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Abstract: Over the last few years, several nations arouadntrid have set up Grids to share resources such a
computers, data, and instruments to enable cobgiverscience, engineering, and business applitatibhese
Grids follow a restricted organisational model wéiera Virtual Organisation (VO) is created for aedfic
collaboration and all interactions such as resostwging are limited to within the VO. Thereforéspkrsed
Grid initiatives have led to the creation of disgtarGrids with little or no interaction betweenrthdn this paper,
we propose a model that: (a) promotes interlinlohgslands of Grids through peering arrangementsriable
inter-Grid resource sharing; (b) provides a scalatucture for Grids that allow them to intercostneith one
another and grow in a sustainable way; (c) creatggobal Cyberinfrastructure to support e-Science a-
Business applications. This work identifies andpmses architecture, mechanisms and policies thaw ahe
internetworking of Grids and allows Grids to growa similar manner as the Internet. We term thacsire
resulting from such internetworking between Gridsthe InterGrid. The proposed InterGrid architecture
composed of InterGrid Gateways responsible for mawgapeering arrangements between Grids. We digbess
main components of the architecture and presesdearch agenda to enable the InterGrid vision.
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1. Introduction

The growing popularity of Internet-based commun@gtcomputing, storage and software technologéssléd

to the emergence of the Grid computing paradigmichviallows secure and coordinated sharing of glgbal
distributed resources. Grid computing supportsngeaof e-Science and e-Business applications [#43ch are
enabled by various technologies that have beenlalme@ over a decade. They include Grid middlewarsh sas
Globus [4], Legion [5], UNICORE [6] and gLite [7$chedulers like Application Level Schedulers (ApBL¢8];
and resource brokers like Gridbus Resource Bro8rNimrod/G [10], Condor-G [11] and GridWay [12].
Efforts have been made to achieve interoperablliggween different technologies by defining common
interfaces and protocols relying on Web Servic&.[1

The ultimate goal of Grid computing is to enable theation of a Cyberinfrastructure that allowstists and
practitioners to cope with the scale and compleaftipoth current and next-generation scientificlieheyes [14-
16]. Toward this, various national programs havidaited e-Science projects to enable resource refpaand
collaboration among scientists. Examples includeling Grids for E-science in Europe (EGEE) [174 &pen
Science Grid [18]. There exist also several nati@ma international initiatives such as TeraGri@®,[20],
APACGrid in Australia [15], K*Grid in Korea [21], NREGI in Japan [22], Garuda in India [23], E-Scienc
Grid in the UK [24], and OurGrid in Brazil [25] amg others [26, 27] that aim to provide nationaldJacilities.

Such Grids, however, follow a restricted organmzdl model wherein a Virtual Organisation (VO) [28]
created for a specific collaboration and all intti@ns such as resource sharing are limited toimvithe VO.
Therefore, dispersed Grid initiatives have led he treation of disparate Grids with little or ndeaction
between them. We term these as “Grid Islands” depto denote the lack of connectivity and intees@pion.
Figure 1 illustrates Grid islands around the wottdernetworking of islands of Grids is needed toue a
global Grid-based Cyberinfrastructure [29] thatlw@hable adaptive applications that can be assemie
discovering available services, and grow and shirirtkrms of resource consumption.

1.1 Internetworking Grids: Motivations and Challenges

We motivate the need for internetworking of Gridghwan example. Scientists from U.S.A, France, New
Zealand and Australia have developed mathematicalets of kidney functions and have been sharingethe
models via Grids [30]. It is easy to extrapolatis to sharing of different models related to otbeyans that are
developed within Grids dedicated to them. In orttebuild a complete model of the human physiologyg (
IUPS Physiome Project [31]) one needs the capghiiat supports composition of models from différ&mids.
These models may be discovered through distribitBmation services enabled by peering of suchd&ri
which are controlled by the respective communitiRealising this scenario requires participants ltocate
resources from different islands of Grids in a deasrmanner, and permit peering among Grids, whieh



under different administrative policies and poltiboundaries. Drawing an analogy from the matietsl fof
computer internetworking, Grid islands are simitahaving isolated Wide Area Networks (WANs) whesers
are restricted to content within a network rathieant the Internet wherein users can access contemt f
anywhere in the globe. Enabling the next generatioadaptive Grid applications requires an evolutid Grid
infrastructures much in the same way the Intermetved from isolated Local Area Networks (LANS)\/@ANS
and ultimately to a global network. We term theusture derived from internetworking Grid islands the
InterGrid.

Figure 1. Internetworking of Grid Islands to enableVirtual Environments and adaptive applications.

In the Internet, ISPs establish arrangements, girowhich they agree to allow traffic into one aresth
networks. Such agreements are frequently termedngeand transit [32] and are enforced through ingut
policies. We envisage the InterGrid to be created isimilar fashion, by means bfterGrid Gateways(as
shown in Figure 1) that mediate resource accessdbas peering arrangements between different Grids.
Applications deployed on the InterGrid creatgual execution environmentbat are overlay networks whose
topologies and resource consumption can vary owee based on the demands of the applications. These
concepts will be explained in greater detail latethe paper.

The structure of current Grids does not follow pifites such as the peering between Internet SeRioeiders
(ISPs) present in the Internet [32]. While there aurrently several efforts to promote interopditgbbetween
Grid facilities (e.g. “Grid Interoperability Now”tathe Open Grid Forum), they do not focus on pegrin
arrangements between Grids. Interoperability andnoon protocols are important, but not enough tarote
interlinking of Grid islands. For example, a seticoinmon communication protocols underlies the hegrbut
when ISPs peer with one another they consider thalicies, economic issues, and the social and eoan
impact of peering. It is therefore important toritify the key issues of current Grid technologikattdo not
allow Grids to evolve to such a level. The questitivat are to be answered are:

What are the issues at the architectural levelghatent current architectures to scale to the@rid?
What kind of architecture, peering arrangementsgolities are required to realise the InterGrid?
What are the coordination mechanisms that we reedttin place to enable the InterGrid?

What are the incentives that would drive the engfsislaboratories, organisations, service providers
and Grid facilities to engage in such a networksatls?

What kind of agreements between Grids is needethémterGrid?

Therefore, there is a need for mechanisms andipslibat support internetworking (also referrechéoe as
interlinking or peering) of islands of Grids in aatntralised manner. Internetworking in this contefers to



peering arrangements and mechanisms for inter-Grgburce allocation, automated resource reseryation
interconnection of information services and accmgntand cross Grid scheduling.

Realising the InterGrid requires Grids to adopt n@@isms that enable administrative separation loyvalg
network of networks, similar to many network-bassdtems such as the Internet, and numerous sawial a
biological systems [33-36]. Such needs bring outious requirements for a comprehensive architecture
mechanisms and peering policies that allow: (a)dGnmirastructures to peer with one another and idev
resources to one another when it is required; foyipioning and allocation of resources from onddGr
infrastructure to the others; (c) policies and &thons for inter-Grid resource brokering; (d) applion models
that cope with the dynamics of peering of Grid$;(©s and application environments to span multiptals.

1.2 Paper Contributions and Organisation

This paper draws lessons from the growth of similggrnetworked systems such as the Internet tésiemvthe
InterGrid as an evolvable system that can expamm firganisational Grids to complex structures withmajor
problems or scalability limitations. It, thereforaakes the following key contributions:

Propose a model for the InterGrid as a systemdhatvs the internetworking of islands of Grids to
cope with a range of next generation challengisgdan business and scientific areas.

