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Abstract

Resourcebrokering servicesare the main components that control the way applications are scheduled,
managed and allocated in a decentralised, heterogeneousand dynamic Grid computing environment.
Existing Grid computing systems such as a resource broker, e-Scienceapplication work-
o w scheduler
operate in tandem but still lack a coordination processthat can lead to e�cien t application schedule across
distributed resources. Lack of coordination exacerbates the utilisation of various resources including
computing cycles and network bandwidth.

To overcome these shortcomings, we propose a mechanism to realise a decentralised coordination
processamong grid application schedulers. Our dencentralised coordination processis basedon a Peer-to-
Peer (P2P) resourcediscovery system. Resourcediscovery system utilises the publish/subscrib e model to
convey coordination messageamong the participan ts. In the proposedscheme, all application schedulers
and resource providers facilitate the decentralised coordination process through exchange of resource
usageand application requirement information.

1 In tro duction

Several research projects including Bellagio [3], Tycoon [11], NASA-Scheduler [22], OurGrid [2], Sharp [5],
Condor-Flock [5] and Grid-Federation [18] have proposedfederatedsharing of topologically distributed net-
worked computing resourcesto facilitate a cooperative and coordinated sharing environment. In a feder-
ated resourcesharing environment, every participant gets accessto a larger pool of resourcesand resource
providers get economicor bartering bene�ts dependingupon the resourceleasingpolicy. Distributed resource
sharing systemsincluding Bellagio and Tycoon have beendeployed and tested over PlanetLab environment,
while the Grid-Federation, NASA-Scheduler, Condor-Flock and OurGrid are targeted towards computational
grid environments.

However, the e�ectiv enessof the federatedresourcesharing environments can not be optimally achieved
without a proper coordination mechanism betweenthe schedulers(resourcebrokers in caseof grids and slice
initiators in caseof PlanetLab). The coordination mechanisms in NASA-Scheduler, OurGrid, and Condor-
Flock P2P are basedon general broadcast and limited broadcast communication mechanisms respectively.
Hence,theseapproacheshave the following limitations: (i) high network overhead;and (ii) scalability prob-
lems. Resourceallocation coordination in Tycoon is based on decentralised isolated auction mechanism.
Every resourceowner in the system runs its own auction on behalf of his local resources. In this case,a
scheduler might end-up bidding acrossa large number of auctions. On the other hand, resourceallocation
in Bellagio system is basedon the bid-based proportional resourcesharing model. Bids for resourcesare
periodically clearedby a centralized auction coordinator. Clearly, the coordination mechanismsfollowed by
Bellagio and Tycoon are neither e�cien t nor scalable. Sharp architecture coordinates resourceallocation
amongvarious competing schedulersthrough pair-wise peeringarrangement. For example,site A may grant
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to site B a claim on its local resourcesin exchange for a claim that enablesaccessto B resources. This
pair-wise approach may work well for a small system size, but can prove to be serious bottleneck as the
system scales.

Oneof the possibleways to solve this problem is to host a coordinator serviceon a centralised machine [10,
15, 25]. Every application scheduler is required to submit his demandsto the coordinator (similar to Bellagio
system). Similarly, resourceproviders update their resourceusagestatus periodically with the coordinator.
The centralised resource allocation coordinator performs system wide load-distribution primarily driven
by resourcedemand and availabilit y. However, this approach has several design limitations including: (i)
single point of failure; (ii) lacks scalability; (iii) high network communication cost at links leading to the
coordinator (i.e. network bottleneck, congestion); and (iv) computational power required to serve a large
number of participants.

Another possibleway to tackle this problem is to distribute the role of the centralised coordinator amonga
set of machinesbasedon a P2P network model. New generationP2P routing substrate such asDHTs [23, 20]
can be utilised for e�cien tly managingsuch decentralised coordination network. DHTs have beenproven to
be self-organising,fault-tolerant and scalable.

We advocate organising Grid schedulers (and users in caseof PlanetLab) and Grid resourcesbasedon
a DHT overlay. Application schedulers post their resourcedemandsby injecting a Resource Claim object
into the decentralised coordination space,while resourceproviders update the resourcesupply by injecting
a Resource Ticket object (similar terminologieshave beenusedby Sharp system). Theseobjects are mapped
to the DHT-based coordination servicesusing a spatial hashing technique. The details on spatial hashing
technique and object composition are discussedin Section 3. Decentralised coordination spaceis managed
by a software service(a component of Grid peerservice)called coordination service. It undertakesactivities
related to decentralised load-distribution, coordination spacemanagement etc.

