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Abstract

Complex applications often require the execution of a langeber of jobs in a distributed environment. One
highly successful and low cost mechanism for acquiring #eeasary compute power is the “public resource com-
puting” paradigm, which exploits the computational powémpdvate computers. However, applications that are
based on this paradigm currently rely upon centralized gstiggment mechanisms that can hinder the achievement
of performance requirements in terms of overall executimeload balancing, fault-tolerance, reliability of exec
tion results, scalability and so on. This paper extends arspger protocol, proposed earlier by this group, for the
execution of jobs based upon the volunteer requests of warkehe paper introduces a distributed algorithm that
aims to achieve a more efficient and fair distribution of jabsvorkers. This is obtained by the definition of different
roles that can be assumed by super-peers and ordinary nodes basis of their characteristics. A simulation study
is carried out to analyze the performance of the super-petognl and demonstrate the advantage of distributing the
job assignment process.

1 Introduction

The term “public resource computing” [1] is used for appiicas in which jobs are executed by privately-owned and
often donated computers that use their idle CPU time to suigpgiven (normally scientific) computing project. The
pioneer project in this realm is SETI@HOME [3], which hagated millions of participants wishing to contribute
to the digital processing of radio telescope data in theckefr extra-terrestrial intelligence. A number of similar
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projects are supported today by the BOINC (Berkeley Opemstifucture for Network Computing [2]) software infras-
tructure. The range of scientific objectives amongst thesggts is very different, ranging from Climate @HOME's
[5], which focuses on long-term climate prediction, to Eas@HOME’s [9], aiming at the detection of certain types
of gravitational waves.

This paper enhances a P2P-based distributed model, firsthoped by this group in [8], that supports applica-
tions requiring the distributed execution of a large nuntifgobs with similar properties to current public-resource
computing systems like BOINC. In such systems, a “super*pesle can act as a centralized resource for a limited
number of regular nodes, in a fashion similar to a current Gyistem. At the same time, super- peers can make
interconnections with other super-peers to form a P2P ayerétwork at a higher level, thereby enabling distributed
computing on much larger scales.

Unlike BOINC, the model presented here does not rely on anfyakized mechanisms for job and data distribution,
but exploits decentralizes techniques which are enableddguper-peer paradigm. The jobs to execute are assigned
to workers by means of “job adverts” which are produced bybananager. A job advert is an XML document that
describes the properties of a job to execute.

In the enhanced version discussed here, a distributed agipi® used not only for job execution and data caching
but also for job assignment. Job adverts are disseminatachtamber of “job assigners” that are available on the
network, and then assigned by these to worker nodes. Assighis made in two phases: (i) first the job manager
searches the network to discover job assigners and distrjbb adverts among them, then (ii) workers, which are
available for job executions, issue query messages to fimegsigners and retrieve job adverts.

The super-peers play two fundamental roles: they route agessin a peer-to-peer fashion and also act as ren-
dezvous tanatchqueries issued by job assigners and workers with compadtibladverts.

The objective of this work is to evaluate and point out thedfighthat derive from this decentralized approach for
job assignment. This approach is profitably combined witle@edtralized data caching scheme, already described in
[7], through which workers retrieve input data, needed ieréxecution of jobs, from “data centers”, i.e., from nodes
specialized for the storage and maintenance of such data.

Simulation analysis performed with an event-driven sirtarlahows that the simultaneous use of these decentral-
ized mechanisms for job assignment and data download caallgcimprove performance of public computing. To
this aim, a set of performance indices have been analyzedifally regarding the overall time needed to execute
the jobs, the average utilization of data centers, the m&tiead and the load balancing among workers.

The remainder of the paper is organized as follows. Sectatisisses related work in the field and shows how the
implemented architecture presented here goes beyonchdyrsepported models. Section 3 presents the super-peer
model and the related protocol. Performance is analyzeédétidh 4, and conclusions and future work are discussed
in Section 5.

2 Reated Work

Volunteer computing systems have become extremely popslarmeans to garnish many resources for a low cost
in terms of both hardware and manpower. The most populamt@dus computing platform currently available, the
BOINC infrastructure [2] is composed of a scheduling seartt a number of clients installed on users’ machines.
The client software periodically contacts the scheduleryer to report its hardware and availability, and theniresse

a given set of instructions for downloading and executingba After a client completes the given task, it then uploads
resulting output files to the scheduling server and request® work. The BOINC middleware is especially well
suited for CPU-intensive applications but is somewhat imapriate for data-intensive tasks due to its centralized
approaches for job assignment and data distribution.