Investigate successful global infrastructures sashhe World Wide Web (WWW) and the Internet,
and identify key aspects that influence their glowt

Identify the weaknesses and shortcomings of theentiGrid models that prevent the growth of the
InterGrid.

Develop an architecture for the InterGrid whicltoals peering between Grids, with possible policies
and incentive mechanisms that can be used to eitsuastainability.

Propose a research agenda by identifying sevesdleciges that need to be addressed, such as policy-
based peering of Grids, pricing of Grid resourae®rdination among Grids, enabling feasible market
models, infrastructure for Grid economics, inteigratof accounting systems, automated resource
reservation, inter-Grid resource allocation, amotigers. Possible solutions to some of these chgaien
are also necessary to ensure the adoption of @ngbating within the industry.

The rest of the paper is organised as follows.i@e@ contains a description and analysis of thecsire and
principles that form the basis of the Internet #mel WWW. Section 3 presents a gap analysis ofiagiserid
systems. We then present the structure of theGnigrand the proposed architecture in Section 4ti@e5 then
discusses the proposed research agenda on tlis lo@@ection 6 we present relevant work that cawvide the
technology required for enabling the InterGrid. t8et 7 concludes the paper and presents our final
considerations on the subject.

2. Analogous Global Systems and their Properties

As pointed out by Smarr [36], many infrastructufes current well-known services evolved from iselht
initiatives that were later connected. In this Eectwe examine existing infrastructures and drame lessons
from them for designing the InterGrid.

2.1 The Internet

The Internet has grown from a small project fromRIBA started in 1969, initially linking a few sites USA,
to the millions of hosts and networks that curnesthmprise its intricate topology. The interconmattetween
ISPs is shown in Figure 2. The figure shows that$iare connected to local Internet Service Prosid&Ps)
through access networks. In dial-up or broadbandcsss, the local PSTN (Public Switched Telephortvwérk)
loop is commonly used to provide users with acteshe Internet. These local ISPs then connecegional
ISPs, which in turn, connect to national and irdéiomal ISPs, also known as Tier-1 ISPs. Such natiand
international 1SPs, also called National Servicevitters (NSPs), represent the highest level oflthernet
hierarchy and are connected to each other eithectti or through Network Access Points (NAPs)pdtaown
as Internet Exchange (IX). Thus, the ISPs can geoegervices like access, backbone, content, agiplicand
hosting. This structure has allowed the Interngblogy to grow quickly and without the endorsemehta
central authority [37].

Currently, the Internet presents an intricate $tmec comprised of a vast number of physical conoest
established by commercial contracts such as peagngements [32]. Such agreements are legal céstitzat
specify the details of how ISPs exchange traffiorthin [38] highlights the difference between pegrand
transit. Peering is the relationship whereby ISRwide connectivity to one another's transit cugtmsn Transit
on the other hand, is the relationship through tisic ISP provides access to all destinations iroiting table.
The reasons for peering involve social, economigad] technological factors. ISPs can consider thelicies,



economical advantages and conflicts before estabtisagreements. Such agreements can be of vasipes,
such as private, via IXs or in a relationship betweustomer and provider. They can specify the amand
proportion of traffic exchanged and the settlemesmse the traffic between peering ISPs can be aminic.
Tier-1 providers, ISPs who have access to the glotternet, generally establish contracts not chmygther
Tier-1 providers, but they charge smaller ISPfegring.

Another important concept is that of an Autonom8ystem (AS). In general, an AS comprises a netwaoder
a single administration and has its own policiesliteert traffic or to avoid some peering ASs on thternet.
These policies are enabled by routing protocol$ agcBorder Gateway Protocol (BGP), which allow A&s
advertise the routes that they prefer. An AS cavehgolicies that take into account shortest or nomst-
effective paths [39, 40]. Such policy-based routingpeering is also applicable to the InterGridevehGrids can
favour a peering Grid more than others.

Figure 2. Interconnection of ISPs [37].

Some lessons can be learnt by analysing the steuofuthe Internet and how it has grown, such as:

The Internet is a global network enabled by a commset of simple protocols that allow the
interoperability among networks with different tectogies, physical network interconnections, and
varying peering arrangements.

Even though the Internet has a complex topolodya# a structure that can grow quickly becausesther
is no need of agreements and negotiations involwingiple organisations; a host in the Internetsloe
not need to be directly connected to a large nurabeetworks in order to have access to hostshierot
networks.

A self-healing structure, in which the failure cdrp of the network does not compromise the whole
Internet.

Although ISPs compete with one another, peeringwalpeered ISPs to provide global connectivity,
reduce the amount of traffic across an expensiventbary and improve the efficiency for their
customers [38, 41]. In addition, its business molehefits end-users and compensates service
providers [42].

Routing protocols that allow traffic to be divertedhen it is not allowed or viable to cross a specif
network; these protocols allow ASs to deploy a eaafyrouting policies based on internal interests.
Networks are linked through routers in the Intertigtrefore forming a large network of networks.



2.2 The World Wide Web and Content Delivery Networks

The World Wide Web (WWW) is one of the major netlapplications that contributed towards the rapid
growth of the Internet [43]. Currently, the Welaisnerge of network, protocols, and hypertext, wiiah led to
the emergence of a plethora of scientific and comiakapplications and several business models [44]

Although the WWW provides a global system on toghaf Internet that allows the sharing of severatkiof
media, there have been concerns about the perfoemand quality of the content delivered to Web siser
Content Delivery Networks (CDNs) address some ef¢hissues. A CDN is an infrastructure that refgica
Web content from origin servers to replica ser{stsrogates) placed in strategic locations. Thenra@n is to
minimise internet traffic and response time by mgktlients retrieve files from nearby servers. EGEN is set
up and operated by providers such as Akamai [48]Minror Image [46]. In addition, several contembyiders
have set up their own CDNs. A CDN can generallywgto a certain extent due to economical and teelnic
reasons that prevent it from covering specific sagisuch as the high cost of over provisioning.[€fntent
Internetworking (CDI) [48, 49] through the peeribgtween CDNs has been proposed as a solutionigo th
problem, allowing CDN providers to cover broadezaa and minimise costs with infrastructures. Howe@8lI
poses challenges like the definition of protocald @olicies for internetworking of accounting syste content
distribution and request routing. The challengepdsed by CDI have some similarities with those hé t
internetworking of Grids. CDI, however, is a moratare concept. Therefore, we can draw lessons fach
endeavours, such as the integration of the acauysistems, the decentralised allocation of ressurand the
settlements among CDNSs.

Some lessons to be drawn from the WWW and CDNsasffellows:

Although the WWW relies on standard protocols, at hgiven rise to several business models that
utilise the Internet infrastructure and the WWW/arying ways.

The presence of network effect [50]. By providingapplication for accessing hypertext and a variety
of business models that rely on the Internet asvordt infrastructure, the WWW has provided
incentives for users to join the network. This hesulted in the constant growth of the Internet and
incentives for ISPs to remain interconnected.

The limitations in speed and the latency of netwtinks have led to the creation of CDNs. The
replication and delivery of Web through CDNs isaal in today’s WWW. Many Web sites rely on
CDNs to deliver increasing variety of content, sashhypertext files, images, videos, among others.
The outsourcing and placement of services in gfi@lecations is also a reality in current WWWidlt
important to note that CDNs have incentives forparating with one another, to alleviate flash crowd
events, provide a better QoS to their customersgindnise the costs of expensive infrastructuréd.[4

3. Limitations of Current Grid Systems

When considering a large-scale system such asntkeGrid, a number of challenges arise, such asures
management among different Grids, varying resousage across Grids, different security policiespuece
reservationand co-allocation by research communities in pe&@eds, agreements on QoS requirements and
SLAs, and formation and management of VOs in ther@®rid. This section discusses some challengested

to be addressed in order to realise the InterGsidw.

