finally, after an appropriate service provider and a negotiation protocol is selected by a consumer

using his/her private selection strategy, negotiations between them may start according to the conditions
speci�ed in the provider's document.

Note that in this scenario, the consumer is looking for an appropriate service provider. The reverse may
happen as well, wherein a consumer advertises a job or a task to be carried out and many providers bid to
complete it. In such cases, the providers would perform the lookup.

5.2. Registry Document. The participants publishing into the registry follow a common document
structure that makes it easy to discover matching documents. This document structure is presented in Figure 5.2
and consists of the following main sections. Each document is enclosed within the

<meta-negotiation>...</meta-negotiation>

tags. The document contains an<entity> elements de�ning contact information, organization and ID of
the participant. The <ID> element de�nes the unique identi�er given to the meta-negotiation document by
the registry. The publisher can update or delete the document using the identi�er. Each meta-negotiation
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1. <meta-negotiation
2. xmlns:xsi="\dots ``xsi:noNamespaceSchemaLocation=" \dots ``>
3. <entity>
4. <contact name="\dots `` phoneNumber="\dots `` />
5. <organization name= ``University of \dots ``
6.~\dots
7. <ID name="1234"/>
8. </entity>
9. <pre-requisite>
10. <role name="consumer"/>
11. <security> <authentication value="GSI location="uri "/> </security>
12. <negotiation-terms>
13. <negotiation-term name="beginTime"/>
14. <negotiation-term name="endTime"/>
15. <negotiation-term name="price"/>
16. </negotiation-terms>
17. </pre-requisite>
18. <negotiation>
19. <document name="WSLA" value="uri" version="1.0" />
20. <document name="WS-Agreements" value="uri" version= "1.0" />
21. <protocol name="alternateOffers" schema="uri" versi on="1.0" location="uri"/>
22. </negotiation>
23. <agreement>
24. <confirmation name="arbitrationService" value="uri "/>
25. </agreement>
26. </meta-negotiation>

Fig. 5.2 . Example document for meta-negotiation registry

comprises three distinguishing parts, namelypre-requisites, negotiation and agreement as described in the
following paragraphs.

Pre-requisites. The conditions to be satis�ed before negotiations are de�ned within the <pre-requisite>
element (see Figure 5.2, lines 9{17). Pre-requisites de�ne therole a participating party takes in a negotiation,
the security credentials and the negotiation terms. The <role> element de�nes whether the speci�c party wants
to engage in the negotiation as a provider or as a consumer of resources. The <security> element speci�es
the authentication and authorization mechanisms that the party wants to apply before starting the negotiation
process. For example, in Figure 5.2, the consumer requires that the other party should be authenticated through
the Grid Security Infrastructure (GSI) [15] (line 11). The negotiation terms specify QoS attributes that a party
is willing to negotiate and are speci�ed in the <negotiation-term> element. For example, in Figure 5.2, the
negotiation terms of the consumer arebeginTime, endTime, and price (lines 13{15).

Negotiation. Details about the negotiation process are de�ned within the
<negotiation> element. In Figure 5.2, the consumer supports two document languages and one negotiation
protocol. Each document language is speci�ed within<document>element. In Figure 5.2, WSLA and WS-
Agreements are speci�ed as supported document languages. Additional attributes specify theURI (Uniform
Resource Indicator) to the API or WSDL for the documents and their versions supported by the consumer (lines
18{22). In Figure 5.2, AlternateO�ers is speci�ed as the supported negotiation protocol. In addition to the
name, version, and schemaattributes, the URI to the WSDL or API of the negotiation protoco ls is speci�ed
by the location attribute (line 21).

Agreement. Once the negotiation has concluded and if both parties agree to theterms, then they have
to sign an agreement. This agreement may be veri�ed by a third party organization or may be lodged with
another institution who will also arbitrate in case of a dispute. These modalities are speci�ed within the
<agreement>clause of the meta-negotiation document. For example, in Figure 5.2, a third party service, called
arbitrationService, is speci�ed for con�rming the agreement between the two parties.

6. VieSLAF framework. In this section we present the architecture used for the semi-automatic man-
agement ofmeta-negotiations and SLA mappings. We discuss a sample architectural case study exemplifying
the usage of VieSLAF. Thereafter, we describe eachVieSLAF 's core component in detail.

6.1. VieSLAF architecture. As discussed in Section 3VieSLAF framework represents the �rst proto-
type for the management of self-governing ICT Infrastructures. The VieSLAF framework enables application
developers to e�ciently develop adaptable service-oriented applications simplifying the handling with numerous
Web service speci�cations. The framework facilitates managementof QoS models as for example management of
meta-negotiations [8] and SLA mappings [7]. Based onVieSLAF framework service provider may easily manage
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Fig. 6.1 . VieSLAF Architecture

QoS models and SLA templates and frequently check whether selected services satisfy developer's needs e.g.,
speci�ed QoS-parameters in SLAs. Furthermore, we discuss basicideas about the adaptation of SLA templates.

We describe the VieSLAF components based on Figure 6.1. As shown in step (1) in Figure 6.1 users
may access the registry using a GUI, browse through existing templates and meta-negotiation documents using
the MN and SLA mapping middleware. In the next step (2), service provider specify MN documents and
SLA mappings using the MN and SLA mapping middleware and submit it to the registry. Thereafter, in step
(3), service consumer may query existing meta-negotiation documents, de�ne own SLA mappings to remote
templates. MN and SLA mapping middleware on both sides (provider's and consumer's) facilitate management
of MNs and SLA mappings. Submitted MN documents and SLA mappingsare parsed and mapped to a
prede�ned data model (step 4). After meta-negotiation and preselection of services, service negotiation may
start using the negotiation protocols, document languages, and security standards as speci�ed in the MN
document (step 5). During the negotiation SLA mappings and XSLT transformations are applied (step 6).
After the negotiation, invocation of the service methods may start (step 7). SLA parameters are monitored
using the monitoring service (step 8). Based on the submitted SLA mapping publicly available SLA templates
are adapted re
ecting the majority of local SLA templates (step 9).

6.1.1. Knowledge Base. As shown in Figure 6.1 knowledge baseis responsible for storing SLA tem-
plates, SLA mappings and meta-negotiation documents. For storing of SLA templates and MN documents
we implemented registries, representing searchable repositories.Currently, we implemented a MS-SQL 2008
database with a Web service front end that provides the interfacefor the management of SLA mappings and a
PostgreSQL for the management of meta-negotiations. Thus, for scalability issues we rather intent to host the
registries using a cloud of databases hosted on a service provider such as Google App Engine [14] or Amazon S3
[2]. The database is manipulated based on the role-model. The registry methods are implemented as Windows
Communication Foundation (WCF) services and can be accessed onlywith the appropriate access rights. We
de�ne three roles: service consumer, service provider and registry administrator . Service consumersare able
to search suitable services for the selected service categories e.g., by using the method �ndServices. Service
consumer may also create SLA mappings using the methodcreateAttributeMapping. Service providers may
publish their services and bind it to a speci�c template category usingthe method createService. Furthermore,
both service consumer and provider may submit and query MN documents.

6.2. Meta-negotiation Middleware. The meta-negotiation middleware facilitates publishing of the
meta-negotiation documents into the registry and the integration of the meta-negotiation framework into the
existing client and/or service infrastructure, including, for example, negotiation or security clients. Besides
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Fig. 6.2 . Meta-negotiation middleware

acting as a client for publishing and querying meta-negotiation documents (steps 1 and 2 in Figure 6.1), the
middleware delivers necessary information for the existing negotiation clients, i. e. information for the estab-
lishment of the negotiation sessions (step 4, Figure 6.1) and information necessary to start a negotiation (step
5 in Figure 6.1). As shown in Figure 6.1 each service consumer may negotiate with multiple service providers
concurrently. As mentioned in Section 5 even the reverse may happen as well, wherein a consumer advertises a
job. In such cases, the providers would negotiate with multiple consumers.

