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Abstract

Challenging issues concerning resource usage case awithin virtual
organizations (VOs) that integrate participants aedources spanning multiple
physical institutions. Participants may wish toadgite to one or more VOs the right to
use certain resources subject to local policy ardice level agreements; each VO
then wishes to use those resources subject to Wi®ypn this dissertation | propose,
design, build, and evaluate a different approachctmtrolled resources sharing in
large distributed systems based on usage servied Bgreements (USLAS). The
proposed model is targeted for large and dynanstriduted environments and is
itself distributed in order to cope with large coomities of users that reside in
different administrative domains. Agreements andviSe level Agreements are not
new concepts at this time. However, applying treseepts in a large scale Grid that
makes scheduling and resource sharing effectivaifiscult. Without such an
agreement based resource sharing mechanism in, pacting Grid scheduling,
centralized or distributed, either do not scalelwal are not effective due to a high
overhead of gathering up-to-date resource avaitghiiformation. My thesis is that
the explicit representation, enforcement, and mamagmt of uSLAs can serve as an
objective organizing principle for such systemsLAS express how resources must
be used over time intervals and represent a nof@ltthe Grids. The concept comes

from the networking domain, where bandwidth is eted based on specific rules.
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The main objective is resources neither to remdia when there are available
workloads for execution, nor a VO to consume mooenguting resources than
provided. In support of this thesis, my contribngoare as follows. First, | propose
new mechanisms for uSLA specification and enforgemet various levels and
perform experimental measurements of the improvésnirat these mechanisms can
enable in different environments and for differavdrkloads. Second, based on the
real deployments, | introduce a method for detemmgiruSLAS via observation rather
than specification, that is, an algorithm thatiantlcan use to determine automatically
the uSLA that is delivered by a resource in practithird, | introduce GangSim, a
simulator for Grid scheduling studies that allov&. As to be specified and simulated
at different levels, as well as automated perforteameasurements. And fourth, |
present GRUBER, a Grid resource scheduling proeotmd architecture that allows
uSLAs to be specified by site, VO, and, group adstiators.

The results show that uSLAs can be implemented witbcess and | provide
insights into the performance and utility of theLASmechanisms. For example, |
show that for real workloads on a real Grid, theaguged response time is 2.67 times
higher and site utilization is up to ten times lgkthan a simple round robin strategy.
In the same case, the response time is 1.16 tingberhand site utilization is equal

compared to an “optimistic” approach that sendss jua recently responsive sites.
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CHAPTER ONE

INTRODUCTION

In this dissertation | propose, design, build, awdluate an approach for controlled
resources sharing in large distributed systems.pfoposed model is targeted for large
and dynamic distributed environments and is itsidtributed in order to cope with
large communities of users that reside in diffel@hministrative domains. Grids [3, 4]
and Peer-to-Peer systems [5-11], as real-world plesnprovide the requirements for
this work and serve as testbeds to evaluate patesdiutions in realistic settings. |
focus on Grid computing because it enables padmntgp to share many types of
resources: CPUs, disk, network or other complexices.

The thread shared by most Grid systemsoigperative computinfLl2]. The goal of
these systems is to provide large-scale, flexiate] secure resource sharing among
dynamic collections of individuals, institutionsydaresources, also referred as virtual
organizations (VOs) [4]. In such settings, usesnfrmultiple administrative domains
pool available resources to harness their aggregateer and to benefit from the
increased computing power and the diversity oféhesources, especially when their
applications are customized for a specific commguticonfiguration (i.e., 64-bit

architectures vs. 32-bit architectures, ring vs.ar stnetwork topology).
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Resource sharing within large distributed systehet integrate participants and
resources spanning multiple physical institutiorsses challenging issues [13].
Physical institutions may wish to delegate to onenore participants the right to use
certain resources subject to local preferencesvandus agreements; each participant
then wishes to enable those resources subjecteio dkvn policy. Mechanisms for
supporting controlled resource sharing must begaesi to allow cooperative systems
to provision resources based on pre-negotiated eagrts and on providers’
preferences.

The increased scale of distributed systems callsnfoimizing the needs for human
supervision and for automating as many managerasks tas possible. For example, in
a system with over 10,000 nodes, new settings ntaurothousands of times more
often than when no resources are shared. At the sam, the complexity of necessary
services will increase with the scale of the systBor example large and distributed
systems require resource discovery and brokeringces.

Increasing scale in cooperative computing also malerformance and reliability
challenging. Centralized systems are unlikely & iio this challenge of serving as a
single unified management decision point for huddr® thousands of jobs and sites,
and they can become a bottleneck in terms of betiahility and performance.
Additionally, in a wide area network, where shamtldransient failures often occur, a
single decision point can become inaccessible #ying time periods. Distributed

services can alleviate these challenges and immeadability.



3

Current solutions for controlling resource acceskrge scale distributed systems
focus mainly on access control [14, 15], but otr@ups have started pursuing various
paths for controlled resource sharing [16-22]. Fiaecess control mechanisms focus
on allowing resource providers to express additiazanditions about access and
delegate partial control to other entities. Forregke, a Community Authorization
Service (CAS) for access control policy managensdltws resource providers to
maintain ultimate authority over their resourcest Bpares them from day-to-day
policy administration tasks (e.g. adding and detgtisers, modifying user privileges)
[14]. Access control dictates the operations aityeis entitled to perform on certain
resource without any further restrictions once asag granted. Other methods focus on
economic models or matchmaking for controlled resewrovisioning. In such cases,
mini-markets are built for resource brokering amolvsioning [16]. Another approach,
Service level agreemenfSLAS) [22, 23], focuses on establishing consumer4ger
relationships concerning how resources must beurned. Such relationships can be
designed by bi-lateral rules that are driven by ititernal policies that govern an
institution.

The difference of my work from access control matsias consists in its support
for finer control about what fraction of resourcasuser can use after access was
granted. Currency-based mechanisms also allowuidn §iner access control, but they
offer instead a homogeneous access mechanism witdrdarcing any other rules
pertaining to user characteristics (like physicatation or a supporting VO).

Agreements and Service level Agreements are notawmwepts at this time [21, 24,
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25]. However, applying these concepts in a largales Grid environment (multi-
domain resource sharing) that makes scheduling raedurce sharing effective is
difficult. Without such an agreement based resowglaring mechanism in place,
existing Grid scheduling, centralized or distrilwh{&8, 19, 37, 59, 60, 137], either do
not scale well, or are not effective due to a hayerhead of gathering up-to-date
resource availability information. Agreement-basédring focuses on establishing bi-
lateral consumer-provide relations. When many pkagee involved, the establishment
of bilateral agreements among all parties is diffic Thus, after a provider has
established all the agreements he wants, he cadduBLA mechanisms to express
them and ensure their enforcement at the Grid level

In the networking domain, usage service level agerds (USLAsS) are used to
address the problem of bandwidth allocation basedpecific rules. Such policies are
specified by network administrators and containrthes for handling different types of
traffic. In this domain, a simple usage policy exdenis “Email traffic is only allowed
from outside the company’s servers only from a spenail gateway.” [26-29] This
technique cannot be applied directly to Grids witthaddressing the problem of multi-
type resources (CPU, disk, services). In this diaBen | address how a refined and
extended concept of usage policy can be applidd sutcess in a Grid setting.

In this chapter | provide an initial scenario fdretresource sharing problem, a
description of the research problem and a sucamcoduction to the supporting
frameworks and results achieved during this workfinish this chapter with a

discussion of my contributions and a roadmap of hbvexplore the explicit
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representation, enforcement, and management of sSIA large distributed

environments.

1.1 Envisaged Scenarios

The environments | target comprise potentially éeangimbers of resources, resource
providers, and virtual organizations (VOs) [30, .3Epr example, in the sciences,
hundreds of institutions and thousands of individnaestigators may collectively
control tens or hundreds of thousands of compudecs associated storage systems.
Each individual investigator and institution maytjapate in, and contribute resources
to, multiple collaborative projects that can varngely in scale, lifetime, and formality.
At one end of the spectrum, two collaborating sitsés may want to pool resources for
the purposes of a single analysis. At the otheleext, the major physics collaborations
associated with the Large Hadron Collider [32] enpass thousands of physicists at
hundreds of institutions, and need to manage waddacomprising dynamic mixes of
work of varying priority, some requiring the efferit aggregation of large quantities of
computing and storage.

Figure 1.1 shows a high-level model of resourcecalion. In the two VOs
(squares) and three sites (circles), shaded elsnreditate the compute (C) and storage
(S) resources allocated to each VO at each sites $ind VOs share resources by
defining how resource usage takes place in termwlod, what, whereandwhenit is

allowed. VOs and SLAs can, of course, be nestefl [33



Workloads VOB | Workloads

VOA
Sa2
Ca2

Cu Sal
for VO A C S for VOB

Site X Site Z

VO: Virtual Organization
C: Computing Resources
S: Storage Resources

Figure 1.1: Resource Allocation Schematic. VO A’s
computing power is aggregated from Sites X and Y, kile
VO B’s computing power is aggregated from Sites Xy and
Z. Similarly for disk space.
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Users submit workloads that may comprise many dAnds of independent or
loosely coupled tasks [13, 34-37]. | use an intaidry example (see Figure 1.2) to
show how an uSLA can be used to guide resourceatitms in such scenarios, and to
illustrate some of the issues that must be addiesdegen implementing uSLAs.
Assume that provider P has R computing resourcagaale and wants to provide a
portion of these resources;jRo consumer Cfor a period of one month. The provider
must be able to express and enforce this agreeMénimust also be concerned with
exactly how this agreement is to be interpretece Tdsources in question might be
dedicated to €or, alternatively, P might make them availabletioers when Cis not
using them. In addition, if Cis allowed to acquire more than its allocation whe
resources are not being used for other purposes,tkis “over allocation” may or may
not result in @'s allocation being reduced later in the month [38], in turn, wants to
discover the allocation made by P, to interpret #greement in terms of its semantics,
and to use the resulting information when makingesltling decisions: it may, for
example, choose to send tasks to another provadleerthan P, if its allocation at P is
exhausted. Cmay also want to monitor the resources that iaioistfrom P, to verify
that P is adhering to the uSLA that has been nagaoki (In other contexts, monitoring
can also be used to infer the uSLA that is pladeerwthis information is not made

available, or proves to be incorrect).