Peering Arrangements: In the Internet, although there are standard poi$odSPs have policies that define
how the peering with other ISPs is performed. I188g& agreements and implement the peering policies
by defining what routes are preferable by considgthe economic impact and incentives of peerirty wi
other ISPs. Work in Grid has focused on interopiéitgbbut not on the peering between Grids and its
economic implications.

Standards: A broad and well-attended standardization processdeen going-on in the Grid community under
the auspices of the Open Grid Forum (OGF) and basetie Open Grid Services Architecture (OGSA).
The adoption of these standards is important fgliegtions to be able to execute seamlessly over
different Grids.

Different policies and mechanisms for resource allmtion: Besides the interoperability between Grids at the
middleware level, interlinking Grids requires adeed and automated mechanisms for inter-Grid resourc
allocation, reservation, accounting, and schedulimwever, this is complicated by the differentipiels
and mechanisms for resource allocation, followethiwi Grids, that may be incompatible with one
another due to different levels of importance gitervarious resource usage criteria. This may ereat
potential problems in reconciling different allocait policies or to create mechanisms to map pdicie
from a Grid to another. An agreement on the stahdateria for resource usage and standard leviels o



Quality of Service (QoS) between federated infradtires is therefore required for inter-Grid reseur
allocation.

In Differentiated Services (DiffServ), Different&t Service (DS) domains [51] can define Per Domain
Behaviours (PDBs) [52] that have associated Per Hopwvarding Behaviours (PHBs) [53], traffic
classifiers and conditioners that specify how aegivraffic flow is treated within a DS domain.
Particularly, a PDB aims to provide means to measw a traffic flow is handled within the domain
and is a building block for inter-domain QoS. A PDBRecification intends to define under what
conditions the output of a domain can be joinecabother under the same traffic conditioning and
expectations. PDBs can enable business agreemeftvtedn ISPs regarding how one another’s traffic
flows are treated within their networks. The Grighonunity has been working towards enabling the
recruitment of resources from multiple sites togass high-priority jobs. However, we envision that
lessons can be drawn from other fields, such atSBi¥, to enable “Per Grid Behaviours” and QoS
guarantees across Grids.

Incentives for collaboration and attracting serviceproviders: In the Internet, ISPs have incentives for co-
operating and establishing peering agreementsaméhanother. Consumers and enterprises have l=nefit
in establishing their presence in the WWW. The ri@té& needs to provide incentives for equivalent
participation of individual Grids and resource pddars. A number of approaches have been proposed
using economic models to address resource usageeetives in a Grid [54-56]. Particularly, a well
designed market-based resource allocation mechamismides incentives for participation by ensuring
that all the actors in the system maximise theiityitand do not have incentives to deviate frone th
designed protocol.

Pricing of resources and estimation of requirementsMarkets can provide solutions for decentralisesthuece
allocation in large networks such as the InterGHdwever, there are well known concerns underlying
their adoption by the distributed systems commurstych as the pricing of resources. Several price
setting mechanisms currently adopted by resourceigers derive the prices for resources from austio
or utilise linear pricing functions. However, invegal Grids, there is no mechanism for estimatimg t
price of resources and no means for users to exphesvalue of their applications in terms of coae
Thus, an important concern is how resources shueildriced and how usage is measured. What would be
the basic units of usage for a compute or a storaggurce? How do resource providers adjust thee pri
of their resources in a competitive Grid? What e different possible price mechanisms in a Grid
market, considering the local pricing, competitimarket and collaboration among Grids? How do the
price mechanisms affect the system? How do Gridsuaed organisations estimate their needs for
resources? All these questions need to be answmfle economic models can be applied to Grid
computing successfully.

Connectivity and interaction patterns: The integration of Grids can enable a large numdfeinteraction
patterns, which would be difficult to design inrtex of middleware, scheduling, and resource allooati
It is advocated that overlay networks will be imjaot in a large-scale Grid to tackle this heter@ign
and guarantee several interaction patterns [57¢ri@y networks are virtual networks that cover [itais
infrastructures such as the Internet and add valuéem with some features and semantics. They can
enable various interaction models through Appla@atProgramming Interfaces (APIs) to abstract the
middleware from the complexity of the underlyingwerk.

Coordination mechanisms:As demonstrated by Ranj& al. [58], the most of current approaches to resource
allocation are non-coordinated. Such approacheslead to inefficient schedules and sub-optimal
resource utilisation. Coordination mechanisms Hilmw brokers and resource management systems to
exchange information need to be put in place. Hawnehe main challenge is that the InterGrid hasi<sr
with different connectivity patterns. Thus, questioto be answered here are: what metaphors should
coordination mechanisms follow? How can current ma@isms be improved to satisfy the InterGrid’s
requirements?

3.1 Limitations in Virtual Organisations (VOs)

Grid computing is also defined as the coordinatsburce sharing and problem solving in dynamic motti-
institutional VOs [28]. A VO can be composed ofraup of individuals and/or institutions that corogether to
share resources with a common purpose. Accordingnistasiouet al. [59], the life-cycle of a VO can be
divided into (a) the identification of a busineggportunity; (b) the formation of a VO; (c) its opéion and
management; and (d) its termination. However, sproblems can arise when considering these steps:

Formation of VOs: Currently, organisations define the terms for fation of VOs through multilateral
contracts and agreements through offline procesisissnot possible to create VOs in an on-demamtl a



dynamic manner due to security and policy relatsiiés. There is also a lack of mechanisms for the
negotiation and establishment of agreements tordigadly form VOs. Moreover, a framework to define
the off-line agreements for composing the sourcevawk or physical infrastructure is required. In
addition, some legal barriers for the formatiornV@s exist; some nations impose restrictions andireq
detailed information on the nature of collaboratwith scientists from other countries. There isistha
requirement for change in laws and legal procefssebe establishment of VOs.

Resource management in VOs and across VOPRroviding a fair resource allocation in VOs isuiptesome
since resource providers can subscribe to mul¥iles and provide different amounts of resources to
different VOs. Meta schedulers [60], some taking iaccount VOs, have been proposed. Dumitrescu
al. highlight that challenging usage policies caneiis VOs that comprise participants and resources
from different physical organisations [61]. Pagiints want to delegate access to their resourcey/,
while maintaining such resources under the comtfdbcal usage policies. In this context, Dumittest
al. seek to address issues regarding the enforceniargage policies at the resource and VO levels;
mechanisms used by a VO to ensure policy enforcentas distribution of policies to the enforcement
points; and how to make job and data planners awfatee VO policies. Dumitrescet al. have proposed
a policy management model in which participants spacify the maximum percentage of resources
delegated to a VO [61]. A VO in turn can specifg thhaximum percentage of resource usage it wishes to
delegate to a given group of the VO. However, spalicies are defined in an off-line basis and are
complex to reconcile.

We believe that resource allocation in static dgdamic VOs could use the metaphor of a corporation
Shareholders that hold the most shares have timw tdigtake decisions regarding how resources are
allocated in the VO. The decision taker is choserthe formation of the VO or as the VO evolves.
However, it is important to have an accounting atidc committee to avoid abuse in the VO. In additi

to these problems, VOs can be recursive. That\&aan be composed of multiple sub-VOs. Resource
allocation among these VOs has to account for tloblpms previously described, in addition to the
allocation problems across these VOs.