A coordination serviceon a DHT overlay is maderesponsible for matching the published resourcetickets
to subscribed resourceclaims such that the resourceticket issuersare not overloaded. Resourcetickets and
resourceclaims are mapped to the coordination spacebasedon distributed spatial hashing technique. Every
coordination servicein the system owns a part of the coordination spacegoverned by the overlay's hashing
function (such as SHA-1). In this way, the responsibilit y of load-distribution and coordination is delegated
to a set machines instead of delegating it to one. The actual number of machines and their respective
coordination load is governed by the spatial index's load-balancing capability. Note that, both resource
claim and resourceticket objects have their extent in d-dimensional space.

1-dimensionalhashing provided by current implementation of DHTs are insu�cien t to managecomplex
objects such as resourcetickets and claims. DHTs generally hash a given unique value/identi�er (e.g. a �le
name) to a peerkey spaceand hencethey cannot support mapping and lookupsfor complexobjects. Manage-
ment of those objects whoseextents lie in d-dimensional spacewarrants embedding a logical index structure
in place of the 1-dimensionalDHT key space. Spatial indices such as SpaceFilling Curves (SFC) [21], k-d
Tree [8], R-Tree [13], MX-CIF quadtree [24] can be utilised for managing such complex objects over a DHT
key space.

In this work, we utilise the P2P publish/subscribe basedGrid resourcediscovery system,described in the
paper [19], for managingand indexing the resourceclaim and resourceticket objects. Decentralised resource
discovery systemutilises a d-dimensional spatial index to maintain complex Grid resourcelook-up (resource
claim) and update queries(resourceticket). More details on the spatial index can be found in the paper [19]
and how we utilise it for distributed load-distribution and coordination amongapplication schedulerscan be
found in Section 3.3.

The rest of paper is organisedas follows: in Section2, we present the background information on shared-
spacesbasedcoordinated communication. Section 3 discussesthe P2P tuple spacemodel that we propose
in this paper. In Section 3.2, we present details on the Grid resourcesharing model that is utilised as the
casestudy for coordinated resourceprovisioning. In Section 4 and 5, we present the �ner details on the
application scheduling and resourceprovisioning algorithms. Section6 presents the P2P network simulation
model that we utilise for evaluating the performance of Grid resourcediscovery system. In Section 7, we
present various experiments and discussour results. We end this paper with concluding remarks in Section8.
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2 Background and State of the Art

2.1 Shared-space Based Coordinated Comm unication

The idea of implementing globally accessible\data-space" or \coordination-space" for communication be-
tweendistributed servicesgoesback to the blackboard systemsproposedby the Arti�cial Intelligenceresearch
communit y in early 1970s. The blackboard system was utilised as a global slate by experts to collaborate
on solving the di�cult problems. Experts would search the blackboard for problems of their expertise
and post the solutions. The idea of global slate was implemented in the systemsincluding JavaSpaces[16],
TSpaces[15] and XMLSpaces[25]. Theseimplementations werebasedon the centralised CS-model which has
limited scalability. Initially , the slateswere utilised for coordinating parallel application execution between
a cluster of computers. Traditionally , theseblackboard systemssupported Read() and W r ite() primitiv e for
information coordination betweenservices.

The shared-spacebasedcoordination approach or model wasproposedby Linda [10]system,which de�ned
a centralised tuple space that provided abstraction of a shared messagestore for supporting generative
communication. Linda de�nes a tuple as an ordered sequenceof typed �elds and a tuple spaceas a shared
repository that includesa set of tuples which can be accessedby several distributed processessynchronously.
Linda system also de�nes separatetuple accessprimitiv es for reading, writing and destroying. Tuples are
written to the sharedspacethrough execution of out(t) primitiv e, read using the non-destructive primitiv e
r d(t), and extracted using the destructive primitiv e in (t).

2.2 State of the Art

In recent times, there have been proposals for organising a coordination spacebased on a decentralised
network model, the representativ e systemsbeing Lime [17], PeerWare [7], PeerSpace[4] and Comet [12].
Systemsincluding Lime and PeerWare support a global coordination spaceusing a distributed index called
Global Virtual Data Structure (GVDS). The focus of Lime system is to provide coordination among par-
ticipants in mobile environments. The global data space is built by combining the local data spacesof
participating peers. The changesmade in the local data spaceare re
ected in the global data space. The
data structure managedby PeerWare is organisedas a graph composedof nodesand documents which are
collectively referred to as items. Every peer in the system maintains a local graph structure, which are
superimposedon each other to form the GVDS. The management of such a global data structure in a highly
dynamic and large distributed system is not scalable.