Provider (P)

Resources Set (R)

Resources (R1) Allocated to C1

a 0
|
L 1
-----
) - .. J

Available Resources

Consurher (Cn)

Resources (Rn) Allocated to Cn

'

Figure 1.2: uSLA Introductory Example
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Thus, an uSLA [38, 39] expresses a relationshipvéeh a resource provider (a site
or VO) and a resource consum@ VO or user). Brokers, or directly, consumers
aggregate resources acquired from different progjdand orchestrate distributed
computations to use those aggregated resourceserffy. In this context, a broker
represents an entity that aggregates resources Vesious providers and advertises
them to other consumers.

Starting from the above example, | define an uSlsAr@presenting a provider
statement about a contract that governs how itsuress are to be allocated to a
specific resource consumer. In a typical scenamaljvidual resource providers
negotiate uSLAs with relevant consumers or brolergstablish what resources are
available for use. Policy makers who participatesirch collaborations define usage
policies involving various levels of resource shgriA VO in its role as both resource
consumer (from sites or other VOs) and provideritgoconsumers: users or groups

within the VO) acts as a broker for a set of resesr

1.2 Refining the Research Problem

Running workloads in a Grid environment without akgowledge about the
employed resource sharing policies can be a clgaigrproblem. For example, Grid3
[13] represents a multi-virtual organization enwmimzent, is composed of 30 sites
around US and sustains production level servicepimed by various physics
experiments [40]. Usually, these participating sitere the OSG/Grid3 resource

providers and their resources are made availalderwarious conditions not captured
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by any monitoring tool (i.e., VO priorities, localsage policies, etc). In this
environment, users often face the problem of hailricies for their jobs even though
various monitoring tools show the selected sitespasially available. Thus, the
guestion How should usage policies for scheduling be represe and used?
becomes important to address. Important challeragge from the lack of automated
mechanisms for uSLA discovery, publication, or iptetation [13] to the complexity
of the uSLA operations to be performed to satisky tequirements [10, 41] of many
resources and users. Additionally, controlled reseusharing mechanisms may
introduce too much overhead to justify their depteyt in real environments.

| make two assumptions in this dissertation. Fimfviders have local policies
about how their resources are used, while alsosfoguon achieving higher gains for
these resources (i.e., utilization). Second, comsamwant to achieve better
performance for their applications and to acquserany resources as possible when
their applications require a lot of computationawer (for example, the physicists
participating in the LCG project [32]).

In a large distributed environment, both computiagources and site management
solutions are heterogeneous. Thus, determiningufiagie policies at each individual
site might not be trivial. Also, these policies alevays specified in terms of specific
local resource manager syntax and semantics. Bsa@isere such policies are not even
specified, local sites would require new usage cyolnechanisms for enforcement

when joining a large computing collaboration. Thesmust answer the questittiow
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can a system determine and enforce providers’ {gdljaf these policies not specified
explicitly?”

The last question;What benefit can be derived from relying on uSLis
controlled resource sharing?taptures the notion that the participants in geoative
environment are interested in maximizing their owanefits. Thus, the sharing

mechanisms must provide real gains for all paréictp to be successful.

1.3 Supporting Frameworks and Experiments

This dissertation describes a novel approach térakding resource sharing in large
distributed systems. To demonstrate the practycalitthis model, | have designed a
notation for uSLA specification and defined fourLdSsemantics; simulated the four
USLA semantics using a resource scheduling simulagmmed GangSim [42]);
evaluated a decentralized solution for uSLA managerbased on the GRUBER [43]
framework for large distributed and dynamic envimemts; and demonstrated in
practice how uSLA-based resource sharing worksgusie GRUBER framework.

In the rest of this section | introduce the twosonging tools developed specifically
to evaluate uSLA-based model and present an owemighe results that support this

dissertation.

1.3.1. Frameworks

The first tool, GangSim [42], is a VO-centric Gistmulator | developed for the

scheduling studies presented in this dissertatéangSim simulates a context where
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hundreds of institutions and thousands of indivisiiallectively control hundreds to
thousands of computers and associated storagersyste

GangSim is a discrete simulator that periodicallgleates the state of all simulated
components: sites, VOs, schedulers (internal, pateand data), monitoring data
points, site policy enforcement points and VO ppbaforcement points. GangSim also
evaluates costs associated with the simulated coems: time to enter the scheduling
gueues, time for site assignment, time for sitedier (network allocation and transfer
for the executable), time for node assignment, am@ for job transfer (network
allocation and transfer for the executable and)ddd.

The main purpose of GangSim is to provide suppmrsimulating the combination
of uSLAs, scheduling policies and various workloadscertain Grid architectures and
to measure various metrics, such as: resourceattdon, response times, local and VO
policy violations, and queue times when failured aosts are simulated.

The second tool, GRUBER [43], is a framework forLASdiscovery, resource
management and job routing that | developed fotayepent in Grid environments. It
discovers and uses sites’ uSLAs for better resoscbeduling. GRUBER focuses on
computing resources such as computers, storageneawarks; providers may be either
individual scientists or sites; and VOs are collaltige groups, such as scientific
collaborations. GRUBER adds to the classical Gaodceete support for discovering,
specification, and enforcement of uSLAs. Also, GREFBsupports uSLA management
at several levels in a Grid, from the site leveltaphe end user level [43]. Whenever a

management decision must be performed, the uSlaks freveral levels are composed
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to compute the actual resource allocation for #rguesting user. To cope with large
and dynamic Grids, several decision points candpdoged in a distributed manner and
they cooperate for accurate decision making [45hewa Grid scheduler is missing,

GRUBER can also play the role of a basic Grid sahed infrastructure.

1.3.2. Results

The results presented in this dissertation canrbepgd into three main categories:
analyses by means of simulations of uSLA semardicd infrastructure models,
analyses of uSLA-based resource sharing and madiisupport for decentralization
and dynamic Grids, and analyses of previous coscémt job submission over
OSG/Grid3 [13].

| performed extensive experiments using GangSiraviuate alternative uSLAs,
architecture models, and mechanisms for collectipgblishing, expressing, and
enforcing policies at various levels in a Gridldaadevised and analyzed the behavior
of four uSLAs semantics -ro-limit, fixed-limit, extensible-limitandcommitment-limit
— in conjunction with several scheduling policidfie simulation results showed that
the commitment-limisemantics performs best in terms of both resoutiieation and
response time.

My results obtained with GRUBER demonstrate th&ing into account usage
policies where they exist and performing uSLAs-baseheduling allow both resource
consumers and providers to achieve higher perfocmdsmaller response times and
better resource utilization, respectively). | uskid framework to simulate a Grid ten

times larger than OSG/Grid3 on PlanetLab [46] ureleonstant workload of at least
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one job per second from 120 submission hosts. Teggeriments show that three to
five decision points are sufficient to handle tleeidions required for such a Grid [45].

Finally, |1 use the BLAST workloads [43] over OSGi@ [13] to show that uSLAs
can be used successfully in practice and to sh@nwe#pected performance for such
situations [40], as reported in Section 6.4.3 o thssertation. In the OSG/Grid3 case,
the measured response time is 2.67 times highesigmditilization is up to ten times
higher than a simple round robin strategy. In ti®e case, the measured response time
is 1.16 times higher and site utilization equal paned to an “optimistic” approach that

simply sends jobs to recently responsive sites.

1.4 Contributions

This dissertation introduces an uSLA-based resowttaing model for large
distributed environments. The contributions of thiwk are:
1. New mechanisms for uSLA specification and enforasimed various levels and
experimental measurements that demonstrate therpenice improvements that

these mechanisms can enable in different envirotsvard for different workloads.

2. A method for determining uSLAs via observation eastthan specification, that is,
an algorithm that a client can use to determineraatically and dynamically the

USLA that is delivered by a resource in practice.

3. A Grid resource scheduling architecture that alle8&As to be specified by site,

VO, and, group administrators. Also, a softwarenieavork, called GRUBER, that



15
implements that architecture and permits experiatemt with alternative
implementations of different functions.

4. A simulator, GangSim, for Grid scheduling studiémtt allows uSLAs to be
specified and simulated at different levels (sité€s, and groups), as well as
automated performance measurements.

The contributions for each chapter are outlined.neixst, | discuss related work in
Chapter 2. Second, | introduce the uSLAs problem discuss representations for
uSLAs in the Grid environment (Chapter 3). Thirgrésent detailed descriptions of the
GangSim simulator and the GRUBER framework (Chagtand 5). Fourth, | present
experimental results gathered for two main scesasde level uSLA-based resource
management and those gathered using GRUBER on $i&@@&1id3 testbed (Chapter

6). The dissertation ends with conclusions andréutasearch directions (Chapter7).

1.5 Metrics

This section defines metrics used in this dissertato evaluate and compare
different mechanisms for controlled resource starin
Aggregated resource utilizatiofUtil) is defined as the ratio of the CPU time
actually consumed by the N jobs executed duringptitéod considered (-1 ET)) to
the total CPU time available over that time:
Util = Mo ETi/ (#_of CPUs * t)
Util is designed to capture both the enforcement ofwmers’ preferences and how

well a provider’s resources were used.
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Total job completiorper site, VO or overallGomp), measures the total number of

jobs from a given set that are completed in a sentderval:
Comp = Completed_Jobs / # of Jobs * 100.00

This metric is designed to quantify the imbalanetoduced by a given scheduling
policy. It is useful for assessing the overall parfance of the scheduling strategy.

Average site response tinieelay) represents the average time, per jpi;j, that
elapses from when the job arrives at a resourcageds queue until it starts (the time
between when a request is made and when the jdb atdhe site level):

Delay = Ni-; DT;/# of Jobs

This metric is designed to order sites in a Gridction of their responsiveness in
scheduling jobs.

Average Grid response tin{®esponsg is computed as the average time per job
that elapses from the job submission to an extexctaduler queue until it starlRT;),
in other words, the time between when a requesiaide at the Grid level and when the
job starts on a site:

Response = M-y RT; /N

Responsecombined with the number of completed jobs is giesd to allow users to
guantify their satisfaction.