After querying the registry and applying a client-based strategy for the selection of the appropriate ser-
vice, the information from the service's meta-negotiation document is parsed. Thereafter, meta-negotiation
information is incorporated into the existing client software using a dependency injection framework such as
Spring1. This dependency injection follows an Inversion of Control approach wherein the software is con�gured
at runtime to invoke services that are discovered dynamically rather than known and referenced beforehand.
This is suitable for meta-negotiation wherein a participant discoversothers at runtime through the registry
and has to dynamically adapt based on the interfaces provided by hiscounterpart (usually through a WSDL
document).

Figure 6.2 shows an example of how this would work in practice. On the consumer side, the middleware
queries the registry and obtains matching meta-negotiation documents. The middleware parses the meta-
negotiation document of the selected provider and dynamically injects the interfaces discovered from the WSDLs
in the document for security, negotiation and arbitration services into the existing abstract clients. Currently,
we support semi-automatic integration of existing clients into meta-negotiation middleware wherein the existing
clients are extended with the XML-based con�guration �les which ar e then automatically populated with the
discovered interfaces.

6.2.1. SLA Mapping Middleware. As already mentioned in Section 6.1.1 SLA mapping middleware is
based on di�erent WCF services. For the sake of brevity, in the following we discuss just a few of them. The
RegistryAdministrationService provides methods for the manipulation of the database where administrator rights
are required e.g., creation of template categories. Another example representsWSLAMappingService, which is
used for the management of SLA mappings by service consumer andservice provider.WSLAQueryingService
is used to query the SLA mapping database. The database can be queried based on template categories, SLA
attributes and similar attributes. Other implemented WCF service ar e for example services for SLA parsing,
XSL transformations, and SLA validation.

Service consumers may search for appropriate services throughWSLAQueryingService and de�ne appro-
priate SLA mappings by using the method createAttributeMapping. Each query request is checked during the
runtime, if the service consumer has also speci�ed any SLA mappingsfor SLAElements and SLAAttributes spec-
i�ed in the category's SLA template. Before the requests of service consumers can be completely checked, SLA
transformations are applied. The rules necessary for the transformations of attributes and elements can be found
in the database and can be applied using the consumer's SLA template. Thereafter, we have the consumer's
template completely translated into category's SLA template. Transformations are done byWSLATransforma-

1http://www.springframework.org/
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tor implemented with the .NET 3.5 technology and using LINQ2. In the following we explain monitoring and
adaptation service in more detail.

Monitoring Service. As depicted in Figure 6.1, we implemented a lightweight concept for monitoring of SLA
parameters for all services published in a speci�c template category. The aim of the monitoring service is to
frequently check the status of the SLA parameters of an SLA agreement and deliver information to the service
consumer and/or provider. Monitoring starts after publishing a service in a category and is provided through
the whole lifetime of the service. Monitoring service is implemented as an internal registry service, similar to
other services for parsing, transformation, and validation, that we have already explained in previous sections.
Resources are monitored byhost monitor using arbitrary monitoring tools (e.g. Ganglia). Resources metrics
include e.g., down-time, up-time, available storage. Based on the prede�ned mappings stored in a database,
monitored metrics are periodically mapped to the SLA parameters asdescribed in [11].

After publishing service and SLA mappings, SLAs are parsed and it is identi�ed which SLA parameters have
to be monitored and how. We distinguish between periodically measured SLA parameters and the parameters
which are measured on request. The values of the periodically measured parameters are stored in the so-called
parameter-pool. The monitoring service provides two methods: a knock-in method for starting the monitoring
and a method for receiving the measured SLA parameters from themeasurement pool. Whenever a user requests
monitoring information of the particular SLA (i) SLAs parameters ar e requested from theparameter-pool in
case of periodically measured parameters or (ii) SLA parameters are immediately measured as de�ned in the
parsed and validated SLAs in case of on-request parameters.

Adaptation Service. Remote SLA templates should not be de�ned in a static way, they should re
ect
provider's and consumer's needs. We implemented a �rst prototypeof an internal registry's adaptation service.
Thereby, mappings supplied by the consumers or the providers areevaluated. Based on the evaluation outcome
a new version of the particular SLA template can be automatically de�ned.

Each SLA mapping can be de�ned as aParameterWish (add/delete) and stored as an XML chunk. Registry
administrators have to con�gure a learning capability property for each template category. Regression models
represent one of the promising learning functions. Whenever a newParameterWish is accepted a new revision
category of an SLA template is generated. All services and consumers who voted for that speci�c wish are
automatically re-published to the new revision. Also all SLA mappings are automatically assigned to the new
template revision. Old SLA mappings of the consumers and services are deleted and also all old background
threads used for calculation for old SLA template are aborted. Thenewly generated SLA template is thereafter
parsed and new background monitoring threads are created and started for each service. Thus, based on the
presented adaptation approach public templates can be derived in auser driven way re
ecting the majority of
local templates. Application of the learning functions is discussed in more detail in Section 7.3.2.

7. VieSLAF Evaluation and Case Studies. In this section we evaluate theVieSLAF framework. In
Section 7.1 we evaluate SLA mappings. In Section we 7.2 we evaluate meta-negotiations. In Section 7.3 we
report some successful VieSLAF case studies.

7.1. Evaluation of SLA mappings. In Section 7.1.1 we measure the overhead produced by SLA map-
pings compared to Web service invocation without mappings. We describe the experimental testbed and the
setup used. Thereafter, we discuss the experimental results. In Section 7.1.2 we discuss stress tests with the
varying number of concurrently invoked SLA mappings. In Section 7.1.3 we present results with the varying
number of SLA mappings per single Web service invocation.

7.1.1. Overhead Test. In order to test the VieSLAF framework we developed a testbed as shown in
Figure 7.1(a). As a client machine we used an Acer Aspire Laptop, Intel Core 2 Duo T5600 1.83 GHz, 2
MB L2 Cache, 1GB RAM. For hosting of 10 sample services, calculatorservices with 5 methods, we used
a single core Xenon 3.2Ghz, L1 cache, 4GB RAM Sun blade machine. We use the same machine to host
VieSLAF s WCF services. The aim of our evaluation is to measure the overheadproduced usingVieSLAF 's
WSLAQueryingService for search and mappings of the appropriate services.

We created 10 services (S1,. . . , S10) and 10 accounts for serviceproviders. We also created the registry
administrator's role, which manages the creation of template categories with the corresponding SLA templates.
The SLA template represents a remote calculator service with �ve methods: Add, Subtract, Multiply, Divide
and Max. Both, the provider and the consumers de�ne �ve SLAMappings, which have to be used during the

2Language Integrated Query
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(a) (b)

Fig. 7.1 . VieSLAF Testbed (a) for the evaluation of SLA mappings and (b ) meta-negotiations

Table 7.1
SLA Mappings Overhead Compared to Simple Web Service Invoca tion (Without SLA Mappings)

Service Search Time Total
SLA-Mapping Remaining Time

Validation Consumer Map. Provider Map.

Time in sec 0.046 0.183 0.151 1.009 1.389
Time [%] 3.32 13.17 10.87 72.64 100.00

runtime. We specify three simple, syntactic mappings where we only change the name of an element or attribute.
The other two mappings consider also semantic mappings, where we map between structurally di�erent SLA
templates.