The most related state of the art to this research is Comet System, that utilises DHTs as the basis for
organising the GVDS. The advantage of utilising the DHT is that updates, inserts and deleteson the local
tuples (keys) are not required to be communicated to the global tuple space.The changesto the tuple space
due to theseoperations (insert, delete,and update) are apparently handled by the logical mapping structure
that forms the basis for tuple spacemanagement. Hilb ert SFC index, proposedin the work Squid [21], is
utilised as the mapping structure from the logical tuple spaceto the Chord identi�er space.In contrast, our
mapping structure is basedon the spatial publish/subscribe index whosedetails can be found in paper [19].

3 Peer-to-P eer Tuple Space Mo del

In this section we �rst describe the communication, coordination and indexing models which are utilised to
facilitate the P2P tuple space. Then we look at the composition of tuples, accessprimitiv es that form the
basis for coordinating the application schedulesamong the decentralised and distributed resourcebrokers.

3.1 Layered Design of the Coordination Space

Fig. 1 shows the layered design of the proposed P2P tuple spacebased coordination service. The OPeN
architecture proposed in the work [24] is utilised as the basemodel in architecting and implementing the
proposedservice. The OPeN architecture consistsof three layers: the Application layer, Core Services layer
and Connectivity layer. Grid Servicessuch as resourcebrokers work at Application layer and insert objects
including ResourceLookup Query (RLQ) and ResourceUpdate Query (RUQ) to the Core serviceslayer.
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E.g. Coordination Service

 Tuples/Objects are  inserted/deleted/
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Message routing between peers and 
repl ica management.

Figure 1: A schematic overview of the Coordination servicearchitecture.

We have implemented the Coordination serviceas a sub-layer of the Core serviceslayer. The Coordina-
tion serviceacceptsthe application objects such asRLQs/ RUQs. Theseobjects are then wrapped with some
additional logic to form a coordination tuple or object. The coordination logic, in this casethe resourceprovi-
sioning logic, are executedby the Coordination serviceon thesetuples or objects. However, the calls between
the Coordination service and Resourcediscovery service are done through the standard publish/subscribe
way. The Resourcediscovery serviceis responsible for managing the logical index spaceand communicating
with the Connectivity layer. The details on the workings of the Resourcediscovery servicecan be found in
the paper [19]. Note that, the proposedtuple spacedoes not strictly follow the standard Linda primitiv e,
instead it exposesthe APIs such as publish(tick et), subscribe(claim ) and unsubscribe(claim ) that suites
the requirements of the Application layer brokering service.

The Connectivity layer is responsiblefor undertaking key-Basedrouting in the DHT spacesuch asChord,
CAN, Pastry etc. The actual implementation protocol at this layer doesnot directly a�ect the operations of
the Core serviceslayer. In principle, any DHT implementation at this layer could perform the desiredtask.
However, in this paper the simulation models the Chord substrate at the Connectivity layer. Chord hashes
the peersand objects (such as �leIds, logical indices etc) to the circular identi�er spaceand guaranteesthat
an object in the network can be located in �(log n) steps with high probabilit y. Each peer in the Chord
network is required to maintain the routing state of only �(log n) other peers,where n is the total network
size.
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3.2 Grid Resource Sharing Mo del

In this paper, we considera grid systemmodel that aggregatesdistributed resourcebrokering and allocation
services[18] aspart of a generalisedresourcesharingenvironment, which is referredto asthe Grid-Federation.
The grid brokering model aggregatestopologically and administrativ ely separatedcomputational grid re-
sourcessuch as clusters, supercomputers,and desktops. Resourcebrokering, indexing and allocation in the
Grid-Federation is facilitated by a new ResourceManagement System(RMS) known as the Grid Federation
Agent (GFA). More details about generalGrid-Federation brokering, and the resourceowner's local resource
allocation servicescan be found in the articles [18].

In general, a GFA service requires two basic types of queries: (i) an ResourceLookup Query (RLQ),
a query issued by a broker service to locate resourcesmatching the user's application requirements; and
(ii) an ResourceUpdate Query (RUQ), is an update query sent to a resourcediscovery service by a Grid
site owner about the underlying resourceconditions. Since, a Grid resourceis identi�ed by more than one
attribute, an RLQ or RUQ is always d-dimensional. Further, both of these queries can specify di�eren t
kinds of constraints on the attribute values. If a query speci�es a �xed value for each attribute then it is
referred to as a d-dimensional Point Query (DPQ). However, in casethe query speci�es a range of values
for attributes, then it is referred to as a d-dimensional Window Query (DWQ) or a d-dimensional Range
Query (DRQ). In databaseliterature, a DWQ or an DRQ is also referred to as a spatial rangequery.

Recall that, compute Grid resourceshave two typesof attributes: (i) static attributes{suc h as the type
of operating system installed, network bandwidth (both Local Area Network (LAN) and Wide Area Net-
work (WAN) interconnection), processorspeedand storagecapacity (including physical and secondarymem-
ory); and (ii) dynamic attributes{suc h as processorutilization, physical memory utilization, free secondary
memory size,current usageprice and network bandwidth utilization.