Average starvation factqStarv) represents the ratio of the resources requested a
available, but not provided to a user, to the resesi consumed by the uséT(),

wherei represents a site number (N). | compute this giyaas follows, wheresT,; is



17
the CPU resource requested by a user but not mdyahdRT; is the total resources
available:

Starv= Mo; (MIN (ST;, RT) )/ N1 ET,
This metric is designed to measure how well a salegl approach provides resources
when available.
USLA violationratio (Violation) represents the ratio of the CPUs consumed by
users BET)) over the allocation interval to total the CPU mow
Violation = M1 BET;/ (#_of CPUs * t)
This metric is designed to quantify a users’ satgbn under a specific uSLA over a
given time interval t.
| define thescheduling accurac{Accuracy) for a specific job $A) as the ratio of
free resources at the selected site to the total firovided resources over the entire
Grid. Accuracy is then the aggregated value of all scheduling ractes measured for

each individual job:
Accuracy = Mi-1 SA /N

Accuracy is designed to measure how well a distributed énoky system deals with
partial information.

Error per job EPJ) is the number of failures per job. This metriused to quantify
the improvement in job execution over OSG/Grid3uaen the two sets of experiments
presented in Chapter 6.

Throughput is defined as the number of requests completedessfidly by the

service per unit time.
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Replan is the number of re-scheduling operations performering a considered
workload execution or time interval.
Time is the total execution time for a workload consade for any of the
experiments in this dissertation.
Speedupis the serial execution time to the grid executiare for a workload, and,
finally, Spdup75is the serial execution time to the Grid executiome for 75% of a

workload.



CHAPTER TWO

RELATED WORK

In this chapter | introduce in more detail the Gzamputing domain, as defined by
Foster et al. [3, 4, 47], and, next, | describertten approaches and available systems
for controlled resource sharing in such environmethe chapter also includes a
survey of existing Grid simulators and their liniibas that supported the necessity for
building GangSim, a means for uSLA-based schedwdindies. The chapter ends with

taxonomy of the policies used for controlled resewharing in this domain.

2.1. Introduction

The termGrid was coined in the mid 1990s to denote a distribudemputing
infrastructure for advanced science and engineeriaigd computing defined through a
series of excerpts introduced by Foster et al. [4]:

1. “Grid computing has emerged as an important neld,fifistinguished from

conventional distributed computing by its focus lamge-scale resource
sharing, innovative applications, and, in some sadegh-performance

orientation.”

19
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2. “... the ‘Grid problem, which | define as flexiblesecure, coordinated

resource sharing among dynamic collections of ildials, institutions, and
resources — what | refer to as virtual organizatiom such settings, |
encounter unique authentication, authorizationpusse access, resource
discovery, and other challenges. It is this clasproblem that is addressed
by Grid technologies.”

3. “The real and specific problem that underlies thigl Goncept is coordinated

resource sharing and problem solving in dynamicltirmstitutional VOs.
The sharing that we are concerned with is not milpnéile exchange but
rather direct access to computers, software, @aa,other resources, as is
required by a range of collaborative problem-sajvamd resource brokering
strategies emerging in industry, science, and e®ging. This sharing is,
necessarily, highly controlled, with resource pdmvrs and consumers
defining clearly and carefully just what is sharedho is allowed to share,
and the conditions under which sharing occurs. tAocsendividuals and/or
institutions defined by such sharing rules form twha call a virtual
organization (VO).”

In a nutshell, Grid computing is about large scadsource sharing, innovative
applications, and high performance computing [M}s meant to offer flexible, secure,
coordinated resource sharing among dynamic catlestiof individuals, institutions,
and resources, namely VOs. Figure 2.1 below gavgsmpse into the complex nature

of Grid environments; it depicts VOs (blue cloudgerconnected at both the physical
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layer (via networks) and at the abstract layer aevice layer agreements). Each VO
has resources (i.e. direct access to computersyaef and data) and users. Based on
the agreements among the various VOs, users cateland share resources that are
part of different VOs and could be physically lamatinywhere in the world.

The Grid provides a means for resource sharingrilniged in different
administrative domains. The main topics of researeh

Resource ManagementDeveloping uniform and scalable mechanisms foning,
locating, and allocating computational and commaitien resources in distributed
systems is a difficult problem. Usually, resour@e hidden by various layers of
software management and offering a transparentfact for utilization becomes a
difficult problem to address in practice.

Data Management and AccessAn important element is the design and production
of infrastructure-level architecture for data magragnt, which are called the data grid.
Many applications that are intended for grids ameadntensive, in the sense that they
require large amount of input and output data fomal execution. Data placement is a
difficult problem; because it has to take in acdaalso the network link capacities and
local CPU power. Also, data scheduling must prodeeadomplement) job scheduling
to avoid job starvations due to missing data.

Information Services. Requirements, designs, and prototypes of Gridrimétion
service are critical in large environments. Suctvises provide useful information

about what resources are available or how resountess be used and allocated. Also,
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these services become an enabler for dynamic apiplicconfiguration and adaptation
in dynamic environments where resources join aaddehe environment at a fast rate.

Security: Secure group communications, management of telationships, and
developing new mechanisms for fine-grained accesgra are important for grid
applications. To ensure authenticity without theygibal necessity of holographic
signatures, signing cryptographic mechanisms areeldped and provided for
messages and documents. Encrypting the entire dadwwith a receiver's public key
assures that only the receiver might be able td tlea document's content. The purpose
of such signing / encrypting, then, is to guarankes any attempt to modify / read the
content of a document becomes practically impossibhus, key possession and
protection become an important issue in a world likkas in digital environments and

needs confidentiality or/and privacy.
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Figure 2.1: Grid Computing Overview



24
Motivated by a desire to support better resourcaagament and access services,
more and more effort is invested in research amgldpment of systems for delivering
management services over national and global scfffg}s Current solutions for
controlling resource utilization in large scale tdimuted systems focus mainly on
access control [14, 15], but other groups havetestapursuing various paths for
controlled resource sharing [16-22]. Next, | detoime of the most common Grid

technologies for resource management and access.

2.2.Resource Management Solutions for Grids: A Survey

| describe in this section four well known efforter controlled resource
management in Grids, plus three additional infratres targeted at resource
management. Each of these solutions is pursuedffgresht communities or groups

and have large acceptance for the Grid community49].

2.2.1 Community Authorization Service (CAS)

Community Authorization Service (CAS [14, 15]) repents one of the efforts
pursued by the Globus team for providing controléatess to Grid resources. CAS
builds on X.509 and Certificate Authority (CA) capts in order to support controlled
resource sharing for resource providers that spewilurse-grained access control
policies, and delegating fine-grained access cobnpaicy management to the
community itself.

X.509 [50, 51] defines a centralized control framefor providing authentication

services by using cryptographic techniques. Thezdlaee main roles required by this
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approach: Certificate Authorities, Subscribers ddosers. An additional entity is
represented by a Naming Authority (NA). CA [52]tiee entity recognized by several
principals that controls authentication mechanisimd the management of certificates.
Principals trust a CA by knowing (correct: belietvey know) its correct public key
and accepting unconditionally as authentic alliteates signed with this key. Because
the verification process requires as informatioty dhe public key of the signing CA
and certificates, the entire process can be coeplsithout the permanent presence of
the CA online. The only issue is the acquisitiortha correct public key of the trusted
CA.

By means of CAS, resource providers maintain ul&mauthority over their
resources but are spared from day-to-day policyimidiration tasks (e.g. adding and
deleting users, modifying user privileges). CASlésigned as a centralized server that
is initiated for a community: a community represéive acquires a GSI credential to
represent that community as a whole, and thenau®AS server using that community
identity. Later, resource providers grant privilege the community. Each resource
provider verifies that the holder of the commuratgdential represents that community
and that the community's policies are compatibléhvine resource provider's own
policies. Once a trust relationship has been dastedul, the resource provider then
grants rights to the community identity, using natrocal mechanisms. Also, a user
uses the credentials from the CAS to connect ta¢leurce with any normal Globus
tool (e.g., GridFTP [53]). The resource then applis local policy to determine the

amount of access granted to the community, anthduntestricts that access based on
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the policy in the CAS credentials. This serves imitl the user's privileges to the
intersection of those granted by the CAS to the asd those granted by the resource

provider to the community. CAS is distributed wikie Globus Toolkit [15].

2.2.2 GARA: End-to-End Quality of Service for Highend Applications and
G-QoSM
GARA [18] represents a modular and extensible &chire for resource
reservations to support end-to-end application ityualf service (QoS) in Grids. It
offers a single interface for reserving differeyyids of resources (network, CPU, disk),
and focuses on provisioning generic solutions atgbrithms for different types
resource managers (the heart of GARA). Reservat@mmd QoS) are specified through
a specialized C-API, composed of client and Globa#] modules for admission
control. GARA is built on three levels: low-leveloQ RMs, a QoS component for
interfacing with the low-level RMs and provisionitige common interface, and high-
level libraries (at the user level) for leveragirggervation synchronizations for user-
level applications. The prototype supports onlitéinreservations, with three main
classes of elements: reservations, resources, a&lalgments. All communications
client - agreement provider are done through aipe&Pl, and the underlying
language for messages is RSL, with only one QoSntdatve parameter per
reservation request [18].
G-QoSM [55] builds on top of GARA in order to prdei support for applications
utilizing Grid computing infrastructure and requgi the simultaneous allocation of

resources, such as compute servers, networks, mgerd@k storage and other
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specialized resources. Collaborative working arglialization are examples of such
applications. G-QoSM is a framework for QoS manageinand allows Grid users to
specify, locate and execute Grid jobs with QoS tags on Grid enabled resources.
The framework provides three particular featurgssupport for resource and service
discovery based on QoS properties; 2) support fawviging QoS guarantees at
middleware and network level, and establishing SltAsenforce these; and 3)

providing QoS management on allocated resourcesdb@s a pre-negotiated SLA.

2.2.3 SNAP: A Protocol for Negotiating Service LeveAgreements and

Coordinating Resource Management in Distributed Sytems

SNAP [19] tries to overcome previous resource mamemts by providing a
generic framework instead of considering specidlizdasses of resources. The
generalized framework maps resource interactions arwell defined set of platform
independent service level agreements. SNAP repiestie instantiation of this
generalized framework, which provides a managenrdrdastructure for such SLAs.
However, the entire approach is generic enough camd be used beyond the Grid
domain and Globus Toolkit in particular [19, 56].57

The SLAs are categorized as: task service levekemgents, resource level
agreements, and binding service level agreementsirdmal number of scenarios are
also introduced, to provide a basic understandiog ISNAP should be used in
practice: file transfer service, job staging withnisfer service, resource virtualization.
Also, for agreements realization, a supporting ot is introduced that supports the

SLA management. [58]
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2.2.4 WS-Agreement

WS-Agreement is a specification for resource rest@as in grid environments. It
is a second version of the OGSI-Agreement, develapéhe GGF context. Cremona is
a project developed at IBM as a part of the ETT&nfework [21, 24, 25], which
represents an implementation of the WS-Agreemeecigation. Its architecture
separates multiple layers of agreement manageneetitpgonal to the agreement
management functions: the Agreement Protocol Ronadement, the Agreement
Service Role Management, and the Strategic Agreenvemagement. Cremona
focuses on advance reservations, automated SLAtiaggo and verification, as well

as advanced agreement management.