The job assignment/scheduling problem consists in thgmsent of a set off jobs to a set ofn machines such
that some overall measure of efficiency is maximized, el time required to complete all tasks. This is a NP-
hard problem [4], which is generally solved with centradizw hierarchical approaches [11]. Recently, distributed
algorithms have been proposed for adaptation to P2P ance@vidonments, for example, in [14] and [15]. However,
to the best of our knowledge, distributed algorithms hawenbeen applied to public resource computing applications

The P2P paradigm has proven to be effective also for dig&gthdata caching. Popular super-peer based networks
among these system are the Napster [13] and Kazaa projéits [Recently, BitTorrent [6] has become the most
widely used and accepted protocol for P2P data distributigging on a centralized tracking mechanism to monitor
and coordinate file sharing.
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However, P2P protocols might not be appropriate to scientdlunteer computing platforms due to their “tit for
tat” requirement that necessitates a ratio between uploddlawnload bandwidth, thus requiring peers to share data
if they are recipients of it on the network. Further, it isfdifilt to establish trust for nodes that act as job assigners o
data providers in the network; that is, it is difficult to stihgese nodes acting as rogue providers and serve false data
across the network or disrupt the network in some way.

The approach proposed in [8] and [7] , and enhanced in thisrpagttempts to combine the strengths of both
a volunteer distributed computing approach like BOINC wd#itentralized, yet secure and customizable, P2P data
sharing practices. It differs from the centralized BOINGhHatecture, in that it seeks to integrate P2P networking
directly into the system, as job descriptions and input dafarovided to a P2P network instead of directly to the
client.

The BOINC middleware is especially well suited for CPU-imgve applications but is somewhat inappropriate for
data-intensive tasks due to its centralized nature thaéntly requires all data to be served by a set group of céytral
maintained servers.

The approach proposed in [8], and enhanced in this papempts to combine the strengths of both a volunteer
distributed computing approach like BOINC with decengadi, yet secure and customizable, P2P data sharing prac-
tices. It differs from the centralized BOINC architecturethat it seeks to integrate P2P networking directly int® th
system, as job descriptions and input data is provided tdPariéBwvork instead of directly to the client.

3 A Super-Peer Protocol for Job Submission

A data-intensive Grid application can require the distigiouexecution of a large number of jobs with the goal to

analyze a set of data files. One representative applicatiemasio defined for the GridOneD project [10] shows how
one might conduct a massively distributed search for gatisital waveforms produced by orbiting neutron stars. In
this scenario, a data file of about 7.2 MB of data is producetye¥5 minutes and it must be compared with a large
number of templates (between 5,000 and 10,000) by perfgrfast correlation. It is estimated that such computations
take approximately 500 seconds. Data can be analyzed itighérpaa number of Grid nodes to speed up computation
and keep the pace with data production. A single job consfdtse comparison of the input data file with a number of

templates, and in general it must be executed multiple timesder to assure a given statistical accuracy or minimize
the effect of malicious executions.

Currently, this kind of application is usually managed tigh a centralized framework, in which one server assigns
jobs to workers, sends them input data, and then collectdtsediowever this approach clearly limits scalability.
Conversely, we propose a decentralized protocol that é@sle presence of super-peer overlays, which are more and
more widely adopted to deploy interconnections among notldistributed systems and specifically of Grids.

In the super-peer overlay, the simple nodesworkers are responsible for the execution of jobs, whereas the
super-peergonstitute the backbone of the super-peer overlay. A warksuper-peer node can play differeokes
as detailed in the following:

¢ job manager a node that plays this role produgeb advertsi.e., files that describe the characteristics of the
jobs that must be executed, and distributes these advegds &ssigners, which in turn assigns jobs directly to
workers. The job manager is also responsible for the cadieatf output results.

e job assigner it receives a number of job adverts from the job manager angsponsible for the assignment of
the corresponding jobs to workers.

e data source it receives data from an external sensor, and providesitites as input for the execution of jobs.
Each data file is associated tdata adverti.e. a metadata document which describes the charaats$this
file.

e data cacherit has the ability to cache data (and associated data &jvettieved from a data source or another
data cacher, and can directly provide such data to workers.

In the following,data sourcesnddata cachersre collectively referred to atata centerssince both are able to
provide data to workers, although at different phases gbtheess: data sources from the beginning, data cachers afte
retrieving data from data sources or other data cachersn\Wheorker is available for a job execution, it first issues
ajob queryto obtain a job advert and therdata queryto retrieve input data. A worker can disconnect at any time;
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if this occurs during the downloading of a data file or the eten of a job, that one will not be completed. Super-
peers play the role of botlouting andrendezvousodes, since they compare job and data description docsrjent
anddata adverty with queriesissued to discover these documents, thereby acting as &ngeé&ice for job or data
providers and consumers.