3.3 Coordination Tuples/Ob jects

This section gives details about the resourceclaim and ticket objects that form the basis for enabling de-
centralised coordination mechanism among the brokers/GFAs in a Grid system. Thesecoordination objects
include:- ResourceClaim and ResourceTicket. We start with the description of the components that form
the part of a Grid-Federation resourceticket object.

Resource Tic ket

Every GFA in the federation publishesits resourceticket with the local Coordination service. A resource
ticket object Ui consistsof a resourcedescription R i , for a cluster i . A R i can include information about the
CPU architecture, number of processors,RAM size,secondarystoragesize,operating systemtype, resource
usagecost etc. In this work R i = (pi ; x i ; � i ; � i ; � i ; ci ), which includes the number of processors,pi , processor
architecture, x i , their speed, � i , their utilization, � i , installed operating system type, � i , and a cost ci for
using that resource.A site owner chargesci per unit time or per unit of million instructions (MI) executed,
e.g. per 1000 MI. The ticket publication processcan be basedon time intervals or resourceload triggers.
Recall from the paper [19] that a resourceticket object has similar semantics to the RUQ object.

Resource Ticket: Total-Processors= 100 && Processor-Arch= Pentium &&
Processor-Speed= 2 GHz && Operating-System= Linux && Utilization=0.80 && Acess-Cost=1Dollar/min .

Resource Claim

A resourceclaim object encapsulatesthe resourcecon�guration needsof a user's job. In this work, we
focuson the job typeswhoseneedsare con�ned to computational grid or PlanetLab resources.Userssubmit
their application's resourcerequirements to the local GFA. The GFA service is responsible for searching
the resourcesin the federated system. An user job in the Grid-Federation system is written as J i;j ;k , to
represent the i -th job from the j -th user of the k-th resource. A job consistsof the number of processors
required, pi;j ;k , processorarchitecture, x i;j ;k , the job length, l i;j ;k (in terms of instructions), the budget,
bi;j ;k , the deadline or maximum delay, di;j ;k and operating system required, � i;j k . A GFA aggregatesthese
application characteristics including pi;j ;k , x i;j ;k , � i;j ;k with constraint on maximum speed,cost and resource
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Figure 2: Resourceallocation and application scheduling coordination acrossGrid sites.

utilization into a resourceclaim object, r i;j ;k . Recall from the paper [19] that a resourceclaim object has
similar semantics as an RLQ object and is d-dimensional in composition.

Resource Claim: Total-Processors� 70 && Processor-Arch= pentium && 2 GHz � Processor-Speed �
5GHz && Operating-System = Solaris && 0.0 � Utilization � 0.90 && 0 Dollar/min � Access-Cost� 5
Dollar/min .

The resourceticket and claim objects are spatially hashedto an index cell i in the d-dimensional coordi-
nation space.Similarly, coordination servicesin the Grid network hash themselves into the spaceusing the
overlay hashing function (SHA-1 in caseof Chord and Pastry). The details on index cell mapping to the
coordination servicesis described in the paper [19]. In Fig. 2, resourceclaim objects issuedby site p and
l are mapped to the index cell i , are currently hashedto the site s. In this case,site s is responsible for
coordinating the resourcesharing amongall the resourceclaims that are mapped to the cell i . Subsequently ,
site u issuesa resourceticket (shown as dot in the Fig. 2) which falls under the region of spacecurrently
required by usersat site p and l. In this case,the coordinator serviceof site s hasto decidewhich of the sites
(i.e. either l or p or both) be allowed to claim the ticket issuedby site u. This load-distribution decision is
basedon the fact that it should not lead to over-provisioning of resourcesat site u.

In casea resourceticket matcheswith one or more resourceclaims, then a coordinator servicesendsno-
ti�c ation messagesto the resourceclaimers such that it does not lead to the overloading of the concerned
resourceticket issuer. Thus, this mechanism prevents the resourcebrokers from overloading the samere-
source. In caseof PlanetLab environment, it can prevent the usersfrom instantiating slivers on the sameset
of nodes. Once a scheduler receivesnoti�cation that its resourceclaim has matched with an advertised re-
sourceticket, the scheduler undertakesa ServiceLevel Agreement (SLA) contract negotiation with the ticket
issuersite. In caseagreement is reached, the scheduler can go aheadand deploy its application/exp eriment.
The GFAs have to reply assoon as the SLA enquiry arrives. In other words, we set the SLA timeout interval
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Figure 3: Scheduling and resourceprovisioning coordination through P2P tuple space.

as 0. We do this in order to study the e�ectiv enessof coordination spacewith respect to decentralised
load-balancing. As excessive timeout interval can lead to deadlock kind of situation in the system, with
coordination servicesendingthe noti�cations while the ticket issuernot accepting SLA contracts. In future
we intend to study how doesvarying degreeof SLA timeouts can a�ect the systemperformancein terms of
load-balancing and provider's economicbene�t.