2.2.5 Commercial Workload Management Systems

IBM WebSphere Extended Deployment (XD) is a goodnegle of a commercial
workload management system. It offers a dynamidrenment for running mixed
application types, while also comparing businedsesfor various allocations in order
to maximize the business value. Business requim&smean the common infrastructure
include quantifying and satisfying service levelreaments (SLAs) for external
customers. This component can and will interachwther services to obtain necessary
information. Its primary goal is to interact withet external customer and identify the
specific characteristics [137]. At the provider déva policy-based management

component imposes optimal allocations and maintthesintegrity of the provider’s
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environment. The engine examines the policies terdene a configuration with the

best “score,” which represents the optimal resoaacgiguration [138, 139].

2.2.6 Other Systems

Other groups have pursued similar paths for regosinaring. The most notable ones
are the SPHINX framework, developed at the Universif Florida, and the Grid
Service Broker. SPHINX is policy based schedulimgnfework for Grid-enabled
resource allocations [59]. This framework providesheduling strategies that (a)
control the request assignment to grid resourceadpysting resource usage accounts
or request priorities; (b) manage efficiently res®s assigning usage quotas to
intended users; and (c) supports reservation bgrsgdesource allocation.

The Grid Service Broker, a part of the GridBus Bcbj mediates access to
distributed resources by (a) discovering suitabdéadsources for a given analysis
scenario, (b) suitable computational resourcespftimally mapping analysis jobs to
resources, (d) deploying and monitoring job executon selected resources, (e)
accessing data from local or remote data sourcagljob execution, and (f) collating
and presenting results. The broker supports a @eésla and dynamic parametric
programming model for creating grid application8][6

KOALA [37] has been designed and implemented byRB& group in Delft in the
context of theVirtual Lab for e-SciencéVL-e) project. The main feature of KOALA is
its support for co-allocation; that is, the simaokaus allocation of resources in multiple
clusters comprising a Grid to a single applicatioonsisting of multiple stages.

Currently, KOALA supports processor and memory Boeation and makes use of the
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SGE local resource managers. KOALA makes use ofGlese-to-Filepolicy (CF) or
the Incremental Claimingpolicy (IC) for scheduling jobs. The most impottd@ature
that enables this work is its capability to perfocarallocations. However, KOALA
does not support controlled resource sharing widek is under progress to include an

USLA-based resource allocation similarly to the pr@posed in this thesis [48].

2.3. Simulators

Here | describe succinctly several Grid simulatihrst target similar problems in

Grid as GangSim, the tool proposed in this thesisiSLA-based scheduling studies.

2.3.1 Bricks

Bricks [61] was the first proposed Grid simulatesijned to investigate scheduling
issues. Its motivations were the proposal and desig@an adequate tool for studies and
comparisons of scheduling algorithms and framewouksler various structural and
workload conditions, in the objective of providinggproducible results. Bricks
scheduling research focus on multi-client, multvee Grid scenarios. Bricks allows
the simulation of various behaviors: resource soheg algorithms, programming
modules for scheduling, network topology of clieatsd servers in global computing
systems, and processing schemes for networks avelse

It considers the following interacting constituetite global computing system and
the scheduling unit: The global computing systemsegis in clients submitting jobs,
servers executing the jobs and the network. Seasasnetworks are characterized by

their performance, workload or congestion, andrthiariance over time. Servers and
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networks are modeled as queuing systems. Jobsharacterized by the size of their
parameters/results and the number of computing atipes they require. The
scheduling unit contains a network monitor meagunatwork bandwidth and latency,

a server monitor measuring performance, load, aadadility of servers, a resource
data base module storing the all measurementstsesntl serving as a scheduling-
specific database, a predictor reading the measnfeanation and predicting resource
availability and a scheduler allocating tasks orvesebased on the resource data base

and predictor information [44].

2.3.2 SImGrid

SimGrid [62] is among the most popular simulatiool$ for Grid research. The
main motivation behind the design and developmérimGrid was the necessity of
simulation tools to study single-client multi-sersescheduling in the context of
complex, distributed, dynamic, heterogeneous enwents. Since in its general form,
the scheduling problem is NP complete, most opitoposed scheduling algorithms are
heuristics. SimGrid provides a set of abstractiamsl functionalities to build a
simulator corresponding to the applications andastfuctures characteristics. In
SimGrid resources are modeled by their latencysemdice rate. These characteristics
may be set as constants or evolve according toiqusly collected traces. The
topology is fully configurable. SimGrid considergeeution time prediction errors
allowing the user to understand the behavior of sbbeduling algorithms under

complex situations where execution time cannotdoeiiately predicted [44].
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2.3.3 GridSim and ChicSim

Like SimGrid, GridSim [63] is a simulator to invagite scheduling issues in Grids.
GridSim was proposed and designed after SimGradmibtivations are quite similar.
One main difference concerns its focus on Grid eoon where the scheduling
involves the notions of producers (resources ownassnsumers (end-users) and
brokers discovering and allocating resources tosugé].

ChicSim is a modular and extensible discrete elath Grid simulation system
built over Parsec that has been used to evaluateda variety of scheduling and
replication algorithms [64]. Like GangSim, ChicSmodels a Grid as a collection of
sites. However, ChicSim does not include notion¥©t or groups and has no support
for site usage policies. Similar comments apply MONARC [65], a simulator
developed to evaluate the performance of data psoug architectures for physics data
analysis, and GridSim, which models various comptmef distributed systems, but

does not address the representation and evallatoiicies.

2.4. Taxonomy of Policies for Access Control

A policy is the statement expressed by one or moameers or administrators of a
resource about how the resource can be accessagandPolicies can be either stored
in attribute certificates that extend the authdrmmamechanism or specialized services
that provide on demand these policies. Policiesparsed when required by various
inference engines or schedulers, having as reswt actions should be performed in

response to the resource request.



33

Authorization Policies: An authorization policy specifies actions that jsats are
permitted or prohibited to invoke on managed olsj¢66]. The entire set of policies
that refers to a single resource forms the authtam set that must be enforced, and
which must be passed in order to be granted resoaocess. By using policy
statements, an application may address the changgugrements of each resource and
session independently. Policies governing resoune@e been traditionally expressed
using access control lists (ACL). This model asssimeentralized control where the
owner grants and revokes manually authorizatiomsgussts of rights or other simple
associations between names and rights (see predistisssion).

Obligation Policies: In contrast to authorization policies, an obligatipolicy
specifies which actions a subject should (or shawt) perform.[66] Subjects can be
trusted to perform them, but also monitoring andommng mechanisms should be
deployed to check how a subject respects obliggialities. Negative obligations are
not equivalent with negative authorizations. They @ly at the subject part as filters
and there are no restrains for the managers toemmat them (e.g., instructors must
not disclose student evaluations, while studergsnat forced to implement the same
obligation).

Delegation Policies:Authority delegation is essential for automated andlable
operations. It is the way how virtually many modemganizations work. The main
authority delegates portions of its authority, s that become more specific as the
delegation chain increases. The person at the £sdob a delegation chain has the

actual responsibility to act for signing a contrdot operating an equipment, etc. This
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authority delegation is traditionally accomplishdough a collection of policies and
procedures and defines how employees should contthedt activities inside the
organization.[66] Secure delegation occurs when alrject authorizes another object
to perform some task using some of the rights efitlitiator. The possibility to verify
that an object claims to be acting on another'salbed somehow a requirement in
modern systems. The authorization lasts as lornlyeatarget object provides the service
or until the delegation authorization expires owighdrawn.

Roles: Roles are defined as organizational identities azgag of rights and duties
for an authorized user. A role can be assigned $mgle user, to another role, to a
group of users or to all users in a system (uspegigal keywords). It is also important
to note that roles are not defined in isolationt busocial-like environments. The
notion of role does not add any power to a secuwdgtext, but instead improves
manageability by adding an optional level of indiren. A high-level criterion to
distinguish roles is to differentiate between elatagy roles, just roles, and aggregate
roles. In order to define a finer model, it is wdeb make distinction also between
various types, to define role models (how rolesspecified and which relations can be
established), administrative models (where the aiith for creating and assigning
roles resides), assignment models (how roles asggresd), task representations
(relation between roles), to define consistency uiregnents and to specify

implementations [66].
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2.5.Discussion

Resource access policies typically enforce authtidm rules. They specify the
privileges of a specific user taccessa specific resource or resource class, such as
submitting a job to a specific site, running a gatar application, or accessing a
specific file. Resource access policies are typicainary: they either grant or deny
access. In contrast, uSLAs as proposed in thised&gn govern thesharing of
specific resources among multiple groups of userse a user is permitted to access a
resource via a resource access policy, then otbehamisms can step in to govéow
muchof the resource the user is permitted to consiBueh mechanisms can be QoS
rules [18], currencies [60, 63], or uSLAs [67],iasoduced in this dissertation for Grid
resources.

Resource uSLAs can be sensitive to deenandfor the resource: the policy may
allow a user to use large quantities of a resourtiee absence of contention, and lesser

guantities in the presence of contention [38, d8]detailed later in this dissertation.



CHAPTER THREE

USAGE SERVICE LEVEL AGREEMENTS IN GRID

ENVIRONMENTS

In the Grid domain [68], | envisage a three-laygucture in which sites provide
resources (computers, storage, networks, and big-l services) to virtual
organizations (VOs), which in turn provide thossawrces to their own members.
These patrticipants are either resource ownersuresocconsumers or both. Owners
represent the class of participants that provideeeioutsourcing services or direct
access to their computing resources, while conssine@resent the class of participants
interested in harnessing the aggregate power oéghasources.

In this resource sharing environment, owners answmers negotiate uSLAS to
establish what resources are made available fobys#hers. Owners want to express
(and to enforce) the uSLAs under which resourcesnaade available to consumers.
Consumers want to access and to interpret such s&tatements to monitor their
agreements and to guide their activities. Thesevitees involve the allocation of
aggregate resources provided by different ownerdifterent internal purposes, and to
orchestrate distributed computation to use thoggeagted resources efficiently. Both

owners and consumers want to verify that theseeaggats are applied correctly.