3.1 Job Assignment and Data Download

The objective of the job assignment protocol is the distidof jobs among workers. To decentralize the assignment
of jobs, the protocol exploits the presence of multjple assigneron the network. After producing a number of job
adverts, the job manager distributes them to the job assigwhich then assign them to workers.

Figure 1 depicts the sequence of messages exchanged anegob thanager, the job assigners and the workers.
A sample topology is shown, with 6 super-peers, among whiags?Zime also the role of job assigner.

After producing a number of job adverts, which describe the to execute, the job managén/ issues an
“assigner query” to search for available job assigners em#twork. This query is replicated and forwarded by super-
peers (step 1). As job assigners, in this case the nddgsandJ A,, receive an assigner query, they respond to the
job manager by directly sending it an “assigner adverty&e The job manager collects assigner adverts for a given
interval of time, than it distributes the job adverts amdmgdiscovered job assigners (step 3).

Subsequently, Figure 1 describes the behavior of the pobtdren a job query is issued by the worké¥s, and
Wg (step 4). A job query is expressed by an XML document and aflyicontains hardware and software features
of the requesting node as well as CPU time and memory amoanthh node offers. A job query matches a job
advert when it is compatible with the information contaimedhe job advert, e.g., the parameters of the job and the
characteristics of the platforms on which it must be exetutgob query is forwarded through the super-peer network
until it is delivered to a job assigner. If the job assignes hat assigned all the matching job adverts received by the
job manager, one of these job adverts is sent to the worleg Btthat will execute the corresponding job.

[

o
O Super Peer @ Job Manager
@ Job Assigner O Worker
i 3. job advert
1. assigner query i
2. assigner advert 4. job quety
5. job assignment

Figure 1: Super-peer job assignment protocol: sample n&ttepology and sequence of exchanged messages to
distribute job adverts among job assigners (messages 1aRd3assign them to workers (messages 4, 5).

The job advert also contains information about the data fileckvis required for the job execution and must be
retrieved by the worker. Download of input data is perfornrethe data-downloaghase, which is not described in
Figure 1 and is better detailed in [7]. In a similar fashionhe job assignment phase, the worker sendata query
message, which travels the super-peer network searchirgrfatching input data file stored by a data center. Since
the same file can be maintained by different data centerdgacdater that successfully matches a data query does not
send data directly to the worker, in order to avoid multipesmissions of the same file. Conversely, the data center
sends only a smatlata advertto the worker. In general, a worker can receive many datarglfrem different data
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centers. Then it chooses a data center, according to ottt can rely on the distance of data centers, their availab
bandwidth etc. After making the choice, the worker initsatee download operation from the selected data center.
When the super-peer connected to the worker acts also aa aatdter, data is first retrieved from the data cacher and
then forwarded to the worker. This enables the dynamic cadhinctionality, which allows for the replication of data
files on multiple data cachers and leads to well known adgastauch as increased degreelafa availabilityand
improvedfault tolerance Dynamic caching also allows for a significant improvemdrmerformances, as shown in
Section 4.

Upon receiving the input data, the worker executes the jeponts the results to the job manager and possibly
issues anothegjob query so restarting the protocol. Each job must be executed afigaeaumber of times, as
mentioned in Section 3. As a job manager receives the reSaljab execution, it checks if the required number of
executions has been reached for that job. In this case, theg@mager informs the job assigners, that will no longer
assign this specific job to workers.

4 Performance Evaluation

A simulation analysis was performed by means of event-bsisedlation, in order to evaluate the performance of the
super-peer protocol described in the previous section.sithalation scenario, and the related network and protocol
parameters, are set to assess the representative astrapplication mentioned in Section 3.

The number of workers is set to 1000 and it is assumed thatexag® of 10 workers are connected to a super-peer.
Each super-peer is connected to at most 4 neighbor supes-peerkers can disconnect and reconnect to the network
at any time: average connection and disconnection timevialeare set, respectively, to 4 hours and 1 hour. A data
download or job execution fails upon the disconnection efd¢brresponding worker. The number of jalis,, varies
from 50 to 500. In our application scenario, each job comesg to the analysis of a portion of the gravitational
waveforms received from the detector. The paramater. is defined as the minimum number of executions that
must be performed for each job, either to enhance stafisticairacy or minimize the effect of malicious executions.
To achieve this objective, redundant job assignment isaébgal: each job advert can be matched and assigned to
workers up to a number of times equal to the parameter MTMattches To Livewhose value must be not lower than
Nezee- Ajobis assigned to workers until either the MTL parametetecremented to O or the job manager receives the
results for at leastV,,... executions of this job. A proper choice of MTL can compensaitgossible disconnections
of workers and consequent job failures.