4 Distributed Application Scheduling Algorithm

In this section we provide detailed descriptions of the scheduling algorithm that is undertaken by a GFA in
the Grid-Federation system following the arrival of a job:

1. When a job arrives at a GFA, the GFA compiles a resourceticket object for that job. It then posts
this resourceticket object with the P2P tuple spacethough the Core serviceslayer. The complete pseudo
code for this processis shown in the Fig. 1. In Fig. 3 GFA 1 is posting a resourceclaim on behalf of its local
user.

2. When a GFA receives a noti�cation for resourceticket and resourceclaim match from the P2P co-
ordination space, then it undertakes SLA-based negotiation with the ticket issuer GFA. After successful
noti�cation, the coordination serviceunsubscribes the resourceclaim for that job from the tuple space. In
Fig. 3 the match event occurs and GFA 1 is noti�ed that it can place the job with GFA 3. Following this,
GFA 1 undertakesSLA negotiation with GFA 3, which is acceptedand, �nally GFA 1 migrates the locally
submitted job to the GFA 3.

3. If SLA negotiation is successfulthen the GFA sendsthe job to the remote GFA, otherwise it again
posts the resourceclaim object for that particular job to the coordination space.
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PROCEDURE: GFA SCHEDULING0.1

begin0.2

begin0.3

Sub-Procedure: Event User Job Submit (Job J i;j ;k )0.4

encapsulatethe claim object r i;j ;k for job J i;j ;k0.5

call Post ResourceClaim (r i;j ;k ).0.6

end0.7

begin0.8

Sub-Procedure: Post ResourceClaim (Claim r i;j ;k )0.9

call subscribe (r i;j ;k ).0.10

end0.11

begin0.12

Sub-Procedure: Event ResourceStatus Changed(ResourceR i )0.13

encapsulatethe ticket object Ui for resourceRi0.14

call publish (Ui ).0.15

end0.16

begin0.17

Sub-Procedure: Event Coordinator Reply (GFA gindex i )0.18

call SLA Bid (J i;j ;k , gindex i ).0.19

end0.20

begin0.21

Sub-Procedure: SLA Bid (Job J i;j ;k , GFA gindex i )0.22

SendSLA bid for job J i;j ;k to the decentralised coordinator adviced GFA gindex i .0.23

end0.24

begin0.25

Sub-Procedure: Event SLA Bid Reply (J i;j ;k )0.26

if (SLA Contract Accepted) then0.27

Sendthe job J i;j ;k to accepting GFA.0.28

end0.29

else0.30

call SLA Bid Timeout (J i;j ;k ).0.31

end0.32

end0.33

begin0.34

Sub-Procedure: SLA Bid Timeout( J i;j ;k )0.35

call Post ResourceClaim (r i;j ;k ) .0.36

end0.37

end0.38

Algorithm 1: SLA-basedGFA application scheduling algorithm.
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5 Distributed Resource Pro visioning Coordination Algorithm

In this section we present the details on the decentralised resourceprovisioning algorithm which is under-
taken by the coordination servicesacrossthe P2P tuple space.

1. When a resourceclaim object arrivesat a coordination servicefor future consideration, the coordina-
tion servicequeuesit in the existing claim list as shown in the Fig. 2.

2. When a resourceticket object arrives at a coordination service, the coordination service calls the
auxiliary procedure match(tic ket) (as shown in Fig. 2) to gather the list of resourceclaims that overlaps
with the submitted resourceticket object in the d-dimensional space. This initial resourceclaim match list
is passedto another auxiliary procedureLoad Dist(matchList, ticket).

3. The Load dist() procedure noti�es the resourceclaimers about the resourceticket match until the
ticket issuer is not over-provisioned. The Load Dist() procedure can utilise the resourceparameters such
as number of available processors,threshold queue length etc as the over-provision indicator. And these
over-provision indicators are encapsulatedwith the resourceticket object by the GFAs. The GFAs can post
the resourceticket object to the tuple spaceeither periodically or whenever the resourcecondition changes
such as a job completion event happens.

6 Simulation Mo del

In this section, we present simulation model for evaluating the performance of our P2P tuple spacewith
respect to coordinated resourceprovisioning. The proposed model is applicable to large networks of the
scale of the Internet. The simulation model considersthe messagequeuing and processingdelays at the
intermediate peers in the network. In a centralised system, the index look-up latency is essentially zero,
assumingthe computation delay due to processingof local indicesis negligible. For the P2P system,assuming
negligible computation delay for index processinglogic at intermediate peers,the time to complete an RLQ
or RUQ is time for the query to reach all the cells (including both parent and child cells) that intersect with
the query region.