Table 7.1 shows the experimental results. The measured values represent the arithmetic mean of 20 service
invocations. The overhead measured during the experimental results includes the time needed for validation
of SLA documents (column Validation in Table 7.1), the time necessary to perform mappings from the local
consumers to the remote SLA templates (columnConsumer Mapping) and the time necessary to transform
the remote SLA templates to the local providers (columnProvider Mapping). Furthermore, we measured the
remaining time necessary to perform a search. The remaining time includes the round trip time for a search
including data transfer between the client and the service and vise versa. As shown in Table 7.1 the time
necessary to handle SLA mappings (V alidation + ConsumerMapping + P roviderMapping ) represents 0:38
seconds or 27; 36% of the overall search time.

Please note that the intention of the presented experimental results is the proof of concept of the SLA
mapping approach. We did not test the scalability issues, since we intend to employ computing Clouds like
Google App Engine [14] or Amazon S3 [2] in order to cope with the scalability issues.

7.1.2. Stress Tests. In this section we describe tests on how theVieSLAF middleware copes with the
multiple SLA mappings executed concurrently with di�ering complexity . Evaluation is done on an Acer Aspire
Laptop, Intel Core 2 Duo T5600 1.83 GHz, 2 MB L2 Cache, 1GB RAM. For the evaluation we have used two
di�erent SLA mappings:

� Simple: Invocation of the simple SLA mappings, an example is translation of one attribute to another
attribute e.g., usage priceto price.

� Complex: Represents the invocation of the complex SLA mappings, as for example semantic mappings
considering two structurally di�erent SLA templates.

We tested VieSLAF with di�erent versions of XSLT transformers, namely with XSLTCompiledTransform,
.Net version 3.0 and with the obsoleteXSLTTransform Class from .Net 1.1. Figure 7.2(a) shows the measure-
ments with the XSLTCompiledTransform Transformer and with the XSLTTransform Class. Thex axis depicts
the number of SLA mappings performed concurrently i. e., number of runs. The y axis depicts the measured
time for the execution of SLA mappings in seconds.

Considering the measurement results we can observe that theXSLTTransform Class is faster than the
XSLTCompiledTransform Transformer from the newer .Net version. Complex mappings executed with the
XSLTTransform Class almost overlap with the simple mappings executed with theXSLTCompiledTransform.
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(a) (b)

Fig. 7.2 . (a)Stress Tests with XSLTCompiledTransform Transformer and XSLTTransform Class (b) Measurements with
varying number of SLA mappings per Web Service Invocation

We can observe that in both cases, simple and complex mapping, the performance starts to signi�cantly decrease
with the number of SLA mappings > 100. If the number of mappings< 100, the execution time is about or
less than 1 second.

7.1.3. Multiple SLA Mapping Tests. In this section we discuss performance results measured during
a Web service call with varying numbers of SLA mappings per service.We measured 5, 10, 15 and 20 SLA
mappings per Web service call. In order to create a realistic testbedwe used SLA mappings which depend on
each other: e.g., attribute A is transformed to attribute B , B is transformed to C, C to D , and so on. Thus, we
simulate the worst case, where SLA mappings can not be performedconcurrently, they have to be performed
sequentially.

Evaluation is done on an Acer Aspire Laptop, Intel Core 2 Duo T56001.83 GHz, 2 MB L2 Cache, 1GB RAM.
Figure 7.2(b) shows measured results. Thex axis depicts the number of SLA mappings performed concurrently
or sequentially considering attribute dependencies. They axis depicts the measured time for the execution of
SLA mappings in milliseconds. We executed SLA mappings between the remote template and the provider's
template (i. e., provider mappings as described in Table 7.1) before the runtime, because these mappings
are known before consumer requests. Thus, only mappings between the consumer's template and the remote
template are done during the runtime as indicated with the SLA Mapping line. The line SLA Mapping + Client
invocation comprises the time for the invocation of a Web service method including SLA mapping time. The
SLA Mapping + Client invocation line does not comprise round-trip time, it comprises only the requesttime.

We can conclude that even with the increasing number of SLA mappings and considering the worst case
scenario with sequentially performed mappings the SLA mapping time represents about 20% of the overall
execution time.

7.2. Evaluation of the Meta-Negotiation Approach. In this section we evaluate the meta-negotiation
approach as shown in Figure 7.1(b). We have used the Gridbus broker [32] as an example service consumer and
an enterprise Grid constructed using Aneka [10] as a service provider. The aim of this evaluation was to test
the overhead of the meta-negotiation infrastructure on the overall negotiation process.

7.2.1. Testbed. As shown in Figure 7.1, we deployed the registry in a machine running Windows Server
2003. The registry was accessible through a Web service interfaceand used a PostgreSQL database on its
backend. Since the aim of these experiments was only to test the meta-negotiation framework, we isolated
the Negotiation Service from the resource management system. Hence, it would reject any proposal for node
reservation as it would not be able to determine node availability. We deployed 20 such services|(S1,. . . S10)
on machines in a student lab in the Department of Computer Science and Software Engineering, University
of Melbourne, Australia and (S11,. . . S20) on machines in the Department of Communication Computer and
System Sciences, University of Genova, Italy. Negotiations with services located in Melbourne would terminate
in single rounds (a proposal followed by a rejection). Services located in Italy would terminate after 2 retries. We
published a meta-negotiation document for each service into the registry with di�erent negotiation terms and
document languages. The Gridbus broker was started on a machinein the Department of Computer Science,
University of Melbourne and queried the registry in order to select an appropriate service provider. It would
then open a negotiation process with the selected Aneka Negotiation Service.
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Table 7.2
Experimental results of the meta negotiation approach

Overall Negotiation Total
Meta-Negotiation Negotiation

Querying Parsing

Time in sec 2.91 0.02 15.10 18.03
Time [%] 16.16 0.01 83.73 100.00

(a) (b)

Fig. 7.3 . (a) Architecture for the SLA-based Resource Virtualizatio n [20] (b) Lifecycle of the SLA Template as used in [29]

7.2.2. Experimental Results. The results of our evaluation are shown in Table 7.2. As shown in Ta-
ble 7.2 the time necessary to query the registry represents 2:91 seconds or 16:16% of the overall negotiation
time. Query time is calculated as the time necessary to get the list of the IDs, i. e. invocation of the method
query(XMLdocument), plus the time necessary to fetch each document, i. e. multiple invocations of the method
getDocument(ID). The time necessary to fetch each document represents about 0.2 sec. Thus, in our experi-
ments we fetched about 15 XML documents in average, since 2:91=0:2 � 15. Please note, that all times used
in Table 7.1 are average times measured over 10 rounds. Time necessary to parse the selected meta-negotiation
document and to inject the WSDL information into the client is 0 :02 seconds or 0:01% of the overall negotiation
time. Thus, time for the completion of the meta-negotiation is 2:93 seconds or 16:17% of the overall negotiation
time. The time for the meta-negotiation is calculated as the the sum of the time necessary to query the registry
(2:91 seconds) and the time necessary to parse the selected meta document (0:02 seconds).

The time necessary to negotiate with anAneka service represents 15:10 seconds or 83:73% of the overall
negotiation time. We observed that the negotiation time with services located in Italy represents about 15
seconds (due to 2 retries), since the time necessary to negotiatewith services located in Melbourne represents
about 5 seconds. Thus, in our experiments we have obviously negotiated only with services located in Italy. We
started an alternate o�ers negotiation with only one round. Thus, the overall negotiation time is 18:03 seconds.
Overall negotiation time is calculated as the sum of the time necessary to complete the meta-negotiation and
time necessary to complete the negotiation.