It is assumed that local connections (i.e., between a spperand a local simple node) have a larger bandwidth
and a shorter latency than remote connections. Specifitalybandwidth values of local and remote connections
are set to 10 Mbps and 1 Mbps, respectively, whereas trasgmidelays are set to 10 ms and 100 ms. To compute
the download time with a proper accuracy, each data file oMB2s split in 1 MB segments, and for each segment
the download time is calculated assuming that the downstiendwidth available at a data center is equally shared
among all the download connections that are simultane@asiye from this data center to different workers.

A TTL parameter is used to limit the traffic load: this corresds to the maximum number of hops that can be
performed by a job query issued by a worker. In our test, thisymeter is set to 3.

Simulations have been performed to analyze the overallutixectime, i.e. the time needed to execute all the
jobs at leastV,,.. times. The overall execution tim&,..., is crucial to determine the rate at which data files can be
retrieved from the detector and sent to the network, so asdcagtee that the workers are able to keep the pace with
data production. We also evaluated the balancing of jobsygmmrkers, the traffic load and the average utilization of
data centers.

4.1 Performance of Distributed Job Assignment

The first set of simulations was performed to verify the adage of having multiple job assigners in a network. The
number of data sources is set to 2, whereas the overall nurhtata centers is 50, which is half the number of super-
peers. The values @f..... and MTL are set, respectively, to 10 and 20. This value of M &ufficient to compensate
for possible disconnections of workers, while larger valueuld be ineffective. This kind of analysis is discussed in
[7].

Figure 2 shows the overall execution time vs. the number bfgssigners, with different values of;,,. A
significant reduction of ... is perceived as the number of job assigners increases. dhigeexplained as follows.
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If only one or few job assigners are available, most jobslélassigned to the workers which are close to job assigners,
because their job queries will succeed with a higher prdibabind in a shorter time. Therefore a small percentage
of workers will issue a high percentage of data queries, whiitl be likely served by the data centers close to such
workers. Two main drawbacks derive from this scenario: @nsnjobs will be served by a few workers, and many
download operations will be served by a small set of dataerentA larger overall execution time is the obvious
consequence, whereas a wider availability of job assigoanslimit both the mentioned drawbacks. Furthermore,
the reduction off.... is more evident when the computational load, i.e., the nurob@bs, is higher. It is noted,
however, that as the number of job assigners increasesxéuait®on time first decreases then tends to get stable:
therefore the optimum number of job assigners can be senhdemeon the minimum incremental improvement (i.e.,
the improvement obtained by adding one more data centdristbansidered acceptable.

8000
) Njob = 50 —=—
Njob = 100 —o—
7000
0o Njob = 250 —e—
6000 Njob = 500 —&—
@
£ 5000
Q
@ 4000
a
3000
2000 —e
1000
1 2 3 4 5 6 7 8 9 10

Number of job assigners

Figure 2: Overall execution time vs. the number of job mamsder different numbers of jobs.

Figure 3 reports the overall number of query messages tedvawarded on the network to complete the required
number of job executions. As the number of job assignereases, fewer hops are necessary to discover a job
assigner, therefore the traffic load correspondingly deses.

600000
5500001
500000
450000
400000
350000
3000001

250000

200000 ’

150000f ~6—6— o
100000T‘H*I‘.\|,
50000
1 2 3 4 5 6 7 8 9 10
Number of job assigners

Njob = 50 —=—
Njob = 100 —6—
Njob = 250 —e—
Njob = 500 —&—

Number of query messages

Figure 3: Network load vs. the number of job managers, fdedéht numbers of jobs.

Figure 4 confirms that the work is better and more uniformbtriiuted with more Job Assigners. Indeed the
maximum number of jobs assigned to a single worker remaykiddidreases as the number of job assigners increases.
This results not only in a shorter execution time, but alsa better load balancing among workers, which is another
obvious objective of public scientific applications.

In conclusions, the protocol for distributed job assignti@ings several significant benefits in terms of execution
time, network load, load balancing. Of course the avaitgbdf a large number of job assigners requires more
administrative workload on the super-peer nodes that aenghis role. Moreover, strict security requirements must
be guaranteed by job assigners, in order to prevent possailieious actions that might hinder the correct progressio
of the scientific application.