In our messagequeueingmodel, a Grid peer node (through its Chord routing service) is connectedto an
outgoing messagequeueand an incoming link from the Internet (as shown in Fig. 4). The network messages
delivered through the incoming link (e�ectiv ely coming from other Grid peersin the overlay) are processed
assoon asthey arrive. Further, the Chord routing servicereceivesmessagesfrom the local publish/subscribe
index service. Similarly, these messagesare processedas soon as they arrive at the Chord routing service.
After processing,Chord routing servicequeuesthe messagein the local outgoing queue. Basically, this queue
modelsthe network latenciesthat a messageencounters as it is transferred from oneChord routing serviceto
another on the overlay. Once a messageleavesan outgoing queueit is directly delivered to a Chord routing
service through the incoming link. The distributions for the delays (including queueing and processing)
encountered in an outgoing queueare given by the M/M/1/K [1] queuesteady state probabilities.

Our simulation model considersan interconnection network of n Grid peerswhoseoverlay topology can
be consideredas a graph in which each peer maintains connection to a O(log n) other Grid peers(i.e. the
Chord overlay graph). As shown in Fig. 4, every Grid peer is connectedto a broker service that initiates
lookup and update querieson behalf of the usersand site owner. We denote the rates for RLQ and RUQ by
� in

l and � in
u respectively. The queriesare directly sent to the local index servicewhich �rst processesthem

and then forwards them to the local Chord routing service. Although, we considera messagequeuefor the
index service but we do not take into account the queuing and processingdelays as it is in microseconds.
Index service also receives messagesfrom the Chord routing service at a rate � in

index . The index messages
include the RLQs and RUQs that map to the control area currently owned by the Grid peer, and the
noti�cation messagesarriving from the the network.
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PROCEDURE: ResourceProvision1.1

begin1.2

l ist  �1.3

begin1.4

Sub-Procedure: Event ResourceClaim Submit (Claim r i;j ;k )1.5

l ist  l ist [ r i;j ;k .1.6

end1.7

begin1.8

Sub-Procedure: Match (Ticket Ui )1.9

l ist m  �1.10

set index = 01.11

while ( l ist [index] 6= nul l ) do1.12

if ( Overlap (l ist [index], Ui ) ) then1.13

l ist m  l ist m [ l ist [index]1.14

end1.15

else1.16

continue1.17

end1.18

reset index = index + 11.19

end1.20

return l ist m .1.21

end1.22

begin1.23

Sub-Procedure: Overlap (Claim r i;j ;k , Ticket Ui )1.24

if (r i;j ;k \ Ui 6= nul l ) then1.25

return true.1.26

end1.27

else1.28

return false.1.29

end1.30

end1.31

begin1.32

Sub-Procedure: Event ResourceTicket Submit (Ui )1.33

call Load Dist( Ui , Match(Ui )).1.34

end1.35

begin1.36

Sub-Procedure: Load Dist (Ui , l ist m )1.37

set index = 01.38

while (Ri is not over-provisioned) do1.39

sendnoti�cation match event to resourceclaimer: l ist m [index]1.40

remove(l ist m [index])1.41

reset index = index + 1.1.42

end1.43

end1.44

end1.45

Algorithm 2: Resourceprovisioning algorithm for coordination service.
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7 Performance Evaluation

In this section, we validate the proposed P2P tuple space-basedcoordinated resourceprovisioning model
through the trace-basedsimulation. The simulated environment modelsthe Grid-Federation resourcesharing
environment presented in the paper [18].

7.1 Exp erimen tal Setup

We start by describing the test environment setup.

7.1.1 Brok er Net work Sim ulation:

Our simulation infrastructure includes two discreteevent simulators namely GridSim [6], and PlanetSim [9].
We model the resourcebrokering service i.e. a GFA inside the GridSim that injects resourceclaims and
resourcetickets on behalf of both, the usersand the resourceproviders respectively. Every GFA connects
to Core serviceslayer which also has implementations for Coordination serviceand publish/subscribe Index
service as sub-layers. At the Connectivity layer we utilised the Chord implementation provided with the
PlanetSim.

Exp erimen t con�guration:

� Network con�guration: The experiments ran Chord overlay with 32 bit con�guration i.e. number of
bits utilised to generatenode and key ids. The network size n was �xed at 100 GFA/brok er nodes.
The network queuemessageprocessingrate, � , at a Grid peer was �xed at 500 messagesper second.
The messagequeuesize,K , was �xed at 104.