Considering the fact that the time necessary to complete a meta-negotiation represents only 16:17% of the
overall negotiation time, and considering the fact that we have used negotiations with only one round, we can
show that the overhead of the meta-negotiations do not signi�cantly in
uence the overall negotiation time.

With the presented experiments we demonstrated the applicability of our approach to the proposed archi-
tecture. Since we plan to use computational clouds in the future, the intention of the presented experiments
was not to test the scalability of our approach.

7.3. Case Studies. Besides FoSII project, which was the primary reason for the development of the
VieSLAF framework, VieSLAF has been successfully applied to additional case studies. In Section 7.3.1 we
discuss SLA-based resource virtualization approach for on-demand service provision. In Section 7.3.2 we discuss
the application of VieSLAF framework for the liquidity management in C loud markets.

7.3.1. An SLA-based Resource Virtualization Approach For O n-demand Service Provision.
As discussed in [20] VieSLAF's meta-negotiation concept has been successfully utilized for the realization of the
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SLA based resource virtualization environment. Thereby, an integrative infrastructure has been provided for
on demand service provision based on SLAs. As depicted in Figure 7.3(a) users describe the requirements for
an SLA negotiation on a high level using the concept of meta-negotiations (MN). During the meta-negotiation
only those services are selected, which understand speci�c SLA document language and negotiation strategy
or provide a speci�c security infrastructure. After the meta-negotiation process, a meta-broker (MB) selects
a broker that is capable of deploying a service with the speci�ed userrequirements. Thereafter, the selected
broker negotiates with virtual or physical resources (R) using the requested SLA document language and using
the speci�ed negotiation strategy. Once the SLA negotiation is concluded, service (S) can be deployed on the
selected resource using the Automatic Service Dployer (ASD).

7.3.2. Liquidity Management in Cloud Markets. As discussed in [29] we demonstrated the problems
caused in computational Cloud markets by a large number of resource de�nitions, namely low liquidity for each
available resource type. To counteract this problem, we applied SLAmappings, which ensures su�cient liquidity
in the market. SLA mapping techniques not only simplify the search for similar o�ers but also allow us to derive
public SLA templates from all existing o�erings (i. e. consumer-de�ned service level contracts or unsigned service
level agreements). Figure 7.3(b) depicts the lifecycle of a public template. As indicated through step (1), we
assume that for speci�c domains, speci�c SLA templates are generated, e.g. medicine, telecommunication.
These generated SLA templates are then published in the public registry (step (2)). At the same time, learning
functions for the adaptation of these public SLA templates are de�ned. Thereafter, SLA mappings are de�ned
manually by users (step (3)). During the lifetime of an SLA template adaptation of SLA mappings are done
automatically as described in Section 6 (step (4)). Based on the learning function and based on the submitted
SLA mappings, a new version of the SLA template can be de�ned and published in the registry (step (5)).

8. Conclusion and Future Work. In this paper we presented the goals of the Foundations of Self-
Governing ICT Infrastructures (FoSII) project and how these goals can be achieved using the principles of
autonomic computing. We discussed novel meta-negotiation and SLA mapping solutions for Cloud services
bridging the gap between current QoS models and Cloud middleware and representing important prerequisites
for the establishment of autonomic Cloud services. We discussed the approaches for meta-negotiation and
SLA mapping representing implementation of negotiation bootstrapping and service mediation approaches.
Furthermore, we presented theVieSLAF framework used for the management of meta-negotiations and SLA
mappings. We discussed how SLA templates can be adapted based onthe submitted SLA mappings. We
presented performance evaluation of theVieSLAF representing �rst proof of concepts. Moreover, we brie
y
introduced two case studies, namely the SLA-based resource virtualization approach for on-demand service
provision and the approach for the liquidity management in Cloud markets. Both case studies showed the
impact of the VieSLAF framework beyond the aforementioned FoSII project.

In the future we will improve learning function and facilitate di�erent knowledge management methods as
for example case based reasoning.
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Abstract. Scienti�c computation faces multiple scalability challen ges in trying to take advantage of the latest generation
compute, network and graphics hardware. We present a compre hensive approach to solving four important scalability cha llenges:
programming productivity, scalability to large numbers of processors, I/O bandwidth, and interactive visualization of large data.
We describe a scenario where our integrated system is applie d in the �eld of numerical relativity. A solver for the govern ing Einstein
equations is generated and executed on a large computationa l cluster; the simulation output is distributed onto a distr ibuted data
server, and �nally visualized using distributed visualiza tion methods and high-speed networks. A demonstration of th is system was
awarded �rst place in the IEEE SCALE 2009 Challenge.

Key words: computer algebra systems, high performance computing, dis tributed systems, high speed networks, problem
solving environment, scienti�c visualization, data inten sive applications

1. Introduction. We describe the motivation, design, and experimental experiencesof an end-to-end
system for large scale, interactive and collaborative numerical simulation and visualization that addresses a set
of fundamental scalability challenges for real world applications. This system was awarded �rst place in the
IEEE SCALE 2009 Challenge in Shanghai, China in May 2009.

Our system shows a single end-to-end application capable of scaling to a large number of processors and
whose output can be visualized remotely by taking advantage of highspeed networking capabilities and of GPU-
based parallel graphics processing resources. The four scalabilitychallenges that are addressed are described
below (see Figure 1.1).

1.1. Programming productivity. Programming productivity has long been a concern in the compu-
tational science community: the ever-growing complexity of many scienti�c codes make the development and
maintenance of many large scale scienti�c applications an intimidating task. Things get even worse when one is
dealing with extremely complicated systems such as the Einstein equations which, when discretized, typically
result in over 20 evolved variables and thousands of source terms.In addressing these issues, we present our
latest work on generic methods for generating code that solves a set of coupled nonlinear partial di�erential
equations using theKranc code generation package [1]. Our work greatly bene�ts from the modular design of
the Cactus framework [2, 3], which frees domain experts from lower level programming issues, i. e., parallelism,
I/O, memory management, et cetera. In this collaborative problem-solving environment based onCactus and
Kranc, application developers, either software engineers or domain experts, can contribute to a code with their
expertise, thus enhancing the overall programming productivity.

1.2. Scalability to large number of processors. With the advent of Roadrunner, the �rst supercom-
puter that broke the peta
op/s mark in year 2008, the peta
op e ra was o�cially entered. There are a great
number of challenges to overcome in order to fully leverage this enormous computational power to be able
to solve previously unattainable scienti�c problems. The most urgent of all is the design and development of
highly scalable and e�cient scienti�c applications. However, the ever-growing complexity in developing such
e�cient parallel software always leaves a gap for many application developers to cross. We need a bridge,
a computational infrastructure, which does not only hide the hardware complexity, but also provides a user
friendly interface for scienti�c application developers to speed up scienti�c discoveries. In our project, we used
a highly e�cient computational infrastructure that is based on the Cactus framework and the Carpet AMR
library [4, 5, 6].

1.3. I/O bandwidth. We are faced with di�cult challenges in moving data when dealing with larg e
datasets, challenges that arise from I/O architecture, network protocols and hardware resources: I/O archi-
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Fig. 1.1 . Scalability challenges involved in an end-to-end system fo r large scale, interactive numerical simulation and visual -
ization for black hole modeling.

tectures that do not use a non-blocking approach are fundamentally limiting the I/O performance; standard
network protocols such as TCP cannot utilize the bandwidth availablein emerging optical networks and cannot
be used e�ciently on wide-area networks; single disks or workstations are not able to saturate high-capacity
network links. We propose a system that combines an e�cient pipeline-based architecture, takes advantage of
non-standard high-speed data transport protocols such as UDT, and uses distributed grid resources to increase
the I/O throughput.