36



37

Owners and consumers may be nested: an owner nmayidn as a middleman,
providing access to resources to which the owner itself been granted access by
some other owners. Thus, uSLAs issues can ariselléiple levels in such scenarios.

The main question addressed idoWw should uSLAs be represented and handled in
Grid environments in order to act as an organiziqginciple for resource
management?In addressing this question, | build on previomsrk concerning the
specification of local resource scheduling polifs8s 69-73]; the negotiation of SLAS
with remote resource sites [19, 21, 22, 39], amdetkpression and management of VO

usage policies [38, 59, 74].

3.1. Scenarios Revisited

In Chapter 1, | provide an introductory scenario $oientific collaborations that
vary widely in size and scale. In this chapter,régent concrete details based on
Grid3/0SG. In addition, | discuss a scenario fola@e company acting in several
countries (and in several markets) and one forga kevel service from an external

provider. In each scenario, some common uSLA exasnle also provided.

3.1.1. Grid3 Scenario

In the first scenario, the Grid3/OSG comprises thmstitutions and hundreds to
thousands of individual investigators that colleely control thousands of computers
and associated storage systems [31, 75]. Eachidldilvinvestigator and institution
participates in, and contributes resources to pialttollaborative projects that vary in

scale and formality. Figure 3.1 depicts a graphieptesentation of the Grid3 sites.
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Figure 3.1: Grid3 Sites and Instantaneous Utilizabns - The
Grid Catalog Monitoring System (GridCat) snapshot

In this environment, several VOs exist that are posed of users with various
common interests and applications. The most comarm@s are the USATLAS [76],
Sloan Digital Sky Survey (SDSS) [77] and iVDGL [78|0Os (see Figure 3.2).
USATLAS users simulate the collisions of protonspootons at 14 TeV at the LHC for
the CMS experiment — applications are composed wfdfeds of embarrassingly
parallel programs with large input/output files. eTiSDSS VO users measure the

distance to, and the masses of, clusters of galaniehe SDSS data set — applications
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are composed again of many components, but in dase they have input/output
dependencies [79] that can be represented usimegtdacyclic graphs (DAGs). The
iIVDGL VO performs protein sequence comparisoniatdasingly larger scales. This
application uses various size workflows in whickirsgle BLAST job has an execution
time of about an hour - the exact duration depemushe CPU, reads about 10-33
kilobytes of input, and generates about 0.7-1.5ahgtes of output.

Grid3 sites are sponsored either by different V@sdwoectly by the hosting
institutions. Each site has usage policies (expesometimes as “provide 30% of
resources to USATLAS”) that are enforced by meahs docal resource manager
(RM). The sites we used for local usage policy wsial are located at Lawrence
Berkeley National Laboratory (PDSF), the Universay Buffalo (UBuffalo), the
University of Chicago (UChicago) and the UniversifyMilwaukee (UMN). At PSDF,
the RM is LSF; at UChicago the RM is Condor; at UNti¢ RM is PBSPro, and at
UBuffalo is Maui with PBS. On each of these sitthg Grid3 settings are as follows:
all users from a VO are mapped to a local commonal the local RM is either
configured to provide that local ID some predefimphntities or a specific fair-share
priority relative to other users. With so many €iffnt resource managers, it is

important to express them in a common language.
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Figure 3.2: Virtual Organizations Operating on Grid3

For the Grid3 scenario, some of the requiremerdkide the provisioning of fair
share allocation policies capable of expressingasins both with and without
contention. Usually, resource providers (univeesitand laboratories) and resource
consumers (scientists from different domains) wagtdess to these resources pooled
together according to various needs. For examm@é&ré important conferences we
have observed that Grid utilization increases aigtidr job contention occurs, while
during holidays most resources are free for longetintervals [80]. These observations

presented by losup et al. [80] motivate our intithn of a uSLA that ensures



41

“whenever there is no contention users can use asynmesources as possible, while
when contention occurs, the resources are allocatabrding to pre-defined rules that
provide the incentives for Grid participation.The following sharing example is
widely accepted by each individual site (or witlffetient variations in terms of the
amount of resources provided) [81ihére are three types of incoming jobs to balance:
one from CMS, one from ATLAS, and one from iVDGe&.call them USCMS-Prod,
USATLAS-Prod, and IVDGL. We want USCMS-Prod and TW3&-Prod to get an
equal share of available CPUs, but IVDGL should getsmall fraction, of the
resources, if there is contention (a 4th of what tithers get).”Figure 3.3 shows this

controlled resource sharing scenario for the Ussitggiof Chicago resources.



Figure 3.3: Graphical View of the UChicago Resource
Sharing

42



43

3.1.2. Multi-Market Company Scenario

The second scenario | consider comes from the éssinvorld. In this case, a
company active in multiple financial markets owrmsnputational resources in each
country where it operates [23]. These resourcesused primarily for trading screens
(see Figure 3.4). Since traders are active onlinduhe day, the company allows other
business-related applications (e.g., portfolio reskaluation - a compute and data
intensive application; market prediction - anothesmpute and data intensive
application) to run on these resources at nighteats of deploying an additional
specialized computing farm. The company has twgeigsliciesthe pooled resources
must be used according to each local market’'s ugadieiesandthe computing nodes
must be available to traders from 7:00 to 22:00ig the local trading day

At the company level, the aggregated resourcesbeafurther sub-allocated by
means of company wide uSLAs based on the currepbitance of each business
application. For example, in our scenario tharket predictionapplication might be
more important, thus the company provid@8s of the aggregated resources from each
individual market for its computations wheneverorgses are not used by local users

(which becomes a VO level uSLA).



Figure 3.4: Graphical View of Multi-Market Company
Resource Utilization
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Each local center also imposes its own local pedicAt the lowest level, such usage
policies include detailed resource sharing inforamat(they describe the physical
resources to be shared}6'out of 32 processors are provided on clusteon®fhours
starting at 22:00 local tinfeor “24 machines with at least 512 MB of memory and at
least 2 GHz CPU-speed, interconnected with a 1& GWwitch are provided from 22:00
to 7:00” The second example captures a multi-resource yStAch are important in

complex distributed systems.

3.1.3. Outsourcing Scenario
In the third scenario, | envisage that a commuwity-sources some high level
services to reduce deployment and operational .c&asnmunity members acquire
resources and services from independent utilityipers that specialize in providing
those services (see Figure 3.5). Service exampiekide scheduling prediction
services, monitoring services (MonalLisa [65]), @menunity authorization services

(e.g., DOE certificate authority [82]).



Figure 3.5: Service Outsourcing Scenario
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In this scenario, the service provider requireggagaolicies to express the amount of
resources or services he is willing to provitlgarovide 1000 requests for service A
from 7:00 to 16:00 for 1 month for any remote uf®m Grid3 or | accept 1000
requests for service A from 7:00 to 16:00 on datiXany remote user from Grid3

[83].

3.1.4. Requirements for uSLAs

Usage policies in all the above scenarios provigigpsrt for controlled sharing
from raw resources (CPU, disk space or network wadttl) to complex services (such
as various Grid-level services). They express smydage condition§'30% for a
month for consumer Ao complex ones (see previous examples). ThesAsatfect
only specific sets of resources. For example, Isite} or center-level requests must
affect only local resources, while VO-level or cang-level resources affect
aggregated virtual resources and, thus, the stairees pooled together.

The Grid3 scenario requires support for simple uSlthat any current cluster
management tool enforces at the site level, bistimportant to insure that Grid-level
schedulers and brokers have access to these u8LAchieve higher resource usage.
At the VO level, similar uSLA support is requiredl ¢nsure that Grid entities get a
certain percent of the aggregated resources wtega th contention. The multi-market
company scenario represents a different case, indsgsenvironment where resources
are allocated to various activities and group fiomst based on the business rewards
these activities or entities generate. Resourcehtnmot be completely allocated for

other purposes even if they are available, thusuBleA must capture such situations.
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In this scenario, uSLAs are dependent also on tintm not consider an additional
mechanism for time, because it can be incorporatéd the uSLA language
specification as a normal precondition. Now, foe tlast scenario, the out-sourcing
company, no additional mechanisms are requireditliapresents an interesting study
case from a different angle: to show that uSLAs loarused with success for sharing
controlled higher-level resource (services) as vasllraw-resources (CPU, network,
disk).

In the above scenarios, when multiple concurremaiests are present and sufficient
resources are not available, contention cases beubindled. This process is referred
to asarbitration or conflict resolution [84]. The uSLA mechanisms gndistinguish
among various situations that can occur in pra@rmtreat them accordingly. Usually,
in a non-contention case, resources can be acoasredunction of availability and the
USLA specification, while in the contention caseesal sub-cases can occur.

As the examples make clear, both producers anduomrs need to specify various
types of uSLAs using an agreed upon syntax and rs&eeaTo support such uSLAs, a
system must provide the mechanisms for:

1. Monitoring of utilization and provisioning to enguthat agreements are honored.

These mechanisms represent the supporting layeiSfioAs: various guarantees are

expressed in terms of how many resources are mdvahd used, thus correct

monitoring can ensure the expressiveness of th&sSL
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2. Expressing uSLAs for situations both with and withcontention and providing
clear semantics for each ensures that both consuamel providers can establish
well defined agreements upon which resources ae. us
3. ldentifying legal users to ensure users and resowweners’ identities and to
identify legal users, uSLA makers and requests.th®se mechanisms, we rely on
the Grid technologies that provide support for antltation and authorization
inside large distributed infrastructures [54, 85]. 8
We provide support for monitoring by introducingtioos of and mechanisms for
aggregated consumer-based monitoring at the raabstract resource provider-level
(for example, VO-level monitoring at the site leval Grids; fair share rules by
specifying the semantics of four possible levelshadring [33, 87]; and finally, a model

for identifying legal users in large and dynamiwiesnments [33].

3.2. Monitoring Approach

Adequate monitoring is important if we want our éSlmechanisms to be
successful. Thus, | developed mechanisms for meastwow resources are used by
each resource consumer (VOs and groups) and brilde overall. My goals were to
provide mechanisms to monitor Grid-level resourcetivay, utilization, and
performance; to provide VO-level resource actiatd resource utilization monitoring;
to create customized views of monitoring data idirlg hardware resources (clusters,
sites, and Grids) and VO and group usage (in terfrthe number of jobs and their

characteristics) and workflow types. Ultimately,ethmonitoring techniques must
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provide uSLA-driven support for Grid-resource salledy. The mechanisms also need
to support a large number of resources and uSLAledanetrics.

| have both identified key requirements for monrngrand provided solutions for
incorporating these new requirements into existim@nitoring infrastructures (such as
Ganglia [88] and the VO-Ganglia extension [67], GHR-SiteMonitor [43],

MonALISA [65] and ARESRAN [83]).