� Resourceclaim and resourceticket injection rate: The GFAs inject resourceclaim and resourceticket
objects basedon the exponential inter-arriv al time distribution. The value for resourceclaim inter-
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arrival delay ( 1
� in

l
) is distributed over the interval [5; 60] in step of 5 secs. While the inter-arriv al

delay ( 1
� in

u
) of resourceclaim object was�xed to 30secs.The inter-arriv al delay in claim/tic ket injection

is consideredsamefor all GFAs/brok ers in the system. The spatial extent of both resourceclaims and
resourceticket objects lies in a 5-dimensional attribute space. The attribute dimension includes the
number of processors,pi , resourceaccesscost, ci , processorspeed,m i , processorarchitecture, x i , and
operating system type, � i . The distributions for these resourcedimensionshave been obtained from
the Top 500 supercomputer list 1.

Note that, in our simulation we did not utilize resourceutilization, � i , as the GFA's load indicator.
Instead GFAs encode the metric \number of available processors" at time t with the resourceticket
object Ui . Speci�cally , the information on the number of available processoris updated inside the
gindex i object and sent to the coordination service along with ticket object Ui . The coordination
serviceutilizes this metric as the indicator for the current load on the resourceR i . In other words, the
coordinator servicewould stop sending the noti�cations as the number of processorsavailable with a
ticket issuer reacheszero.

� Publish/subscribe index con�guration: The minimum division, f min , of logical d-dimensional pub-
lish/subscribe index was set to 3, while the maximum height of the index tree, f max , was also limited
to 3. This means we basically do not allow the partitioning of the P2P tuples spacebeyond f min

level. In this case,a cell at a minimum division level doesnot undergoany further division. Hence,no
resourceclaim or resourceticket object is stored beyond the f min level. The index spaceresembles a
Grid-lik e structure where each index cell is randomly hashedto a Grid peer basedon its control point
value. The publish/subscribe Cartesian spacehad 6 dimensions including number of processors,pi ,
resourceaccesscost, ci , processorspeed,m i , processorarchitecture, x i , and operating systemtype, � i .
Hence, this con�guration resulted into 243 (35) Grid index cells at the f min level. On an average,2
index cells are hashedto a Grid peer in a network comprising of 100 Grid sites.

Indexed data distribution: We generateda resourcetype distribution using the resourcecon�gu-
ration obtained from the Top 500 Supercomputer list. We utilised the resourceattributes including
processorarchitecture, its number, its speed, and installed an operating system from the Supercom-
puter list. The value for ci was fabricated. The values for ci were uniformly distributed over the
interval [0; 10].

W orkload con�guration: We generatedthe workload distributions acrossGFAs basedon the model
given in the paper [14]. The workload model generatesthe job-mixes having the details on their run
times, sizes,and inter-arriv al times. This model is statistically derived from existing workload traces
and incorporatescorrelations betweenjob run times and job sizesand daytime cyclesin job inter-arriv al
times. The model calculatesfor each job its arrival time using 2-gammadistributions, number of nodes
using a two-stage-uniformdistribution, and run time using the number of nodesand hyper-gammadis-
tribution.

Mostly we utilised the default parameters already given by the model except for the number of pro-
cessors/machines. The processorcount for a resourcewas fed to the workload model based on the
resourcecon�guration obtained from the Top 500 list. The simulation environment models 25 jobs at
each GFA, and sincethere are 100GFAs therefore total number of jobs in the systemaccounts to 2500.
Also note that, we simulated the supercomputing resourcesin spacesharedprocessorallocation mode.
More details on how the execution time for jobs are computed on spaceshared resourcefacilities can
be found in the paper [18].

7.2 E�ect of Job In ter-Arriv al Dela y: Ligh tly-Constrained Workloads

The �rst set of experiments measuredthe performanceof P2P tuple spacein coordinating resourceprovi-
sioning with respect to the following metrics: averagecoordination delay, averageresponsetime and average

1Top 500 Supercomputer List, http://www.top500.org/

12



processingtime for jobs. Further, it also quanti�es the details about the job migration statistics in the
system i.e. number of jobs executed locally and number jobs executed remotely. In this experiment, the
resourceclaim injection rate is varied from 12 to 1 per minute while the resourceticket injection rate is �xed
to 2 per minute. This experiment simulates a lightly-constrained workload or job characteristic. In other
words, on an averagethe simulated jobs did not require large number of processorsfor execution. For this
experiment, the job characteristics weregeneratedby con�guring the minimum and maximum processorper
job as 2 and 26 respectively in the workload model.