1.4. Interactive visualization of large data. Bringing e�cient visualization and data analysis power
to the end users' desktop while visualizing large data and maintain interactiveness, by giving the user the ability
to control and steer the visualization, is a major challenge for visualization applications today. We are looking
at the case where su�ciently powerful visualization resources arenot available at either the location where the
data was generated or at the location where the user is visualizing it,and propose using visualization clusters
in the network to interactively visualize large amounts of data.

2. Scienti�c Motivation: Black Holes and Gamma-Ray Bursts. Over ninety years after Einstein
�rst proposed his theory of General Relativity, astrophysicists are increasingly interested in studying the regions
of the universe where gravity is very strong and the curvature ofspacetime is large.

This realm of strong curvature is notoriously di�cult to investigate w ith conventional observational as-
tronomy. Some phenomena might not be observable in the electromagnetic spectrum at all, and may only be
visible in the gravitational spectrum, i. e., via the gravitational waves that they emit, as predicted by General
Relativity. Gravitational waves have today not yet been observeddirectly, but have attracted great attention
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Fig. 2.1 . Volume rendering of the gravitational radiation during a bi nary black hole merger

thanks to a wealth of indirect evidence [7, 8]; furthermore, gravitational wave detectors (LIGO [9], GEO [10],
VIRGO [11]) will soon reach su�cient sensitivities to observe interesting astrophysical phenomena.

In order to correctly interpret the gravitational-wave astronom y data, astrophysicists must rely on compu-
tationally challenging large-scale numerical simulations to study the details of the energetic processes occurring
in regions of strong curvature. Such astrophysical systems andphenomena include the birth of neutron stars or
black holes in collapsing evolved massive stars, the coalescence of compact binary systems, Gamma-Ray Bursts
(GRBs), active galactic nuclei harboring supermassive black holes,pulsars, and oscillating neutron stars.

Of these, Gamma-Ray Bursts (GRBs) [12] are among the most scienti�cally interesting. GRBs are intense,
narrowly-beamed 
ashes of
 -rays originating at cosmological distances, and the riddle concerning their central
engines and emission mechanisms is one of the most complex and challenging problems of astrophysics today.
The physics necessary in such a model includes General Relativity, relativistic magneto-hydrodynamics, nu-
clear physics (describing nuclear reactions and the equation of state of dense matter), neutrino physics (weak
interactions), and neutrino and photon radiation transport. The complexity of the GRB central engine requires
a multi-physics, multi-length-scale approach that cannot be fully realized on present-day computers and will
require petascale computing [13, 14].

At LSU we are performing simulations of general relativistic systemsin the context of a decade-long research
program in numerical relativity. One pillar of this work is focused part icularly on 3D black hole physics
and binary black hole inspiral and merger simulations. This includes thedevelopment of the necessary tools
and techniques to carry these out, such as mesh re�nement and multi-block methods, higher order numerical
schemes, and formulations of the Einstein equations. A second pillarof the group's research is focused on
general relativistic hydrodynamics simulations, building upon results and progress achieved with black hole
system. Such simulations are crucial for detecting and interpreting signals soon expected to be recorded from
ground-based laser interferometric detectors.

The speci�c application scenario for the work presented at the SCALE 2009 competition is the numerical
modeling of the gravitational waves produced by the inspiral and merger of binary black hole systems (see
Figure 2.1).

2.1. Use-case Scenario. The motivating and futuristic scenario for this work is based on enabling scien-
ti�c investigation using complex application codes on very large scale compute resources:

� Scientists working together in a distributed collaboration are investigating the use of di�erent algorithms
for accurately simulating radiation transport as part of a computational model of gamma-ray bursts
which uses the Cactus Framework. The resulting simulation codes use adaptive mesh re�nement to
dynamically add additional resolution where needed, involve hundreds of independent modules coordi-
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nated by the Cactus Framework, require the use of tens of thousands of cores of modern supercomputers
and take several days to complete.

� The scientists use the Kranc code generation package to automatically generate a suite of codes using
the di�erent algorithms that they wish to compare. Kranc writes th ese codes taking advantage of
appropriate optimization strategies for the architectures on which they will be deployed, for example
using GPU accelerators where available, or matching grid loops to theavailable cache size.

� The simulations are deployed on multiple supercomputers available to the collaboration, using co-
scheduling services across di�erent institutions to coordinate thesimultaneous reservation of resources,
networks, and displays. Web services are used to enable the real-time, highly con�gurable, collaboration
of the scientists, with the simulations autonomously publishing appropriate information to services such
as Twitter and Flickr.

� As the simulations run, output data is directly streamed across high speed networks to powerful
GPU rendering clusters which produce the visualizations, and in turnstream their video outputs to
large high resolution displays located at the collaborating sites. The displays aggregate the video
outputs from each of the di�erent simulations, allowing the scientists to visualize and compare the
same output, while simultaneously interacting with and steering the visualization using tangible de-
vices.

The scientists are thus able to use the most powerful computational resources to run the simulation and the
most powerful visualization resources available to interactively visualize the data and are not limited by either
their local visualization resources, or the visualization resources available at the location where the simulation
is being run.

3. Automatic Parallel Code Generation.

3.1. Cactus{Carpet Computational Infrastructure. Cactus [2, 3] is an open source software frame-
work consisting of a central core, the
esh, which connects many software components (thorns) through an
extensible interface.Carpet [4, 5, 6] serves as a driver layer of theCactus framework providing adaptive mesh
re�nement, multi-patch capability, as well as memory management, parallelism, and e�cient I/O. In the
Cactus{Carpet computational infrastructure, the simulation domain is discretized using high order �nite dif-
ferences on block-structured grids, employing a Berger-Oliger-style adaptive mesh re�nement method [15] with
sub-cycling in time, which provides both e�ciency and 
exibility. We use explicit Runge-Kutta methods for
time integration.

Cactus is highly portable and runs on all current HPC platforms as well as on workstations and laptops on all
major operating systems. Codes written usingCactus have been run on various brands of the fastest computers
in the world, such as various Intel and AMD based systems, SGI Altix, the Japanese Earth Simulator, IBM
Blue Gene, Cray XT, and the (now defunct) SiCortex architecture, among others. Recently, theCactus team
successfully carried out benchmark runs on 131,072 cores on the IBM Blue Gene/P at the Argonne National
Laboratory [16].

3.2. Kranc Code Generation Package. Kranc [17, 1, 18] is a Mathematica-based computer algebra
package designed to facilitate analytical manipulations of systems of tensorial equations, and to automatically
generate C or Fortran code for solving initial boundary value problems.Kranc generates completeCactus thorns,
starting from a high-level description including the system of equations formulated in high-level Mathematica
notation, and discretizing the equations with higher-order �nite di� erencing. Kranc generated thorns make use
of the Cactus Computational Toolkit, declaring to Cactus the grid functions which the simulation will use, and
computing the right hand sides of the evolution equations so that the time integrator can advance the solution
in time.

3.3. McLachlan Code. The McLachlan code [19, 20] was developed in the context of the XiRel project [21,
22], a collaboration between several numerical relativity groups worldwide to develop a highly scalable, e�cient,
and accurate adaptive mesh re�nement layer for theCactus framework, based on theCarpet driver, aimed
at enabling numerical relativists to study the physics of black holes,neutron stars and gravitational waves.
The McLachlan code is automatically generated using theKranc code generation package (see above) from a
high-level description of the underlying set of partial di�erential e quations. The automation is of particular
importance for experimenting with new formulations of the equations, new numerical methods, or particular
machine speci�c-code optimizations.McLachlan employs a hybrid MPI/OpenMP parallelism.
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Fig. 3.1 . Left: Weak scaling benchmark results of the McLachlan code on several current leadership HPC systems. This
benchmark simulates a single black hole with nine levels of m esh re�nement. The code scales well up to more than 12,000 cor es of
Ranger at TACC. Right: I/O benchmark on Ranger, showing the total I/O bandwidth vs. the number of cores. Cactus achieves
a signi�cant fraction of the maximum bandwidth already on 1, 000 cores.