3.2.1. Monitoring Requirements

A joint project among GriPhyN, iVDGL, and US ATLABcused on “Grid-Level”
monitoring for research into uSLA-driven schedularg usage [31]. During this work,
we identified several monitoring requirements:

1. Grid-enabled tagging of monitoring data for:

a. Resource consumer-oriented monitoring data cotiecand

b. Scheduling characteristics and allocation rulekectibn and publishing;

2. Monitoring data flow: from consumers to uSLA broker systems, workflow
steering mechanisms, or any other automated agerds,
3. Monitoring data aggregation at various levels (rasources / abstract resources);

In addition to these monitoring mechanisms, outesysmust also support complex
gueries, such queries that involved scaling (curtieme + 2:00) or composition (used

CPUs / total number of CPUS).
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3.2.2. Implementation Approaches and Technical Solutions

We integrated VO components within the Ganglia rtwimig software [31, 67].
Initially, 1 extended the Ganglia monitoring todlko meet the above requirements (the
so called VO-Ganglia) and later migrated these raeisims to other systems, most
notably MonALISA and ACDC Monitoring Dashboard. Thieal technical solution
required supporting mechanisms for:

1. Added support for site, VO and group enabled maini¢p

a. Grid-enabled monitoring data collection and loacdlexuler type, characteristics

and allocation rules publishing. For example, ine tl&rid3 scenario
“configuration knobs “allocations per VQ “usages per VOwere added to
the list of monitored characteristics.

b. Introduced provisioning of detailed utilizationsdaallocations;

2. Introduced support for monitoring data aggregatanvarious levels / finer

information about sites configurations;

3. Added support for automated querying of monitoringformation and

integration with the uSLA system developed in tiissertation (the GRUBER
Grid broker);

4. Introduced support for advanced querying mechantsnpsovide the necessary

monitoring data used by the GRUBER broker (e.g.lUBRR-SiteMonitor).

5. Introduced support for automated translation fremv guantities to percentages

(%) and common descriptions as required for theAuBlonitored metrics.
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My technical infrastructure is composed of hostseercollectors, summation meta-
daemons and cluster/host automated query interfades infrastructure is able to
collect information about hardware usage, VO-relatisage, and uSLAs [33]. The

architecture and a sample display are shown inr€ig6 and Figure 3.7, respectively.

A
Sitea — -ioc .,E\

...........................

Figure 3.6: VO-Ganglia Prototype
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3.3.USLA Semantics

As already stated, uSLAs [29, 38, 39] express aticglship between a resource
provider and a resource consumer, and represewntdprostatements about a contract
that governs how its resources are to be alloctied specific resource consumer.
However, without a well-established semantic andtagtic foundation for these
USLAs, their interpretation may become misleading.

| focus in the rest of this section on my proposethantics and syntax in the Grid
context. | have applied this method for specifyin§LAs with success in the
OSG/Grid3 context [43, 89-91]. | consider semantios specifying CPU usage
constraints and requests and give examples foptbposed schemas for the three
scenarios introduced above. | also present appesaic controlled resources of disk
space and higher level services. My design of uS&#mantics matches the
requirements identified before, and supports eds@SLA expression, automated
discovery and management of these uSLAs, and nuiltgsource types. Complete

examples for expressing different uSLAs are pravishethe next Section.

3.3.1. CPU Resource Support

The uSLA semantics proposed in this section exgresscontrolled resource sharing
is performed in the scenarios described in se@idn They are generic enough to be
also applied at the VO and VO group levels. Nextrdvide an algorithmic description

about when and how new requests should be admiitedch of the four cases. The
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proposed semantics are named after their gnalimit, fixed-limit, extensible-limitand
commitment-limi{43, 89-91].

Theno-limit uSLA is a statement that specifies no limit. Reses are acquired on a
first come first executed basis.

The fixed-limit uSLA specifies a hard upper limit on the fractiohresourcesR;
available to avO;. A request to run a job is granted if this linstnot exceeded, and
rejected otherwise. More precisely, a job requidngsources is admitted if and only if
Ci +J R, whereC; denotes the resources currently consumed®yat the site. Note
that an admitted job will always be able to run iethately, unless the resource owner
oversubscribes resources, i.eR; > L

Theextensible-limituSLA also specifies an upper limit, but this linsitenforced only
under contention. Thus, under this SLA a job raggid resources is admitted @; + J

Ri or Ciee, WhereC; andR; have the same meaning as before, @pd denotes the
site’s current unused resources. Note that becduiseolicy allows VOs to consume
more than their allocated resources, whether oanadmitted job can run immediately
may depend on the site’s preemption policy.

While the fixed or extensible uSLA are sufficientgkpressive for the Grid3
scenarios, their limitations become obvious whervingpto more complex ones. For
example, the multi-market company case introdubesneed for ways to differentiate
among usage policies at various levels (center-wadeompany-wide ones) and to

support different usage policies for different tsyad day.
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Our last uSLA, theCommitment-limitSLA supports these more complex queries. It
specifies two upper limits, an epoch lifdtpoch and a burst limiRyyst, and specifies
for each an associated interv@ibyoch and Tpurst respectively. A job is admitted if and
only if (a) the average resource utilization fa WO is less than the corresponding
Repoch Over the precedin@epoch Or (D) there are idle nodes and the average resou
utilization for the VO is less thaRyyst over the precedin@ . Both periods are
modeled here as recurring within fixed time slétgrovider may grant requests above
the epochal allocation if sufficient resources available, but these resources can be
preempted if other parties with appropriate allma request those resources at a later
stage. More precisely, any job accepted by thevetig algorithm is admitted, with the

following definitions:

Repoch = Epoch Usage Policy for VOI
Rourst = Burst Usage Policy for VOI

BA = Burst Resource Usage for VO i
EA = Epoch Resource Usage for VO i

TOTAL = upper limit allocation on the site

procedure  commitment-AP
returns accept/reject
# Case 1. site over-used by VO i
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2. reject job from VO i
# Case 2: sub-allocated site
3. elseif k(BAy) +J < TOTAL and BA +J<R pust then
4.  run job from VO i
# Case 3: over-allocated site
5. elseif k(BAK) =TOTAL and BA +J<R ¢poch then
6. schedule job from VO i

7. else

o

reject job from VO i

Thus, for simplification purposes, | have considea® instantaneous limibrsi)
as well as a long term limiepoch that capture how resources are allocated over two
time intervals. This uSLA can be extended furthgirtitroducing an unlimited number
of sharing intervals, which makes it generic enotgtexpress any requirements in
practice. | note that the fixed limit and extensitimit can be expressed as particular
cases of the commitment uSLA. | work on enrichihig tset of policies [92], but they
represent a minimal set of solutions that meeteguirements and can be implemented
easily by means of current site resource managers.

| exemplify next for each of the three scenariaarfrSection 3.1 how the above
USLAs should be used. The OSG/Grid3 sample polic&s be expressed by the
extensible uSLA. A site shares its resources antiomege VOs and allows any of them to

acquire more resources when there is no contenfithhen there is contention, the exact
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allocations in this case are 40% for USATLAS, 4086 WSCMS and 20% for iVDGL.
Also, the specification is instantaneous, in theseethat at any moment this sharing
policy should be respected.

In the second scenario, the first company rule Wwistates that local rules should be
taken in account, does not need to be specifiedusecit is performed automatically.
The second rule can be translated into an extensiBILA, where all resources are
provided 100% to traders. The third rule can bedi@ed as a commitment uSLA, under
which at any moment in time 70% of the company weses are provided for remote
users’ usage, while in the long term there is narguotee.

In the final scenario, the allowed number of redgiesiust be translated into
percentages to be expressed as allocations. Sleshaan be expressed easily as fixed

uSLAs with fixed time constraints that are captuogdhe uSLA syntax.

3.3.2. Disk Space Support

Disk space management introduces additional contplexjob management [43]. If
an entitled-to-resource job becomes availables iisually possible to delay scheduling
of other jobs, or to preempt them if they are algemunning. In contrast, a file that has
been staged to a site cannot be “delayed,” it cdy lme deleted. Yet deleting a file that
has been staged for a job can result in livelotlg job’s files are deleted repeatedly
before the job runs. As a concrete example, acsitebecome heavily loaded with one
VO'’s jobs which cause other jobs to be held inltwal queue awaiting their turn. But
these waiting jobs do not stop the submission afenabs. As a result, there may be lots

of other input data on the site and the disk sp@eel will continue to grow. On the other
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hand, some jobs are not getting a turn to finisth @elete their files. If the rate of input
data being copied to the site is higher than ttee@gjob completion, then the disk space
will fill.

Based on the UNIX quota system, the same four uStas be implemented with
success. However, in this case once a file is savedsite and the allocation is higher
than the uSLA limit allows (extensible-limit and mmmitment limit cases), the space
cannot be preempted without evicting the violatfitgs to other sites. Our approach
builds on the UNIX quota system, which prevents oser on a static basis from using
more than his hard limit (but it still considersftsand hard limits similarly to the
commitment limit). More precisely, for schedulingaisions a list of site candidates that
are available for use by a Yr a job with disk requirements J is built by eneng the

following logic, with the following definitions:

S = Site Set

k = index for any VO = VO i

IP = Epoch uSLA for VO i

ISP = Instantaneous uSLA for VO i

IA = Instantaneous Resource Usage for VO i
TOTAL = upper limit allocation on the site

procedure  commitment-AP_disk

returns S (list of available sites)
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1. foreach  sites in site list G do
# Case 1:  over hard-limit site by VO i
3. if IA i >IP ; forVOiatsites
4. next

# Case 2: over soft-limit site by VO i

5. if IA i > ISP ; and time < grace period for VO i at
site s

6. if k(IA ) <s.TOTAL -J && IA; +J<IP ; then
7. add (s, S)

8. next

# Case 3:  un-allocated site

9. else

10.  if «(IA ) <sS.TOTAL - J && IA; +J<IP ; then
11. add (s, S)

12.  next

13. return S
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3.3.3. Higher-Level Services Support

The final type of resource | consider is a Gridvesr (or s high-level resource).
Again, | use the same uSLAs as in the CPU casadode resource availability from a
provider’s point of view [93]. However, Grid sereg are difficult to quantify in term
of their utilization - a weather service and a mxatnultiplication service are difficult to
compare in terms of resource consumption withodhraugh service performance
model analysis. Thus, there is no uniform way fepressing how much computing
power a certain service may require to serve aaicentequest. To overcome this
complexity and provide a simple solution to thiolgem, | maintain the CPU
semantics unchanged for the uSLAs, but with diffexgilization metrics; thus, instead
of CPU utilization, the number of requests a clieat perform on a certain service is
considered for the uSLA algorithms. While this amh may seem an over-
simplification, the end result is similar: a seevjgrovider states by means of the uSLAs
how many requests a certain consumer can perforrsoresources. Based on this
approach, the algorithm to supports controlled Gadrice sharing is identical with the
one for controlled CPU sharing.