Security in VOs: At present, Grid Security Infrastructure (GSI) yides the basis for security in the Grid. At
the VO level, VOMS [62] offers support to managenss groups, roles, and capabilities in VOs. They
allow a centralised control of VOs and extend Gedurity concepts to a VO level by proving addiibn
services which include: (a) VOMS server that mairganformation about users, groups they belong to,
roles and permissions; (b) a client that allows wker to create a VOMS proxy certificate; and (c) a
VOMS administration service that allows the managfethe VO to setup roles and capabilities. There i
also ongoing work on automated generation and regot of access control policies in VOs [63]. Issu
regarding the mapping of existing privileges frons@rce domain to a target domain have also been
investigated [64]. However, efforts are still nesay in this area in order to make the Grid a rbbus
infrastructure for commercial applications that kowithin short lived, dynamic virtual execution
environments.

In the next section, we present the InterGrid aechirre that is designed to overcome the abovediions in
Grids and promote the establishment of peeringhgements between them.

4, The InterGrid Architecture
4.1 Network of Networks Structure

Through the investigation of existing infrastruetsir we note that the concept of network of netwprksented
by the Internet is missing in Grid computing. Irddin, the Internet aims at simplicity and provigia common
set of protocols; the Grid is becoming a very cawmrchitecture. Self-healing and benefits fromripge such
as reducing traffic, increasing revenues or usieiyises, are reasons adopted by ISPs for peeritly avie
another. From the Web, we can see that the lackmtfalised control has allowed for its fast gravithaddition,
the Web has enabled a range of business modelsrgadisations have reasons for using it. CDNs ezt o
cover a broader area and share costs for an expensiastructure thus avoiding over provisionifgesources
and minimising cost [47].

Based on communities and groups in our societyrevd they have formed, we see that such structwelye
from locally organised structures to those thatraoge complex [36]. For example, a group of indi’ts has a
common interest on a given activity. Leaders of @pioup can look for another similar group and rfiag it
useful to interact with another. After the agreettenco-operate has been settled, interactionstaden place,
new links can be made, and existing ones can bdesbr&@ome tools have helped people to form commegnitf
interests.



From the different structures analysed, we can tiadollowing characteristics and needs:

Small structures are linked to more complex onesutih some access point. Examples include the
Internet where routers link networks; and grouphi human society where leaders start agreements
or collaborations with other groups.

In joining and forming communities, there are pkaeéere people publish not just their capabilities,
but also their interests and needs.

Mechanisms allow one to locate and connect witlpfgeor organisations that can fulfil their needs.

4.2 Architectural Requirements

In order to provide mechanisms that allow Gridscbmrdinate through peering arrangements, the ImigrG
needs to meet the following requirements:

Incentive-oriented peering arrangements Although the InterGrid is comprised of Grids wittompeting
organisations with different and maybe conflictimgerests, it will need to provide mechanisms that
provide incentives for Grids to peer with one aeott.ike the peering between ISPs in the Inter@eitjs
require incentives to peer in the InterGrid anddneelicies for peering and trading resources of one
another.

Standards based The adherence to standards, such as instanSatio@pen Grid Service Architecture (OGSA)
like WSRF are important to assure interoperabilltiye standardisation allows automated decisions and
policies to be implemented regardless the middlewaitools utilised by different Grids [13].

Respect to administrative management and separatiorGrids can be created for various purposes, berunde
different administration and have different reseuttsage policies. It is important to respect both t
internal policies and provide a structure thatvafdGrids to interlink with one another whilst restieg
the concept of organisation.

Deployment of applications that require resourcesrbm multiple Grids: Users can deploy applications and
scientific workflows that require resources beydhe capacity of their Grids, thus requiring intenie
resource allocation. These applications may needurees from multiple Grids for other technical
reasons. For instance, the deployment of a CDN thesinterGrid may require surrogate servers to be
deployed in multiple Grids.

Inter-Grid policies and decentralised resource mangement: A Grid requires a means to specify its policies,
defining which resources are available to otherd&runder which circumstances, and make them
available to other Grids. However, a Grid will rietalltimate control over its resources and to whibm
wants to provide access. We need to implement pmgagreements between Grids without the need for
global control over resources. Decentralised appres for resource allocation such as self-orgagisin
economic models [65, 66] are required by the Int&tG

Resource allocation, reservation and brokering acres Grids: Each Grid has gateways that translate and reply
to resource allocation requests originated in l@al peering Grids. A gateway, aware of the peering
arrangements with other Grids, forwards the reqteesither Grids that are able to provide the resglir
resources. We need policies and mechanisms focteeeGrids to peer with and for admission control
when accepting requests originated in other Gridsaddition, the InterGrid requires coordination
mechanisms between gateways and means for recanpitilicies or mapping policies from one Grid to
another.

4.3 The Proposed Architecture

Based on our study of Internet and similar netwmsked systems, we propose the architecture shotigume

3 for the InterGrid. The architecture is a hiergrdhat has the InterGrid Gateways (IGGs) on topatinating
between the different Grids followed by the IntralGResource Managers (IRM) taking care of resource
allocation using the resource shares assigneddoyree providers.

The InterGrid proposed in this work can enable ipgeof Grids and exchange of resources. An applinatan
very well demand resources from different Grids pedform resource management of its own. HowevVer, t
development of applications that deal with peeaggeements between Grids can be complex. We prdpate
applications can have performance and environmewiaition provided by Dynamic Virtual Environments
(DVEs) that can be deployed on top of the InterGmiastructure [10, 11]. DVEs provide consumershwa
transparent network that behaves like a dedicatedpating and data infrastructure, requiring litde no
changes in existing Grid middleware and servicadE®can span multiple Grids, and grow or shrinkeims of
resource consumption [6] according to the demafttsecapplications running on them.



The proposed architecture, therefore, integratesrésource allocation represented by the Inter@itd the
application deployment performed through DVEs. Vésalibe the components of this architecture inidata
below:

Resource Providers (RPs):These contribute a share of computational resowtoeage resource, networks,
application services or other types of resources t®rid. The allocated share could be based on
provisioning policies that are determined by thevjiters’ perception of utility. For example, the roav
of a cluster could allocate a share of the nodesturn for regular payments.

IntraGrid Resource Manager (IRM): The IRM manages the different shares of resourcat have been
allocated by the RPs to the Grid. The IRM is thistfpoint of contact for acquiring resources for E¥/
Based on its policies, the IRM also assigns prowisig rights over a collection of Grid resourcesato
IGG. The IRM is kept functionally separate from I@Gthe architecture because internally an indigldu
Grid can have an internal resource managementrsyateady in place. In this case, the differentkiof
resource allocation policies (determined inside Bd Gand managed by the IRM) and peering
arrangements (determined outside a Grid and marag#t IGG) can be reconciled.
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InterGrid Gateway (IGG): An IGG is aware of agreements with other IGGsseaas a Grid selector by
selecting a suitable Grid able to provide the rexiresources; and replies to requests from oB&s|
considering its policies. IGGs with pluggable pii enable resource allocation across multiple sGrid
An IGG is chosen and maintained by a Grid basethtannal criteria. The IGG also interacts with athe
entities including Grid Information Services (GlS®source discovery networks, accounting systards a
resource managers within peered Grids. A GIS pewidetails about the available resources; and
accounting systems provide information on shareswmed by peering Grids.