As can been seen from Figure 3.1,on TACC's Ranger, McLachlan and the supporting infrastructure scale
well up to more than 12,000 cores. Cactus{Carpetis also able to use a signi�cant fraction of the theoretical
peak I/O bandwidth already on 1,000 cores.

4. Interactive and Collaborative Simulations.

4.1. Monitoring, Pro�ling and Debugging. Supporting performance and enforcing correctness of the
complex, large-scale codes that Cactus generates is a non-trivialtask, targeted by the NSF-funded Application-
Level Performance and Correctness Analysis (Alpaca) project [23, 24].

In order to reap the bene�ts of the high-concurrency machines available today, it is not su�cient that a
code's parallel e�ciency remain constant as the size of the problem isscaled up, but also that its ease of control
remains close to that of simulations carried out on a few number of computing cores; if this is not the case,
the process of debugging and optimizing the code may be so time-consuming as to o�set the speed-up obtained
through parallelism. The Alpaca project addresses this issue through the development of application-level tools,
i. e., high-level tools that are aware of the Cactus data structures and execution model.

In particular, Alpaca's objectives concentrate on three areas: (i) high-level debugging, devising debugging
strategies that leverage high-level knowledge about the execution actors and the data processing, and develop
tools that extract such information from a simulation and provide it in an abstract format to the user; (ii)
high-level pro�ling, devising algorithms for extracting high-level inf ormation from timing data; and (iii) remote
visualization, using visual control over the simulation data as a high-level correctness check. In particular, work
within the Alpaca project includes the development of HTTPS, a Cactus module that spawns an SSL web
server, with X.509 certi�cate authorization, at the beginning of a simulation and uses it to receive incoming
connections, expose the simulation's details and provide �ne-grained control over its execution.

4.2. Leveraging Web 2.0 for Collaborations. In response to the fact that computer simulations are
becoming more complex and requiring more powerful resources, the way science itself is carried out is sim-
ilarly changing: the growing use of computers and world-wide networks has radically modi�ed the old cus-
tom of individual (or small-collaboration) work and hand-written dat a collected in notebooks. When Stephen
Hawking worked out the basic theoretical framework for two colliding black holes [25] in the early seven-
ties and Larry Smarr carried out early numerical simulations [26] a few years later, both involved only very
small teams and generated perhaps a megabyte of data. The sameproblem has been studied in full 3D [27],
now with a team size of perhaps 15 researchers, a growing number of involved institutes and an increase
in generated data by a factor of about a million. Currently unsolved problems like the Gamma-Ray Burst
riddle [14] will require still larger collaborations, even from di�erent communities, and generate even more
data.
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In order for scienti�c collaborations to work at this scale, for the large amounts of data to be handled
properly, and for the results to be reproducible, new methods of collaboration must be developed or already
existing tools from other �elds must be leveraged. Cactus can now use two tools from the latter class to
announce information about simulations to existing Web 2.0 services,as described in the following.

Twitter's [28] main service is a message routing system that enables its users to send and read each others'
updates, known astweets. Tweets have to be very short (at most 140 characters in length)and can be sent and
read via a wide range of devices, e.g. mobile texting, instant message, the web, or external applications.

Twitter provides an API [29] which allows the integration of Twitter wit h other web services and ap-
plications. One of the most important functions is the \statuses/update" API call, which is used to post a
new Twitter message from the speci�ed user. This Twitter API is used in a Cactus thorn to announce live
information from a simulation (Figure 7.2).

Flickr [30] was launched as an image hosting website targeted at digital photographs, but short videos can
be uploaded today as well. Flickr can be used at no charge with limits on the total size of images that can be
uploaded (currently 100 MByte) and on the number of images which can be viewed (currently 200), along with
other potential services available.

One important functionality, besides the image upload, is to be able togroup images. Flickr o�ers a
capability to group images into \Sets", and also can group di�erent \ Sets" into a \Collection". This provides
a hierarchical structure for organizing simulation images.

Flickr has many features that can be taken advantage of for providing a collaborative repository for Cactus-
produced images and information. All of them are accessed through a comprehensive web service API for
uploading and manipulating images [31].

A new Cactus thorn uses the Flickr API to upload live images from the running simulation. Images
generated by one simulation are grouped into one \Set". It is also possible to change the rendered variables, or
to change the upload frequency on-line through an Cactus-internal web server (see section 4.1).

5. Distributed Visualization.

5.1. Visualization Scenario. Our scenario is the following: the visualization user is connected overa
network link to a grid system of various types of resources (visualization, network, compute, data). The data
to be visualized is located on a data server near the location where the scienti�c simulation was executed and
this data server is also connected to the grid system.

There are various ways in which a visualization application can be created to solve the problem, such
as running the visualization on the data server and transferring a video stream to the client, or running the
visualization on the local client and transferring a data stream between the data server and the client.

These two solutions are limited by the visualization power available nearthe data server or near the local
machine, respectively. Since powerful visualization resources arenot available at the client and may not be
available near the data server, we have built a three-way distributed system that uses a visualization cluster
in the network, data streaming from the data server to the visualization cluster, and video streaming from the
visualization cluster to the local client.

We have taken the problem one step further and considered the case where the network connection of
the data server is a relatively slow one|much slower than the network capacity of the rendering machine. In
this situation we are dealing with I/O scalability issues, and the solution we propose is to create a temporary
distributed data server in the grid. The distributed data server uses compute and data resources that are
not dedicated for this application but are allocated on-demand to support it when it needs to execute. The
distributed data server can sustain much higher data transfer rates than a single data source. Data is loaded
in advance from the source on the distributed data server. The architecture of this approach is illustrated in
Figure 5.1. Because the visualization resources are not local to theend client, a remote interaction system is
necessary in order for the user to be able to connect to and steerthe visualization.

5.2. I/O. High-performance data transmission over wide-area networks is di�cult to achieve. One of the
main factors that can in
uence performance is the network transport protocol. Using unsuitable protocols
on wide area network can result in bad performance|for example a few Mbit/s throughput on a 10 Gbit/s
dedicated network connection using TCP. The application needs to use protocols that are suitable for the
network that is utilized; our system uses the UDT [32] library for wide-area transfers in order to achieve high
data transmission rates. Another issue is blocking on I/O operations: blocking I/O reduces the performance
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Fig. 5.1 . Architecture of demonstration system which involves a temp orary distributed data server allocated on-demand to
improve sustained data transfer rates.

that is seen by the application, and the solution we use is based on a completely non-blocking architecture using
a large number of parallel threads to keep the data 
ow moving.

5.3. Parallel Rendering. Parallel rendering on HPC or visualization clusters is utilized to visualizelarge
datasets. For the SCALE 2009 demonstration we have used a self-developed parallel GPU ray-casting volume
rendering implementation to interactively visualize the time-dependent numerical relativity dataset, where each
timestep has a size of about 1 GByte. GPU ray-casting does 
oatingpoint compositing in a single pass using a
fragment shader. The trade-o� between rendering time and visual quality can be steered directly by the user(s).
Our rendering system overlaps communication with (visual) computation, in order to achieve maximum perfor-
mance. Parallelism is achieved by data domain decomposition (each node renders a distinct subsection of the
data), and compositing of the resulted partial view images in order to create a single view of the entire dataset.