However, we present next a variation that allowsaade service reservations (a
request can be made well in advance of its statimg). It applies a pre-specified
USLA on each “future” sub-interval that resultsnira variation in terms of either
service requests or allocations. The algorithmafarepting new advance reservations is

introduced next, where:



procedure request_check (R) returns  response

1.

no

R = resource request
A = allocated resources
R = requested resources

Allocations = set of accepted allocations

Requests = set of already accepted requests

response =  true

# Stores availability on the considered interval

S = empty

# Identify all requests overlapping current request
# (save their start/end times and requested quantit

foreach R; in Requests do

if R time overlaps R time then
save S, R j.start, + R j .attributes
save S, R j.stop, - R i .attributes
fi
done

# Identify all allocations overlapping current requ

# (update accordingly previous values with

allocations)
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9. foreach Aj; in Allocations do

10. foreach T;inS do

11. if Aj overlaps T ; then

12. save S, T i, +A j.attributes
13. fi

14. done

15. done

# Check constraints (available resources)
16. compute Request = R.attributes
17. foreach Availability in S do
# Apply the appropiate uSLA algorithm (hard limit

example here)

18. response = USLA _fixed-limit (Request,
Avalilability)
19. done
20. if  response ==true then
21. update accordingly one of the overlapping uSLA S
22. add R to Requests
23. i

24. return response
In this simple way, the controlled resource shanmgchanisms devised in this

chapter can be applied with success not only toremseurces but also to service-like
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types of resources and also for advance serviegva&sons. | must also note that such

a service manager is already available for Grigises (e.g., ARESRAN or SAML).

3.4.uSLA Syntax

| have considered two syntaxes for uSLAs: a simpier based on allocations and
one based on WSLA. My starting point for the fiagtproach is the Maui [94] syntax
for specifying allocations. Maui supports three eypof fair share limits: dt least
limit,” “ average limit and “at most specificatioiln the first case, when the utilization
for a group goes below the limit, the mechanismeases the priority of the jobs from
that group (expressed as a real number preceded by). In the second case,
whenever the utilization for a group is differembrh the limit, the fair share
mechanism either increases the priority (for undéization) or decreases the priority
(for over-utilization) of jobs from that group. the final case, when the utilization for a
group goes above the limit, the fair share meclnaniscreases the priority of jobs from

that group (expressed as a real number preceded“8y. Our first syntactic form is

represented as a setadfocationsof the form:
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<resource-type, provider, consumer, start, epoch-
allocation, burst-allocation>

where:

resource-type ::= [ CPU | NET | STORAGE |

provider ::= [ site-name | vo-name |

consumer ::= [vo-name | (vo-name, group-name) | ANY ]

start ::= date-time | time | *

epoch-allocation ::= (interval | *, percentage) | -

burst-allocation ::= (interval | *, percentage) | -

ANY ::= matches any name

* .n

means instantaneous

means not specified

To show the capacity of the above syntax, | showt hew it can be used for the
three scenarios introduced before. The uSLAs of @8G/Grid3 environment are
expressed under this syntax as a set of threewitles/alues only for the instantaneous
allocations (where the burst period is consider&dsaconds interval):

<CPU, UChicago, USATLAS-Prod, *, -, (5, +40) >

<CPU, UChicago, USCMS-Prod, *, -, (5, +40)>

<CPU, UChicago, iVDGL, *, -, (5, +20)>
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In the second case multi-market scenario, | disisigbetween two types of rules:
company-wide rules and center-wide ones — a simpddogy could be drawn between
the site and VO level as proposed by Foster ddhl.The company-wide uSLAs are

expressed under our first syntax as a set of thesru

<CPU, Company, ANY, 22:00, (9*3600, 100), (5, 100)>
<CPU, Company, Prediction, 22:00, (9*3600, -70), (5 , -

70)>

while, at the center level, the first rule is exga®ed as (after translating the 16 CPU

power into a percentage of the total available amimg power):

<CPU, Company, ANY, 22:00, (9*3600, 50), (5, 50)>

However, this syntax has its limitations for exgiag sharing rules about resources
of different types. First, this syntax does notvie a mechanism for specifying
monitoring requirements. Second, it does not suppw specification of complex
conditions (AND, OR, etc.).

Thus, | propose a USLA syntax based on the WS-Ageee specification, to take
advantage of its high-level structure SLA spectfima and of available parsers. The
objective of a WS-Agreement specification is to ywle standard means for

establishing and monitoring service agreements.speeification draft comprises three
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major elements: a description format for agreemeniplates, a basic protocol for
establishing agreements, and an interface for mong agreements at runtime.

For the uSLA syntax, | use a schema that includes fthe WS-Agreement
specification support for resource monitoring nostrand goal specifications [21, 24,
43]. The resource monitoring metrics describe haavious utilizations must be
measured or how these quantities should be calldeten an underlying monitoring
system. A goal specification provides support fesatibing the targeted allocations in
a form that can be parsed by automated agentsoffiee elements (i.e., obligations and
handlings violation) were considered beyond thgeand capacity of current site and
VO resource managers.

The schema of this grammar is described next.,Eiveatmonitoring metric element

defines how a certain resource metric requirecfguarantee should be measured.

<!-- MonitoredMetric -->
<xsd:.complexType name="MonitoredMetricType">
<xsd:attribute name="name" type="xsd:string" />
<xsd:attribute name="method" type="xsd:string" / >
<xsd:attribute name="type" type="xsd:string" />
<xsd:attribute name="interval" type="xsd:integer ">
<xsd:attribute name="notification" type="xsd:boo lean”
/>

</xsd:complexType>
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The next element of the grammar, MonitoredType,cdiess the entire list of
monitored metrics required in enabling the congdarSLA. This list can have zero or

more of required metrics that must be monitored.

<!-- Monitored Type -->
<xsd:.complexType name="MonitoredType">
<xsd:sequence>
<xsd:element name="MonitoredMetric"
type="MonitoredMetricType" minOccurs="0" />
</xsd:sequence>
<xsd:attribute name="name"
type="xsd:string" use="optional" />

</xsd:complexType>

The precondition element identifies of the entty which the uSLA is defined and

the name of the provider:

<!-- Precondition -->
<xsd:complexType name="PreconditionType">
<xsd:sequence>

<xsd:element name="consumer"
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type="xsd:string" minOccurs="0" />
<xsd:element name="provider"
type="xsd:string" minOccurs="0" />
</xsd:sequence>

</xsd:complexType>

The goal element describes the conditions undectwhiresource is provided. It
uses the constraint element for defining conditiqmsth LessEqual Equal and
GreaterEqual corresponding to the semantics introduced eaftier-, <space> +

signs, whileRangehas a special meaning for time specifications):

<l-- Goal -->
<xsd:complexType name="GoalType">
<xsd:sequence>
<xsd:element type="ConstraintType" minOccurs="0"/ >
</xsd:sequence>

</xsd:complexType>

<!I-- Constraint -->
<xsd:complexType name="ConstraintType">

<xsd:attribute name="type" type="xsd:string"
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values="LessEqual, Equal, GreaterEqual, Range" />
<xsd:element name="Metric" type="xsd:string" />
<xsd:element name="Value" type="xsd:literal" />

</xsd:complexType>

Similarly to a MonitoringType element, a Guaranteaient contains a list of all

guarantees that a resource provider agrees to priogiding the resources.

<!l-- Guarantee Type -->
<xsd:.complexType name="GuaranteeType">
<xsd:sequence>
<xsd:element name="Precondition"
type="PreconditionType"
minOccurs="0" maxOccurs="1" />
<xsd:element name="Goal" type="GoalType"
minOccurs="0"
maxOccurs="1" />
</xsd:sequence>
<xsd:attribute name="name" type="xsd:string"
use="required" />

</xsd:complexType>
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The final element of the grammar is the uSLA eletmerhich is composed of

several monitored and guarantee elements.

<I-- usage SLA -->
<xsd:.complexType name="uSLA">

<xsd:attribute name="Monitored" type="Monitored Type"
minOccurs="1" />

<xsd:attribute name="Guarantee" type="Guarantee Type"
minOccurs="1" />

<xsd:attribute name="name" type="xsd:string"

use="required" />

</xsd:complexType>

Now, | show next how it can be used for the thieenarios introduced before. The
first OSG/Grid3 example is represented using tindax as follows. Three metrics are
monitored (by means of MonalLisa, for example, dredé¢ values are retrieved from a
certain URL):CPUBurst-Met-USATLAEPUBurst-Met-USCMandCPUBurst-Met-

iVDGL.
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<uSLA name="Grid3 uSLA (Scenario 1)">

<I-- Define Monitored Metrics (and acquisition
mechanism) -->

<Monitored>

<MonitoredMetric name="CPUBurst-Met-USATLAS"
method="http://URL/CPU?v0O=USATLAS&t=5"
interval="5" type="%" notification="true" />

<MonitoredMetric name="CPUBurst-Met-USCMS"
method="http://URL/CPU?vo=USCMS&t=5"
interval="5" type="%" notification="true" />

<MonitoredMetric name="CPUBurst-Met-iVDGL"
method="http://URL/CPU?vo=iVDGL&t=5"
interval="5" type="%" notification="true" />

</Monitored>

<l-- USTALAS minimal allocation -->
<Guarantee name="CPUBurst-G-USATLAS">
<precondition usage="required">
<consumer name="USATLAS-Prod" />
<provider name="UChicago" />