4.2 Performance of Distributed Data Caching

A second set of experiments was performed to evaluate thetefness of the distributed caching approach, enabled
by the availability of multiple data centers, when combimgith distributed job assignment. The examined network is
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30 Njob = 250 —@—
Njob = 500 —A—

Max number of jobs per worker Jmax
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Number of Assigners

Figure 4: Maximum number of job per worker vs. the number &f Mtanagers, for different numbers of jobs.

analogous to that examined in Section 4.1, except that thrdauoof jobs to execute is fixed to 500 and the number of
available data centers is varied from 2 (which is the numbdata sources) to 50, i.e., half the number of super-peers.
Moreover, results are reported for a number of job assigraaging from 1 to 5, since this is the interval for which a
significant impact on performance indices can be perceagdhown in Section 4.1.

Figure 5 shows the values of the overall execution time ¢afed for this scenario. The time decreases as more
data centers are made available in the network, for two medsans: (i) data centers are less heavily loaded and
therefore data download time decreases, (ii) workers caloia higher parallelism both in the downloading phase
and during the execution of jobs.

Figure 5 does not report results for some combinations omtimaber of data centers and the number of job
assigners, because the disconnections of workers do ot fdl the completion of all the required job executions.
Specifically, if the number of job assigner is 2 or larger, thienber of data centers should be at least 15, while, if
only one job assigner is available, at least 10 data centenseseded. In fact, if only a few data centers are available,
each of these is likely to be overloaded by a large number okeve’ requests; as a consequence, the download time
increases and the disconnection of a worker during the dmvdhase becomes a more probable event.

35000

Nassigners = 1—8—

Nassigners = 2—6—
30000 i

Nassigners = 3—e—
25000 Nassigners = 5—&—

20000

TExec (s)

15000

10000

5000 3

5 10 15 20 25 30 35 40 45 50
Number of data centers

Figure 5: Overall execution time vs. the number of data asnfer different numbers of job assigners.

Figure 6 reports the maximum number of jobs executed by desimgrker, and proves that the a wider availability
of data centers improves load balancing among workers gas#iximum number of executed jobs decreases. In fact,
with few data centers, the workers which are closer to the te execute more jobs, because the download phase is
faster. However, if more data centers are installed, tHfergitces among workers are attenuated, in particular when
the overall computation load is high.

Figure 7 shows the average utilization of data centers ferskime scenario. This is defined as the fraction of
time that a data center is actually utilized, i.e., the facbf time in which at least one download connection, from a
worker or a data cacher, is active with this data center. Hhgevof this index is averaged on all the data centers and
is an important efficiency index that helps to evaluate thevenience of adding more data centers to the network.

The average utilization decreases as the number of daterséntreases but, in contrast with the execution time,
curves do not get to a relatively stable value. This is a usedlication for setting a proper number of data centers.
To illustrate this, consider the results obtained with 3gsbigners. While the overall execution time can be decdease
until the number of data centers is increased to about 4Gaubeage utilization continues to decrease as more data
centers are made available. As an example, if the numbetatéaters were increased from 40 to 50, there would be
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Figure 6: Maximum number of jobs per worker vs. the numberat&atenters, for different numbers of job assigners.
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Figure 7: Average utilization of data centers vs. their nemfor different numbers of job assigners.

a worse exploitation of data centers but no significativeictidn in the execution time, from which it can be concluded
that an appropriate number of data centers is indeed 40.

5 Conclusions

In this paper we have reported on the ongoing work and restisssuper-peer architecture, and related protocols,
for the execution of scientific applications according te thublic resource computing” paradigm, where resources
are distributed and generally donated by network volustesmrd a large number of independent jobs are executed in
parallel by dispersed worker nodes.

Use of super-peer overlays allowed us to define distributetbpols both for the assignment of jobs and for the
retrieval of input data. Specifically, these two phasesa@kpte availability of super-peer nodes that, in addition t
play the role of routing and rendezvous nodes, are also aoefigo act as job assigners and data centers, respectively.

Simulation results showed that the combined applicatiatigifibuted job assignment and distributed data down-
load leads to considerable performance improvementserimstef the amount of time required to execute the jobs, the
traffic load, the balancing of load among workers and thézatibn of data centers.

By using a system described in this paper, BOINC-like ajpilinis are able to distribute the job assignment
procedure, which is today mostly centralized, and remidheir current static data server functionality through a
dynamic and decentralized data distribution system. Tleesencements would enable projects to automatically
scale their computational and data needs without additemrainistrative overhead as their user-base or probleen siz
increases.
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