Fig. 5 and Fig. 6 show the measurement for parameters coordination delay, response time, processing
time and job migration. The metric coordination delay sumsup the latenciesfor: (i) resourceclaim to reach
the index cell; (ii) waiting time till a resourceticket matcheswith the claim; and (iii) noti�cation delay from
coordination service to the relevant GFA. Processingtime for a job is de�ned as the time the job takes to
actually executeon a processoror set of processors.Averageresponsetime for a job is the delay between
the submission and arrival of execution output. E�ectiv ely, the response time includes the latencies for
coordination and processingdelays. Note that, these measurements were collected by averaging the values
obtained for each job in the system.

Fig. 5(a) depicts results for the averagecoordination delay in secondswith increasing job inter-arriv al
delay. With increasein average job inter-arriv al delay, we observed decreasein the average coordination
delay. The results show that at higher inter-arriv al delays, resourceclaim objects experiencelessnetwork
tra�c and competing requests. Thus, this leads to an overall decreasein the coordination delay acrossthe
system. The e�ect of this can alsobe seenin the responsetime metric for the jobs (refer to Fig. 5(b)), which
is also seento improve with increasein inter-arriv al delays.
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Figure 5: Simulation: E�ect of job inter-arriv al delay: lightly-constrained.

Fig. 6(a) depicts results for the averagejob processingdelay in secswith increasingjob inter-arriv al delay.
As expected, the processingdelays do not changesigni�cantly with increasein the inter-arriv al delay. This
is due to the availabilit y of resourceswith similar or near similar processingcapabilities in the Top 500 list.
Hence, allocation of jobs to any of the resourcedoes not have signi�cant e�ect on the overall processing
time. Further, the job-migration statistics also showed negligible or very little change with increasing job
inter-arriv al delays (refer to Fig. 6(b)). At every step, approximately 65% of jobs were executedremotely
while remaining executedat the originating site itself.
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Figure 6: Simulation: E�ect of job inter-arriv al delay: lightly-constrained.

7.3 E�ect of Job In ter-Arriv al Dela y: Heavily-Constrained Workloads

This experiment simulates the performance of P2P tuple spacein coordinating resourceprovisioning for
highly-constrained workload or job characteristic. The heavily-constrained workloads on an averagerequire
relatively larger number of processorson per job-basisas comparedto the lightly-constrained ones. For this
experiment, the job characteristics were generated by con�guring the minimum and maximum processor
per job as 26 and 28 respectively in the workload model. Other simulation con�gurations stay the sameas
described for the previous experiment.

Fig. 7(a) depicts results for the averagecoordination delay in secswith increasingjob inter-arriv al delay.
With increasein averagejob inter-arriv al delay, we observed noticeabledecreasein the averagecoordination
delay. At inter-arriv al delay of 5 secs,on the average job experienceda coordination delay of about 172
secs(refer to Fig. 7(a)). And at inter-arriv al delay of 50 secs,the coordination delay decreasedto 45 secs.
The results show that at higher inter-arriv al delays, resourceclaim objects experience lessnetwork tra�c
and competing requests. Although, we saw the sametrend in caseof lightly-constrained jobs as well, the
decreasein caseof heavily-constrained jobs is more signi�cant (about 73%). The chief reasonbehind this
being higher degreeof competition betweenresourceclaim requests,as on the averagethey required larger
number of processorsfor execution. The e�ect of diminishing coordination delay can be seenin the response
time metric for the jobs aswell (refer to Fig. 7(b)), which is alsoseento improve with increasein inter-arriv al
delays.

Similar to lightly-constrained case,we observed that the processingdelays (refer to Fig. 8(a)) does not
change signi�cantly with increasein inter-arriv al delay. Further, the job-migration statistics also showed
negligible or very little change with increasing job inter-arriv al delays (refer to Fig. 8(b)). At every step,
approximately 62% of jobs were executedremotely while remaining executedat the originating site itself.

8 Conclusion

In this paper, we described a P2P tuple spaceframework for e�cien tly coordinating resourceprovisioning
in a federated Grid system such as the Grid-Federation. The proposedcoordination spacebuilt upon the
resourcediscovery system presented in the paper [19]. The simulation based study shows that heavily-
constrained workloads can experiencesigni�cant coordination delays due to the competing requestsin the
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Figure 7: Simulation: E�ect of job inter-arriv al delay: heavily-constrained.

system. However, the sameis not true when the workloads are lightly-constrained i.e. the resourceclaim
requestsfor lessernumber of processors.

One limitation with our approach is that the current publish/subscribe index can map a resourceclaim
object to at most 2 index cells. In somecasesthis can lead to generation of unwanted noti�cation messages
in the systemand may be to an extent sub-optimal load-balancingas well. In our future work, we are going
to addressthis issueby constraining the mapping of a resourceclaim object to an index cell. Another way
to tackle this problem is to make the peerscurrently managing the sameresourceclaim object communicate
with each other beforesendingthe noti�cations.
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