5.4. Video Streaming and Interaction. Interaction with the remote parallel renderer is necessary to
modify navigation parameters such as the direction of viewing or thelevel of zoom, and to control the trade-o�
of visual quality and image deliver time. Since the visualization application is not local, an interaction system
consisting of three components was developed. The components are a local interaction client running on the
local machine, an interaction server running on the rendering cluster, and an application plug-in that connects
the interaction server to the application and inserts interaction commands into the application work
ow (see
Fig. 5.2).

For our demonstration we used specialized interaction devices developed by the Tangible Visualization
Laboratory at CCT [33] that are very useful in long-latency remote interaction systems, and can support
collaboration (collaborative visualization) from multiple sites.

The �nal component of the system is the video streaming. Images that are generated from the remote
visualization cluster need to be transported to the local client for the user to see. In the past, we have successfully
utilized hardware-assisted systems running videoconferencing software (Ultragrid [34]) and software-based video
streaming using SAGE [35]. Our system supports various video streaming methods includingSAGE, a self
developed video streaming subsystem, or VNC [36].

6. Related Work. OptIPuter [37] is a large project that has built an advanced infrastructure connecting
computational infrastructure with high-speed \lambda" network s to create virtual distributed metacomputers.
OptIPuter technologies are used in scienti�c applications such as microbiology [38] and climate analysis [39].
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Fig. 5.2 . Architecture of interaction system

One method for tightening the integration of applications and networks is to use reserved, exclusive access
to network resources controlled by the user. Several projects, including DOE UltraScienceNet [40, 41], NSF
CHEETAH [42], Phosphorus [43], G-lambda [44] and Internet2 ION [45]have explored mechanisms for providing
such network services to applications.

The limitations of desktop-based visualization led to the developmentof parallel visualization systems and
frameworks such as ImageVis3D [46], Chromium [47] and Equalizer [48]that can take advantage of computa-
tional clusters to visualize large datasets. Equalizer and Chromium are parallel rendering frameworks that can
be used to build parallel rendering applications. ImageVis3D is a parallel rendering tool for interactive volume
rendering of large datasets. These and other tools and techniques are being developed (for example as part of the
Institute for Ultra-Scale Visualization [49, 50]) to be able to take advantage of parallel resources for visualization.

Other visualization systems such as Data Vault (DV) [51], ParaView [52], and VisIt [53] were designed to
facilitate the visualization of remote data and, while they have the capability to transmit data and images over
the network, they are not able to take advantage of the full capacity of high-speed networks and thus have
low data transport performance, can su�er from a lack of interactivity and image quality, and do not support
collaborative visualization.

Data Vault (DV) is a visualization and data analysis package for numerical codes that solve partial di�er-
ential equations via grid-based methods, in particular those utilizingadaptive mesh re�nement (AMR) and/or
running in a parallel environment. DV provides a of built-in functions t o analyze 1D, 2D, and 3D time-dependent
datasets.

ParaView is a parallel visualization application designed to handle large datasets. It supports two distribu-
tion modes: client{server and client{rendering server{data server.

VisIt is a visualization software designed to handle large datasets using client{server distribution of the
visualization process. Similar to ParaView's client{server distribution, VisIt uses a parallel rendering server
and a local viewer and interaction client. Most commonly, the serveris as a stand-alone process that reads data
from �les. An alternative exists where a simulation code delivers datadirectly to VisIt, separating the server
into two components. This allows for visualization and analysis of a live running simulation.

Several visualization systems such as RAVE [54] or the visualization system by Zhu et al. [55] are focused on
the theoretical aspects of distributed visualization and do not provide the level of performance and scalability
needed for current scienti�c applications. The distributed visualization architecture proposed by Shalf and
Bethel [56] could support a variety of distributed visualization applications and inspired the development of our
system.

The German TIKSL [57] and GriKSL [58] projects developed technologies for remote data access in Grid
environments to provide visualization tools for numerical relativity applications. Based on GridFTP [59] and
the HDF5 library [60], these projects prototyped a number of remote visualization scenarios on which this work
is based.
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Fig. 7.1 . The Alpaca tools provide real-time access to simulations ru nning on remote machines, allowing monitoring, inter-
active visualization, steering, and high-level debugging of large-scale simulations.

7. SCALE 2009 Demonstration and Results. The resulting Cactus application McLachlan used the
Carpet Adaptive Mesh Re�nement infrastructure to provide scalable, high order �nite di�erencing, in this case
running on 2048 cores of the Texas Advanced Computing Center (TACC) Ranger machine. The simulation
ran for altogether 160 hours on Ranger, generating 42 TByte of data. Live interaction with the simulation
was shown, via the application-level web interface HTTPS (Fig. 7.1, Section 4.1). The simulation also used
new thorns co-developed by an undergraduate student at LSU toannounce runtime information to Twitter and
real-time images of the gravitational �eld to Flickr (Fig. 7.2).

Interactive visualization of the data produced was shown using a visualization system distributed across
the Louisiana Optical Network Initiative (LONI), see Fig. 7.3. A data server deployed on the Eric and Louie
LONI clusters cached 20 GByte of data at any time in RAM using a total of 8 compute nodes. This data
was then transferred using TCP and UDT protocols over the 10 Gbit/s LONI network to rendering nodes at a
visualization cluster at LSU.

The average aggregate I/O rate achieved by the SCALE 2009 sys tem was 4 Gbit/s. Loading
time from the remote distributed resources was six times fas ter than local load from disk (2 s
remote vs. 12.8 s local).

Here a new parallel renderer used GPU acceleration to render images, which were then streamed using the
SAGE software to the �nal display. VNC (Fig. 7.4) was used instead of SAGE in Shanghai due to local network
limitations. Tangible interaction devices (also located in Shanghai) provided interaction with the renderer.

The size of a rendered timestep was 10243 bytes, for a total data size of 1 GB/timestep. The
rendering performance of the SCALE 2009 system for this data , executed on an 8 node rendering
cluster each node equipped with NVidia Geforce 9500 GT 256 MB DDR3 was 5 frames per second.

The visualization system demonstrated its capability for interactive, collaborative and scalable visualization,
achieving the team's goal of showing how distributed systems can provide enhanced capabilities over local
systems. This system was awarded �rst place in the IEEE SCALE 2009 Challenge.
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Fig. 7.2 . New Cactus thorns allow simulations to announce live inform ation and images to (top) Twitter, (bottom) Flickr
enabling a new mode of scienti�c collaboration using Web 2.0 technologies.

8. Results After Demonstration. After SCALE 2009 we continued to improve the system, in particular
the rendering and I/O subsystems. In our code generation and simulation infrastructure, we have been concen-
trating on adding new physics (in particular radiation transport), a new formulation of the Einstein equations,
and on improving single-node (single-core and multi-core) performance.

We evaluated the visualization system performance and compared itwith the performance of Paraview and
VisIt using a sample dataset with a resolution of 40963 bytes with a total size of 64 GB.

Benchmarks were performed on the 8-node visualization cluster atLSU, each node having two Quad-core
Intel Xeon E5430 processors (2.66 GHz), 16 GB RAM. The performance of the rendering cluster was improved
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Fig. 7.3 . Set up of the SCALE 2009 demonstration that involved the reso urces of the NSF TeraGrid, the Louisiana Optical
Network Initiative (LONI) and the Center for Computation & T echnology.

by upgrading the graphics hardware to four NVidia Tesla S1070 units. Each Tesla contains 4 GPUs, has 16 GB
video memory and services two rendering nodes, each node thus having access to two GPU units and 8 GB video
memory. The cluster interconnect is 4x In�niband and the software was compiled and executed using MPICH2,
version 1.1.1p1 using IP emulation over In�niband.