The key functionality of the IGG is described aobv:

Resource Selection: The resource selection moduiges out selection of resources from peering
Grid infrastructures, according to agreements betw@rids, or based on resource selection policies
defined by the peered Grids. The IGG selects, reggst with, acquires and ranks resources from
peering Grids.

Resource Allocation: This component exposes theuress from a Grid to other peering Grids based
on the provisioning policies. In addition, basedtbe provisioning policies, accounting information
and monitoring services, this component makes igison the requests from peering Grids that
should be accepted or refused.



Pluggable Peering Policies: These policies undedsource selection and allocation among Grid
infrastructures. Economy inspired policies can teated and plugged into the IGGs.

Distributed Virtual Environment Manager (DVE Manager): We suggest that a client application (indicated
as CL in Figure 3) can acquire resources from titerGrid by requesting the DVE Manager for the
instantiation of a DVE. The DVE Manager, on behalfthe client, interacts with the components
responsible for peering of Grids to acquire resesirdhe DVE Manager also monitors the resources tha
join or leave the DVE, deploys the services reqliby the client, and drives the adaptation of the
resource allocations based on the demands of that.cDVEs can accommodate existing Grid and
virtualisation technologies by enabling dynamic ntege networks on top of the InterGrid, whose
topologies and allocations may change over timestly Grid technology can be deployed on the
resources acquired for a DVE and can provide tfegrimation required by the DVE Manager to adapt the
topology of a DVE or to change its allocations.

Client Application (CL): The clientcorresponds to an application that uses resourcesthe interlinked Grids.
A VO can also be treated as a client that requird3VE. In this case, a VO manager specifies the
resources necessary to form the VO or increasealibeations of an existing VO, and the required
services and Grid middleware that have to be deplayn the DVE. Once the DVE is created, members
of the VO can utilise the resources.

In addition, the following components are requiex@n though they are not included in the architectu

InterGrid Directories and Marketplaces: An InterGrid Directory is a repository with infoation regarding
Grids, Grid projects, their goals and capabilitipmposals for collaboration and requirements bid Gr
projects. The current facilitators for VOs such@SG and EGEE could maintain InterGrid Directories
with information that can be shared, such as exjstiOs and their Grid projects.

4.4 Resource Allocation Model

We illustrate in this section how a client can abt@sources of the InterGrid for an applicatioheTapplication
can implement its own resource management mechamisrilise existing Grid resource brokers. Howewee
envision that the application can request a DVE &ggen to acquire resources from the InterGrid, ereaDVE,
deploy the required services, and manage resoooraprising the DVE. The abstraction of containersised
for resource allocation across Grids. We use tha t&slot” to denote a Virtual Machine (VM) or a pdigal
resource that can be acquired by the DVE Managewtach the services and applications can be deployhe
workflow for resource allocation in the proposedhitecture is shown in Figure 4 and can be desdrime
follows:

1. A RP advertises its slots in the registry provitydhe IRM. The advertisement is made through at“sl
assertion”, which is a delegation of the provisianiights over a set of slots or resource shares.

2. An IRM can delegate the provisioning rights oves thsources within a Grid to the IGG by providing a
part of or all the resource assertions given by.RPs

3. A client, who can be an application or a VO managhows interest in obtaining a number of slots to
deploy an application. The client contacts the DviBnager, to which it provides a description of the
required slots and the services that have to blgeg on the allocated slots.

4. The DVE Manager will (i) acquire the resources), dieploy the services and (iii) manage the DVE that
will be composed by the set of allocated slots. DiME manager tries to acquire the slots needed by
issuing “slot requests” to the IRM.

5. The IRM can provide all or part of the requiredtslbased on the provisioning policies. If the indiial
Grid is not able to provide the required slotshie DVE Manager, for performance or technical reason
then, the IRM forwards part of the slot requesthIGG.

6. The IGG, based on the peering agreements and grengepolicies, selects the best peering Grid from
which the slots are allocated.

7. Once the slots are acquired, the DVE is given anjgsion to use them.

8. At the desired time, the DVE Manager will invokes timitialisation of the resources at the RPs, passi
the permission obtained beforehand. The DVE manageeives a permission that contains the
description of the share, the slots obtained, Aedduration time of the permission. The DVE manager
on behalf of the client, is responsible for cortagthe obtained slots and deploying the services.
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Figure 4. Resource allocation model for the proposkarchitecture.

Once the resources have been allocated and thé&ceserliave been deployed, the users of the client
application can make use of the services and aijgits running on the DVE.

4.5 The InterGrid Gateway Control Flow

The IGG is the enabler for the InterGrid, beingey komponent for managing the agreements betweigls Gr
and enabling coordinated resource allocation adkogts. Therefore, we present the control flow witthe 1IGG
in greater detail in this section.

The internal architecture of IGG is shown in Fig@reThe control flow of this component is descriled
follows. IRMs offer resources to a Grid by registgr Slot Assertions (SAs) with the IGG describirge t
characteristics of the resources made availableetdnterGrid (1). The advertised SAs are storedhieylGG in
a Grid Resource Inventory (2). The IGG is awargeéring arrangements with other Grids. It receisles
requests and replies to them by providing a listhef allocated slots. It can use the peering agenegts to
acquire slots from other Grids. A slot request barmade by a DVE to an IRM, which can be forwarbdgdhe
IRM to the IGG when the former is not able to pdwvithe required slots (3). The slot request is fhessed to
the Allocator module.

The Allocator takes into account the availabilifystots in the inventory, the provisioning and adsimon control
policies, and the current allocations (At) wheringkdecision on what slots have to be allocatetth¢cDVE (4).
If the current Grid does not have enough slotsrtavige, part or the whole slot request can be ph$sehe
Resource Selector component, which searches feedang Grid that can provide the slots (5). Thecdpton
of the peering arrangements with other Grids, pesicapplied and contracts are stored in a repgsior
maintained by a contract management system repegsdmere by (Pt). Resource Selector utilises this
information as well as resource information obtdifem resource discovery networks established éetwhe
Grids to determine what peering Grid can provide riquired slots (6). The resource discovery nétwoor
Resource Discovery - returns a list of candidategaining the peering Grids that can provide tio¢ss[7). Once
a potential peering Grid is found, Resource Seterports it to the Allocator (8). The Allocatorrcéhen pass
the slot request to the selected IGG (9). The t=le¢GG can return a list containing a descriptaomd
references to the slots it is willing to provideesoreject message if the Grid does not have thanestjslots (10).
The Allocator will inform the IRM about the overdilt of slots allocated (11).
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1) IRMs delegate slot assertions (SAs) to IGG.

2) SAs are kept in the Grid Resource Inventory.

3) When a DVE within the Grid requires more slots than the IRM can provide,

the slot request is passed to the IGG.

4) The policies and current allocations guide the Allocator in deciding what

slots can be allocated.

5) If there are not enough slots within the Grid, Alllocator contacts Resource
Selector to choose a Grid able to provide the required slots.

6) Resource Selector uses Resource Discovery to find a Grid that can provide the
required slots. The peering policies, contracts and prices (Pt) are used to guide
the decision on which peering Grid to choose.

7) The previous process returns a list of candidates to Resource Selector.

8) The candidates are passed to the Allocator.

9) Allocator sends the slot request to the selected peering Grid.

10) The IGG of the peering Grid sends a list containing references to the slots provided.
11) The list of slots is passed to the IRM.