The rendering frame rate was measured and local I/O performance was compared with remote (network)
performance for three scenarios: rendering 15 GB data using 8 processes, rendering 30 GB data using 16 processes
(two processes per node), and rendering 60 GB data using 32 processes (four processes per node, two processes
per GPU).

The network data servers were deployed on two LONI clusters, using up to 32 distributed compute nodes
to store data in the main memory. The network protocol used for data transfer was UDT.

For reference, the performance of the system when running on asingle workstation was measured (worksta-
tion speci�cations: Intel Core2 CPU X6800, 2.93 GHz, 4 GB RAM, graphics: GeForce 8800 GTX, 1 GB video
memory, 1 Gbps network interface). The rendering resolution forthe benchmark is 1024x800 pixels.

The results are shown in Table 8.1. We can see that as we increase thenumber of rendering processes
we can render more data, however the frame rate is decreasing. This reduction in speed is expected because
the communication overhead increases with the number of processes. The e�ect is a reduction in frame rate,
showing a fundamental issue with parallel rendering: at some point as the data size (and thus number of
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Fig. 7.4 . Visualization client on the end display showing rendering o f gravitational waves emitted from the inspiral collision
of two black holes.

processes required to render it) increases, the frame rate drops to a level below the point of interactivity. The
results show that the system is able to utilize the rendering cluster to interactively render 35 times more data
than a typical workstation, and maintain an acceptable level of interactivity while rendering more than 70 times
more data than on the workstation. The current system is able to interactively visualize data 60 times larger
than that supported by the SCALE 2009 system.

Table 8.1
Data throughput and rendering scalability results.

# processes Data size Frame rate (fps) Local speed Network speed

1 (workstation) 0.8 GB 30 0.68 Gbps 0.8 Gbps
8 (cluster) 15 GB 15-21 (18 avg) 0.11 Gbps 6.6 Gbps
16 (cluster) 30 GB 11-13 (12 avg) 0.12 Gbps 5.3 Gbps
32 (cluster) 60 GB 4-5 (4.5 avg) 0.2 Gbps 4.3 Gbps

Regarding data speed, we see a big advantage when using network I/O, proving the value of the proposed
approach of designing the system to be able to take advantage of high-speed networks. The system achieves
6.6 Gbps throughput over the LONI wide-area network (the limit being the network interfaces on the cluster)
when using 8 processes. As we increase the number of processes the network speed decreases slightly because
of the increased contention on the network interface on the samenode. The remote I/O performance is 20-60
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times better than local I/O performance, and the current system is able to sustain up to 6.6 Gbps transfer rates,
both showing signi�cant improvements over the SCALE 2009 system.

To better understand the features and the trade-o�s of our system (named eaviv) a comparison with
alternative visualization systems was made. Two appropriate comparison systems were identi�ed, ParaView
(version 3.6.1) and VisIt (version 1.12.0).

Table 8.2
Comparison of visualization systems features and performa nce: I/O methods, rendering and other items

Feature eaviv ParaView VisIt
Data protocols UDT, TCP, fully con�g-

urable
TCP only TCP only

High-speed data limit Yes: Main memory No: Disk size No: Disk size
Frame rate 11-12 fps (30 GB) 0.5-1 fps (32 GB) 0.28-0.35 fps (32 GB)
Render size limit 60 GB (GPU memory) 120 GB (CPU mem-

ory)
120 GB (CPU mem-
ory)

Collaborative support Yes: SAGE video distribu-
tion, tangible devices

No No

Video streaming Parallel (SAGE) Serial Serial
Direct simulation con-
nectivity

No No Yes

Fully-featured visualiza-
tion application

No (Prototype) Yes Yes

The comparison was made in three di�erent areas: data input; parallel rendering; and miscellaneous items.
Both qualitative and quantitative items were analyzed. Slightly di�ere nt data sizes were used due to the di�erent
modes of selecting the section of interest in each system.

Starting with data input, our system supports multiple data protoc ols allowing it to take advantage of
high-speed networks. The benchmark results shown in Table 8.2 executed on the rendering cluster shows how
our system can take advantage of the high-speed network to achieve a high data throughput. This throughput
can however only be sustained for an amount of data equal to the main memory size available in the network.
Both ParaView and VisIt throughput is limited by disk speed.

The second area of interest is the parallel rendering component. Our system uses a GPU-based parallel
renderer, allowing it to take advantage of graphics acceleration for volume rendering and enabling high frame
rate. ParaView and VisIt do not currently support parallel GPU acc eleration, and in consequence the frame
rate that they can achieve is below 1 frame per second. For VisIt the ray-casting parallel rendering method was
used for comparison. GPU-based rendering is however limited in the data size that it can render by the amount
of video memory of the graphics cards. CPU-based rendering can usually render more data, as the amount of
main memory in a system is generally higher than that of video memory.

Parallel video streaming is a feature supported by our use of the SAGE system. Each rendering node,
after generating a section of the �nal image can transmit it directly to the viewer client. In contrast, VisIt
and ParaView rendering processes transmit their results �rst to the master node which combines them and
transmits the complete image to the client. Serial video streaming introduces additional overhead and latency
into the system.

Our prototype has integrated support for tangible interaction devices while allowing mouse and keyboard
interaction through the use of third-party software, such as VNC. The use of SAGE and tangible interaction
devices enables direct support of collaborative visualization, wheremultiple users, potentially at di�erent lo-
cations around the world can simultaneously interact and collaborate using the visualization system. SAGE
bridges can be used to multicast the video stream from the application to multiple users, and interaction devices
deployed at each user location can be used to interact with the visualization.

One of the important missing features of our system is the lack of a direct connection between the visu-
alization and the simulation, needed in order to visualize live data, as it isbeing generated (this feature is
already supported by VisIt). Our system is designed as a prototype to explore the possibilities of distributed
visualization, it only supports volume rendering of uniform scalar data, and has only a small fraction of the
features of complete visualization systems such as VisIt and ParaView.
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9. Conclusion and Future Work. Our system shows the viability of the proposed approach of using
the Cactus framework, automated code generation, and modern numerical methods to scale to a large number
of processors. It also shows how distributing the visualization system into separate components increases the
amount of data that can be handled, increases the speed at which the data can be visualized compared to local
techniques, and improves data transfer rates and interactivity.

The driving principle behind our approach is that, following a careful analysis and based on a detailed
description of a particular technical problem, a scalable solution is tobuild a fully optimized integrated software
system. Our proposed system is still modular, however the interfaces between the various components are

exible, and were carefully designed to enable optimizations across multiple components. The scalability of this
system would su�er if each component would be designed and implemented in isolation of the other components
and the coupling between components would be limited to legacy or rigidinterfaces.

Our integrated approach enables us to take advantage of the latest improvements in GPU architectures,
networks, innovative interaction systems and high-performancedata and video transmission systems and pro-
vides a solution and a model for future scienti�c computing, and we believe many other applications will be
able to bene�t from adopting a similar approach.

In the future, we are planning to tighten the connection between the simulation and visualization com-
ponents, to enable our system to visualize data on the 
y as it is generated by the simulation. Our future
plans include integrating automated provisioning of network resources in our application. Towards this we are
currently in the process of building a testbed that connects compute, storage, graphics and display resources
(provided by TeraGrid sites Louisiana State University and National Center for Supercomputing Applications
and international partners such as Masaryk University) together with dynamic network circuit services provided
by Internet2 and the Global Lambda Integrated Facility internatio nal community.

A fundamental service required by our system is co-allocation and advance reservation of resources. We are
working together with resource providers and actively encouragethem to enable these services that are crucial
to enable the routine execution such complex distributed applications.
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