Figure 5. The IGG architecture.
4.6 Mapping of the Architecture to Existing Grid and Virtualisation Technologies

The proposed architecture and mechanisms aim atdging existing Grid technologies. In this sectiom®
discuss on how the proposed architecture mapsistirex Grid and virtualisation technologies. Theveudt of
server virtualisation technologies enables incrensflexibility in resource management as it enables
performance isolation, migration, suspension asdmgtion of virtual machines. Container based systallow
the automated deployment of service applications. popose that the resource control between Gedsbe
performed using the abstraction of containers asotstrated by Ramakrishna al. [67]. Grids in such a
scenario exchange resources on which servicesedepioyed based on their peering policies.

By using VM technology, the allocation of resourtesa DVE resembles the creation of a slice in &llaab
[68]. However, each IGG has some provisioning sghter the resources of its Grid. The architecpuoposed
shares some principles with the Global EnvironnfentNetwork Innovations (GENI) [69] such as the wfe
entities with limited rights over resources of aicwy or region.

The creation of a DVE consists of the allocatiomesfources that can be VMs [70] and the initialisabf these
VMs. Existing technology that allows the deploymant scheduling of VMs can be used for the insatinti of
these VMs; examples include Virtual Workspaces [Bhirako [72], VIOLIN [73], In-VIGO [74] and Virtaso
[75]. Overlay network technologies can also be usegrovide isolation and the feeling of a dedidatetwork
infrastructure. The adaptation of DVEs proposethia work can make use of principles such as migmabf
VMs, adaptation of network topologies [76], andaaatmic deployment and migration of services.

Examples of technologies that can be used to peothe features required for a DVE Manager incluuke t
Service Manager component of Shirako and Grid mresolrokers such as Gridbus Resource Broker (GBB) [
GRB can be adapted for instantiating VMs or allozatresources on demand. An IRM can be a VM based
resource management system such as Shirako [7Q],IMI[73] and Virtuoso [75].
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5. Research Challenges for the InterGrid

As the internetworking of Grid islands requiresttfiandamental issues be investigated and solvedhby
research community, we propose a research agerglade these efforts. The following agenda is defibased
on the issues that have been identified and tlehesslearnt from our analysis of analogous glopsiesns and
their principles. This agenda aims at grouping defining some of the research topics that, in quinion,
deserve special attention in order to enable thiewiof an InterGrid.

Grid computing has been moving towards supportorgroercial applications in a manner similar to thiefnet.
In the Internet, ISPs are in the business to makéitp they see one another as competitors or casuiof
revenue — whereas users are interested in usingcagrat low price. It has been shown that new giesi
principles to the Internet have to accommodate ®adnomic aspects [77]. Similarly, resource prongdend
consumers in different Grid islands will have diffet interests, which may be adverse to one anofiterse
parties will act to favour their own interests amitl share resources expecting financial compeonsattconomy
based models are relevant to the InterGrid beceesmurce allocation can be achieved through the@uox
behaviour of the involved parties, markets can jg®vncentives for providers to offer their res@mgdo the
InterGrid, and can provide the settlements necgdsetiveen Grids. Therefore, in this research agemddocus
on economic based policies and mechanisms fotiimiterg Grids.

5.1 Formation, Adaptation, Coordination Mechanisms andSelf-Organisation for the InterGrid

In this work, we advocate the need of IGGs as ientithat are aware of agreements or peering amaengs
among islands of Grids. These IGGs also selecbdst partners when there is a need to collabocat¢hé
creation of a VO. In the InterGrid, islands of Gridith independent resource providers should caipdn
enable the co-allocation of resources and the foomaf dynamic VOs. Thus, there is a need to Spdww the
whole system behaves and how IGGs can share infimmabout current allocations and coordinate fitur
allocations. This should preferably be performed igself-organising manner. Current coordinationragghes
neither define how the peering arrangements ta&keephor specify how the InterGrid will self-adaptwus, new
methods and mechanisms are necessary to enalpeehag of Grid islands, and the automated andorespe
creation, operation, maintenance, and dissolutfovi@s or DVEs in the InterGrid. We consider tha¥@ can
span multiple Grids. Hence, once the peering asaremts are defined, it is important to predict Ad@s will
form, manage themselves, and ultimately dissolvéhis environment. In addition, mechanisms to emdbhée
formation and evolution of self-adaptable topolsgier DVEs based on the requirements of the apics
running on them are necessary. For example, d&asive applications may require peers to be lacekeser
or links to be built dynamically among the peensoined [78, 79].

There is a need to solve complex tasks such asaygeration between IGGs to enable the creatican DVE

with specific QoS requirements regarding issue$ sicresource availability and network topology.rétwer,

it is important to adapt the allocation of resogroe a DVE during its life-cycle according to thentand of the
applications running on it. A DVE can grow or slkin terms of resource consumption and possiblyghats
topology. Thus, self-adapting and self-organisiespurce allocation is necessary.

Considering these problems, some questions to deexad are:

What are the mechanisms necessary to enable ttimation and self-organisation of overlay networks

for the InterGrid?

Using social mechanisms such as that proposed tghSind Haahr [79], what are the models and
techniques that could be used to promote the fastargence and evolution of the topologies of these
overlays on the InterGrid?

What are the mechanisms necessary to enable theation and operation of dynamic VOs in the

InterGrid?

What would be the growth patterns of the InterGaded on chosen models and mechanisms?

Current resource allocation and scheduling mechanistilised by Grids are non-coordinated (i.e. ediéht
domains have their own resource brokers, schedubjsctives, and QoS requirements and in manyschese
entities do not exchange information about thdwcaltion decisions). Such divergent approachesleat to
scenarios with bad schedules and inefficient resoaflocation in the InterGrid. We envision thad&should
coordinate allocation decisions through peeringragements to enable the execution of applicatipasring
multiple Grids. We also support the need for seffamising coordination mechanisms [66, 80] for ltiterGrid.
In this case, the global allocation emerges fro®$Glesigned to interact with one another on bebfathe
applications within the Grids that they represeiitheut the requirement for global control or a calised
system [80, 81].

We plan to apply computational economy as a metaptiothe internetworking of islands of Grids and
formation of VOs in the InterGrid. Thus, in thisesario, some questions that need to be answered are
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What type of market model is suitable for the 1Ged?

What coordination mechanisms are required to allescalability of the InterGrid?

What are the requirements and issues of such cwdioin mechanisms? Are there any protocols that
can be used for exchanging information between IGGs

Is it possible to achieve adaptation and equiliorithrough entities only engineered to achieve local
self-organising behaviour?

What are the metaphors and models that can befaseslf-organisation in the InterGrid? How can
they be applied in terms of design and development?

5.2 Peering Agreements between Grids and Related Polés

Standard protocols ensure interoperability in thierhet and enable a host to send packets to dey bbst
connected to the Internet. Although ISPs intercahméth one another, they place varying costs arie® and
consider various criteria to carry out inter-ISRtiog [32, 39, 40, 82]. The two chief objectivesding ISPs are:
the incentives and viability of peering; and thenimiisation of costs by choosing one peering parther

another.

Principles similar to the policy-based routing re tinternet are applicable to Grid internetworkingactivities
including offloading and redirection of resourcdoehtion requests to peering Grids. However, there
important differences. While Internet routing has anly consider data packets, peering of Grids &em
complex as it involves managing resource allocatemjuests that could involve numerous attributgeedding
on the Quality of Service (Qo0S) expectations ofuker. Therefore, the span of a DVE or a VO on &irGuid
environment is determined by the complexity ofrriggjuests and the availability of resources thasfyaits
requirements.

Resource allocation in a multi-Grid environmentnigd up interesting issues due to the dynamic emwiemt
and the varying demand for resources from apptioatiwithin each Grid infrastructure. Efforts hawweb made
to provide mechanisms for resource control anctation of resources in a multi-provider site enmirent [72,
83], but little has been done on mechanisms anitipslfor inter-Grid resource allocation. In adaitj
mechanisms for increasing or releasing allocatavesneeded to adapt applications to a multi-Gridrenment.

Grid infrastructures can establish contracts oriSerLevel Agreements (SLAs) that state the coadgiunder
which they will peer with one another. A Grid irgteucture has its policies regarding how its resesiwill be
allocated to the peering Grid. For example, Gridak provide a best effort service for a peeringd@j in

which A tries its best to provide the resourcesiimegl by B, when B needs to offload the demanddésopurces
in its infrastructure. Grid A expects some finahciampensation from B for the resources utilisedahother
case, Grid A can have a different contract withdGZiin which A stipulates that it will provide 1@@mputing
resources at maximum for no more than 60 hoursrmetth. Grid A expects an equal compensation in $esfm
computing resources from C. Similarly to the pegah ISPs [82], these agreements and the settlenmemst be
considered when an IGG requests additional resedroen peering Grids to create or augment DVESs.

Relevant work has been carried out in understandittdefining policies for peering of ISPs [32,,38bntent
Delivery Networks [48, 49] and Peer-2-Peer (P2R)vaeks [84]. The economics of peering are currebtiter
understood in domains such as the Internet. Irritggnet, ISPs are in the business to make prafiey see one
another as competitors or sources of revenue theytpeer for economic or technical reasons [41 827 85].
Similarly, we expect Grids to peer based on economcentives based on mechanisms such as financial
compensation or bartering of peak loads. Thus, itlvestigation of peering agreements, mechanisms and
settlements among IGGs is required. The specifinatif policies, policy-based selection and allawatbf
resources from peering Grids, and game-theoretatrivent of peering Grids are part of this reseagenda.

5.3 Pricing Resources in the Grid Economy

The adoption of economic principles to Grids corfiem observing the success of economic institutionthe
real world as a sustainable model for regulating allocation of resources, goods and use of ser\ige].
However, the adoption of such economic approackqsites the study of pricing of Grid resources and/
agreement on pricing mechanisms. Therefore, ifcmemic approach is used by the InterGrid, detastedies
have to be done in areas such as resource prioingelling consumer's utility, resource providerarginal cost,
and benefit in providing resources.

Some of the questions that need to be answered are:

What resources should be free of charge and whatirees should be priced in the Grid market?
What are the policies that define the circumstaf@esharing resources in the Grid?

How to price the resources in the Grid?

What kinds of issues related to the price settorgtie resources arise in the Grid?
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How do resource providers adjust the price of thesources in the Grid in order to achieve theepric
that maximises their profits in a competitive markeet maintaining the equilibrium of supply and
demand?

How do the price setting mechanisms differ from anether when considering the local pricing, a
competitive market and collaboration among Grids?

How do different price mechanisms impact the sy8tem

How to model the resource price variation procegrédict the future price of resources in the @rid

Grid economy can become quite complex when the abbgerGrid is considered. Thus, the study otimg of
resources and its effect in the Grid economy magtbeied according to the steps shown in Figuferiging of
resources involves the following steps/issues:

Pricing
Resources
I
[ 1
Issues / steps Resources are free
in pricing (Do not consider for present)
|
1. 2. 3. 4.
Competitive . )
Cost / Benefit Market: consideration Cotllr;’a\borathz with Macro-economy
of competitors other providers

Figure 6. Pricing of resources steps/issues in tla&rid.

1. Cost/Benefit -First, the pricing of resources within a local &is studied. The challenge here is how resource
providers should calculate the cost and benefjirof/iiding the resources, in order to determinertpeces in
the local Grid.

2. Competitive market: Thus, resource providers must consider differentsanaf adjusting their price within a
competitive market with the aim of maximising thpiofits. The target price in the market shouldtle one
that is at the equilibrium of supply and demand] araximises the overall welfare. In this regardjigyium
theories are to be considered. Models to be deedlgbould include resource providers of severagy(e.g.
providers with lower prices and better resourcesier prices and same resources; lower prices angewo
resources; and vice-versa) and achieve fair allmcaif resources.

3. Collaboration with other providers - Studies the effect of resource providers coltabog in reducing or
increasing their prices, to eliminate competitotsaa inter-Grid level. In this regard, mechanismsavoid
unexpected behaviour in the economy and the emeegefrmonopoly or oligopoly would be studied.

4. Macro-economy: Each Grid can have its own virtual currency; hogrevthe real value of the currency of
Grid A to Grid B is related to the willingness ofi@® B in accepting Grid A’'s currency, and the amiooh
currency available. The macroeconomic aspects asiclifferent resource prices in each Grid, exchaatgeand
inflation also need to be taken into account.

5.4 Infrastructure for Grid Economics and Estimation of Resource Requirements

Economic approaches are useful for coping with fgmok like providing Grid resources to different nsseith
diverging QoS requirements and of how to rewardus=e suppliers. However, it is not clear whetner Grid
economy should use real or virtual currency [8 €oiomic models may also require globally trustetities for
several activities such as accounting, usage cgrftarcement and charging. Trust federations [88Jld@lso
be required to ensure minimum levels of trust iasth entities. Trying to fill the gap of global truthe
International Trust Federation aims at promotingnfanisation and synchronisation of regional Policy
Management Authorities (PMA) policies.

Although the design of economic institutions focaienting, Grid banking and charging for resourcagesis
needed, it may not be possible in practice sincegtires interlinking of accounting systems. Iditidn, if each
Grid adopts its own virtual currency, the detaisaldy of a money exchange system and its impaotpsrtant.
Furthermore, electronic payment infrastructurestfe InterGrid are also difficult, since countriesn have
different policies regarding the flow of money.

Resource exchange among VOs and Grids is also iemoHowever, it is difficult to agree on standarmits
for resource usage. For example, it is difficultetealuate how much storage is equivalent to 30 @Burs.
Moreover, means to compute settlements betweers 8idugh aggregate measurements are needed.
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Most of the current economic approaches for Grichmating assume that users know how to estimate thei
needs for resources, which is a fallacious assumgiecause users often have trouble estimating tleeids
[89]. Current approaches assume that the time tiikgobs to execute is known, which is generally the case

in practice. In addition, it is presumed that reseuproviders know how to estimate the cost forirthe
infrastructure and that capacity planning is notissue, which is untrue in practice [90]. Thus,sthéssues
should be addressed correctly to effectively agglynomic principles in Grids.

5.5 Integration of Accounting Systems

The integration and connection of accounting systemmecessary in CDI, where multiple CDNs intermwot in
order to replicate content from their clients ameoh means to charge one another either based aombent
replicated or the user requests satisfied by edeN.Gimilarly, in Grid internetworking the peerirgptween
two Grids will require the definition of settlemerdand in this scenario, the integration of accognsiystems is
necessary. Grids therefore need to agree uponéhsurements for resource usage and provide intextige of
their accounting systems. A work towards this gsathe Extensible and Economics-Inspired Open Grid
Computing Platform (EGG) [56]. EGG is a macroecoimsnnspired open Grid platform that promotes tke u
of resources across Grids through exchange rétes allowing each Grid to have their own local enay.

5.6 Management and Adaptation of Applications

The InterGrid environment requires application nisdleat are able to adapt themselves to the dyrignoitthe
environment and can report the need of resourcesattagement entities. For example, DVEs can inereas
decrease their allocations based on the needsddghplications running on them. However, the fléijbof
allocations is dependent on several factors sucltoss time and overhead for changing allocationd a
underlying peering arrangements. Also, the enticegss should be transparent to the applicatiotis litle or
no degradation in the QoS.

In the InterGrid, resource failures can occur farious reasons: variations in the configuration thoé
environment, non-availability of required virtual achines or service components, overloaded resource
conditions, and faults in computational and netwiatkiic components. In case of failures, alterrati@sources
must be identified and the execution environmergrated. Current check-pointing mechanisms basethen
job abstraction may not be enough because the tiigraf execution environments requires the cheaik{ng

of service components. As the migration of VMs beee less costly, VM technology becomes appealing to
provide the means for migrating execution environtseand the recovery from failures. However, thalse
require new advancements, both in strategies amthanésms for handling fault tolerance in applicasidor the
InterGrid.

5.7 Peering Policies for InterGrid Resource Allocationand a Way Forward

Internetworking of Grids and their evolution to theterGrid is full of challenges. It not only reges
fundamental research in business models, methoidsland mechanisms that enable creation of sysbem f
interlinking Grids, but also an open infrastructtinat supports standard protocols and interopétabiétween
Grids. As presented in the previous section, itriportant to address issues such as price setficgpropute
resources, inter-Grid resource allocation and i@&vorking of accounting systems. We have beersiiyating
policies for internetworking Grids, particularlyrfiter-Grid resource allocation. We advocate that peering
arrangements and agreements between Grids reséinebl@anner in which ISPs peer in the Internet. €hes
peering agreements can define, for example, (i) blmivrequests are redirected from one Grid to laof(ii)
how to balance slot requests preventing an indalicirid from being overloaded while spare capaerists in
peering Grids (iii) the common units for resourgereange between Grids.

In the proposed mechanism, Grids can redirect rquests and balance the load imposed by applisatio
between Grids in a contract network. We considat @rids establish bilateral contracts between Hedves
specifying the price for common units of resourcdeere termed standard slots — allocated from orantaher.
The mechanism and policies allow the balancing eedirection of requests across Grids. The aim ef th
mechanism is to prevent an individual Grid fromngebverloaded while other Grids in the contractuoek
have spare capacity at a price lower than thatriaduby the individual Grid. This also resembles tay that
power utilities exchange electricity [91], wherewss plants have varying costs for producing eleityri During
peak load periods, the cost for a given power plargroduce electricity crosses a threshold, whdrecomes
more cost effective to keep the production at curtevels and offload demand to a power plant atler
production cost. Power utilities utilise standanitsisuch as megawatts per hour (MWh) for poweharge.

Moreover, we are also considering a utility-drivandel, in which various DVEs can compute theiritigi for
increasing or decreasing their resource allocatiéms|GG allocates resources to DVEs based on tHME&D
utilities, computing the utility for an individu&rid. The need to allocate resources from othed<zgrovide
resources to other Grids, or claim resources biactiriven by the utility of the individual Grid. Klcation of
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resources can be constantly moved from one DVEhtwher in order to maximise the utility at the legéan
individual Grid. Some of the challenges that needé¢ addressed are (i) obtaining information orous=se
demand and compute a single value (utility) forreB¥E; (ii) aggregating DVES' utilities to compuitee utility
at the level of an individual Grid.

In addition to our effort, the research communiég fbeen working to address some issues in thgsectssbut
a massive effort is still needed to realise thermgtworking of islands of Grids and develop medas that
allow the InterGrid to grow in a sustainable manhéoreover, the development of applications that lcarness
the capabilities of such Grids is also a challenbee design of scalable applications that can setilihe
capabilities of networks of Grids is also of utmimsportance and a challenging task.

6. Relevant Work

A number of Grid infrastructures have been createdind the globe [17-22, 25, 92]. Recently, thexs lbeen
interest in promoting interoperability between Griffastructures and leveraging best practicebisregard; an
example of such work is the effort at the Open Giddum, termed “Grid Interoperability Now” (GIN).hEse
works focus on various aspects of interoperabititginly at the middleware level, such as commoméds for
expressing resources and user groups in Grid Irgfoom Systems (GISs), common interfaces for datess;
XML-based languages for description of applicatjobs, common Web Services based interfaces for job
submission and monitoring, among others. While ddaths and the addressing of above issues are etyrem
important to guarantee a reasonable level of ipenability between Grids, most of these works dbfacus on
interlinking of Grids, which involves the peeringligies among Grids. Currently, the provisioningokering,

and scheduling policies are left aside and areoonsidered in a multi-Grid scenario.

Several architectures for resource management tmaséhsing of resources have been proposed. SHivak,

for example, offers an architecture for resourc@age@ment based on the abstraction of resourceneeSites
delegate limited power to allocate their resourogsregistering their resource offerings with brakeGuest
applications can acquire resources from brokerg#sing them for a specified time. In addition, ¢neation of
execution environments has been considered. Threréniiatives aiming at the creation and managenoén
execution environments [73]. Although such techggloan be leveraged, we need to consider the oreafi
DVEs spanning multiple Grids and the peering areamgnts between Grids. The need for control planas t
allow the creation of smaller and autonomous Gudsutility computing infrastructures and the funthe
interlinking of these infrastructures have alsorbekentified [72]. For example, the PlanetLab atetture [68]
has been evolving to allow the federation of autooos PlanetLabs controlled by different organisetif69].
PlanetLab currently provides a global infrastruetand mechanisms that allow the creation of slicasop of
these slices, varying distributed applications can The interest in federation, however, will ewedly lead to
the creation of smaller autonomous PlanetLabs. Tibe of virtualisation technology and federation of
autonomous utility infrastructures is also a scenaonsidered by the Global Environment for Network
Innovations (GENI) [69]. These technologies ceftaprovide the basis upon which the InterGrid canblilt.
However, there are many challenges regarding thehamsms, policies and application models for titeriGrid.

7. Conclusions

In this work, we present a case and model for hherGrid as an evolvable and sustainable systermrstéfewith
the analysis of analogous global systems, how tiee evolved and what principles can be applieGrid
computing in order to enable the InterGrid visigve then present an architecture for the InterGiitth the aim
of realising it. A discussion on current issueg #rése when linking islands of Grids as well agapg analysis of
current Grid technologies was provided to motivhtgeneed for new technologies to enable the InidrGr

The work contains a discussion on existing projeétiing at creating national and continental Gridswever,
many applications currently require amounts of veses that are only achievable by creating GridSoéls.
Existing projects have tried to federate Grids hade provided means to enable VOs to solve sepevalems.
However, the Cyberinfrastructure to cope with thaed next generation challenges will not be redligiwen
that today’s Grids follow organisational models anechanisms that prevent them from internetworking.

Current technologies do not allow the InterGridiasisdue to conceptual and technological drawback$ ss
the lack of coordination mechanisms. As arguedhia work, there is a need for an architecture Hiktws
Grids' structures to evolve from the local to tmeiGrid level and enables the easy developmerGraf
applications for e-Science and e-Business. In smfgitmany issues related to cultural, social, aotitipal
divergences have to be considered or even sohigd.the Internet, the InterGrid will comprise ofmerous
self-interested stakeholders and the design @frikitecture has to consider these aspects [7#]c@ntribution
in this work is of identifying key problems in réahg a true InterGrid and delineating a reseaggmda on the
topic. As the research agenda is a massive endeavelnvite the global research community to addrgome
of the issues and work collaboratively in realisihg proposed InterGrid vision.
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