</precondition>



<goal usage="required">
<Constraint type="GreaterEqual">
<Metric value="CPUBurst-Met-USATLAS" /
<Value value="40" />
</Constraint>
</goal>

</Guarantee>

<l-- USCMS minimal allocation -->
<Guarantee name="CPUBurst-G-USCMS">
<precondition usage="required">
<consumer name="USCMS-Prod" />
<provider name="UChicago" />
</precondition>
<goal usage="required">
<Constraint type="GreaterEqual">
<Metric value="CPUBurst-Met-USCMS" />
<Value value="40" />
</Constraint>
</goal>

</Guarantee>
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<!-- iVDGL minimal allocation -->
<Guarantee name="CPUBurst-G-iVDGL">

<precondition usage="required">
<consumer name="iVDGL" />
<provider name="UChicago" />
</precondition>
<goal usage="required">
<Constraint type="GreaterEqual">
<Metric value="CPUBurst-Met-iVDGL" />
<Value value="20" />
</Constraint>
</goal>
</Guarantee>

</uSLA>

Now, for the multi-market company example that doobt be expressed completely
in our first syntax (company levethe computing nodes must be available to traders
from 7:00 to 22:00, during the local trading dand70% of the aggregated resources
from each individual market for Prediction compitas whenever resources are not
used by local usersenter level24 processors with at least 512 MB of memory and at

least 2 GHz CPU-speed, interconnected with a 13 GWitch are provided from 22:00
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to 7:00 is represented as follows (note in this exampé time is collected as time +

2:00 and the comparison is then a siniy#@es:

<uSLA name="Multi-Market Company uSLA (Scenario 2)” >

<I-- Define Monitored Metrics (and acquisition
mechanism) -->
<Monitored>
<!I-- Time tracking -->
<MonitoredMetric name="Time"
method="exec:/bin/date+2"
interval="5" type="#" notification="true" />
<!-- Company-wide monitoring -->
<MonitoredMetric name="CPU-Prediction" interval="5
method="http://URLCompany/CPU?t=5&App-
Prediction”
type="%" notification="true" />
<MonitoredMetric name="CPU" interval="5"
method="http://URLCompany/CPU?t=5"
type="%" notification="true" />
<!I-- Center-wide monitoring -->

<MonitoredMetric name="CPUType" interval="5"



method="http://URLCompany/CPUType?t=5"
type="%" notification="true" />

<MonitoredMetric name="MemorySize" interval="5"
method="http://URLCompany/MemorySize?t=5"
type="%" notification="true" />

<MonitoredMetric name="Net" interval="5"
method="http://URLCompany/Network?t=5"
type="%" notification="true" />

</Monitored>

<!I-- Company-wide allocations -->
<!-- Any-application allocation rule -->
<Guarantee name="CPUBurst-CW">
<precondition usage="required">
<consumer name="ANY" />
<provider name="Company-Name" />
</precondition>
<goal usage="required">
<Constraint type="Less">
<Metric value="Time" />
<Value value="9:00" />

</Constraint>
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<Constraint type="Less">
<Metric value="CPU" />
<Value value="100" />
</Constraint>
</goal>
</Guarantee>
<!-- Prediction-application allocation rule -
<Guarantee name="CPUBurst-CW-Prediction">
<precondition usage="required">
<consumer name="Prediction-App" />
<provider name="Company-Name" />
</precondition>
<goal usage="required">
<Constraint type="Less">
<Metric value="Time" />
<Value value="9:00" />
</Constraint>
<Constraint type="Less">
<Metric value="CPU-Prediction" />
<Value value="70" />

</Constraint>
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</goal>

</Guarantee>

<!-- Center-wide allocations (24 machines) -->
<Guarantee name="24 Machines">
<precondition usage="required">
<consumer name="ANY" />
<provider name="Center-Name" />
</precondition>
<goal usage="required">
<Constraint type="Less">
<Metric value="Time" />
<Value value="9:00" />
</Constraint>
<Constraint type="Equal">
<Metric value="CPUType" />
<Value value="24*2.0" />
</Constraint>
<Constraint type="Equal">
<Metric value="MemorySize" />
<Value value="24*512" />

</Constraint>
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<Constraint type="Equal">
<Metric value="Net" />
<Value value="24*10" />
</Constraint>
</goal>
</Guarantee>

</uSLA>

Now, | turn my attention to show how the one exaipbm the service outsourcing
scenario is represented using the WS-Agreemensiikax:

<uSLA name="Service Outsourcing uSLA (Scenario 3)">

<l—Monitored Metrics (and acquisition mechanism) -->
<Monitored>
<!I-- Time tracking -->
<MonitoredMetric name="Time" method="exec:/bin/da te"
interval="5" type="#" notification="true" />
<!-- Service monitoring -->
<MonitoredMetric name="A-Requests"
method="http://URL/A?metric=requests&t=5"
interval="5" type="%" notification="true" />

</Monitored>



<l-- USTALAS minimal allocation -->
<Guarantee name="CPUBurst-G-USATLAS">
<precondition usage="required">
<consumer name="Grid3-Monitoring" />
<provider name="Company-Name" />
</precondition>
<goal usage="required">
<Constraint type="GreaterEqual">
<Metric value="Time" />
<Value value="7:00" />
</Constraint>
<Constraint type="LessEqual">
<Metric value="Time" />
<Value value="16:00" />
</Constraint>
<Constraint type="LessEqual">
<Metric value="A-Requests" />
<Value value="1000" />
</Constraint>

</goal>
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</Guarantee>

</uSLA>

3.5.uSLA Derivation from Local Site Usage Policies

While in the above section we provide a precisecmigson for the uSLA
syntax/semantics, usually usage policies at theiged/'site level are expressed in terms
of local RM configurations. Such usage policies apecified by resource policy
makers; these uSLAs must be automatically discovaral translated for automated
consumption at the other levels. To achieve tha,dcstart and add methods and tools
for automated translation to the high-level model dSLAs described earlier in this
chapter.

At the RM level (sites)pwnersstate how their resources must be allocated andl use
by differentconsumersThis statement represents ttigh-level GOAL an owner (MP)
wants to achieve Site administrators map MPs to different softwaRMs’
semantics/syntaxes. The end product is a set ot&Mguration files, namethe local
POLICY or system configuration (SClror automated consumption, site policies are
translated from SCs by automated tools int@bstract usage policy (APgt, i.e., the
USLA syntax/semantic described above. SC descniptéwe collected from the site RM
configurations, filtered and, after translationpfished through a specific monitoring
system, e.g., VO-Ganglia [67], MOnALISA [13, 65] GRUBER-SiteMonitor [43, 87].

| have identified three levels of description foetstatementsite X gives ATLAS

30% over a month
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MP: a description of a site manager’s policy fa ite, e.g., MP (VOs) Tgive
ATLAS 30% over a monthl assume that simple English statements describe
the MP set (site level);
SC: an RM configuration: SC (VO) = <number of nadssheduler-type,
scheduler-config>, which is written by the site adistrators during the RM
configuration process (site level);
AP: An SC (VO) translated into a uSLA representat®P (VO, Sitepxpresses
SC (VO) in a scheduler-independent format and is publistie@dugh a
monitoring tool for resource brokering or otheraaunated tools (Grid level).

The key point is determining how an SC maps to &n lAhave achieved this part
by providing specialized SC-translators for eagbetyf SC supported by a specific
RM. The translator parses the configuration filegjweries the resource provider RM,
and outputs the resulting configuration directlioidP form. The information flow for

this process is captured in a graphical way in FE¢u8.
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Figure 3.8: Correlations MP, SC, and AP

3.5.1. uSLAs Translation from Site Resource Manager Configrations
| provide now a concrete uSLA example, expressedllithe three forms, namely

MP, SC and AP. | assume the following MP set fsita X:
- we have a cluster with 380 CPUs;
- at any time: USCMS-Prod has 40%; USATLAS-Prod a&AIVDGL has just 20%

of these resources;
- when additional resources are available, Grid3’'s\¢@n grab these resources;

The Condor priorities (SC) used to realize the abdescription is:

- condor_userprio -setfactor cms 3

- condor_userprio -setfactor atlas 3
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- condor_userprio -setfactor ivdgl 8
In these settings, the AP description becomes:
- RM type: Condor
- RM allocations: CMS: 40% ATLAS: 40% IVDGL: 20%

- Usage SLAs type: extensible-uSLA

3.5.2. Disk Space Extensions

For disk space, the same allocations would be latats into the following rules
(UNIX quota):
- edqguota -u cms
- edquota -u atlas
- edquota -u ivdgl
The AP for disk becomes:
- DM type: quota
- DM allocations: CMS: 40% ATLAS: 40% iVDGL: 20%
- UP type: extensible-uSLA
This simple specification categorizes the storage two types as a function of their
data duration permanent storage (the hard limitaglinit), and volatile storage (the

soft limit quota limit), as also introduced withime SRM project [95].

3.5.3. High Level Service Considerations

Next, | move to other types of services — more igedg Grid services. In this case,

the service manager is either ARESRAN (a GT4 basetbtype for complex resource
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uSLA and reservation in Grids [83]) or any othenitar management infrastructure
[96, 97].

In this case, the uSLAs are collected directly frdm authorization service and
published at the Grid level. For the ARESRAN cabke,uSLAs are already in a form
that is compatible with the approach proposed is dssertation, while for the other
examples (SAML or the PDP policy service) they mosttranslated to a Grid level
definition. | focus on the ARESRAN service, becatisey target a simpler kind of
authorization mechanism — similar to the CAS sysf&éd], mainly a flexible access

control mechanism.

3.6. Summary

In summary, | have detailed in this section thenades in which uSLAs are
required, the goals and requirements for these ©8SL#s well as supporting
mechanisms (monitoring, syntax and semantics) tplament them in large and
distributed environments. The results presentadignsection can be grouped into three
main categories: the identification of scenaridge tequirement for monitoring and

USLA mechanisms, and the uSLA proposed syntax amastics.



CHAPTER FOUR

GANGSIM: A SIMULATOR FOR GRID

SCHEDULING STUDIES

GangSim is a tool developed for Grid schedulingligtsy capable of supporting
studies for controlled resource sharing based dwedding policies and uSLAs. |
present, in this chapter, its design and simulagiovironment, and the kinds of studies
it permits.

The starting point for this work was an exploratajrdistributed system monitoring
conducted within the context of the GriPhyN/iVDGLkopects [13, 98]. | started by
developing the VO-Ganglia Monitoring Toolkit to bat resource characteristics,
utilization data, and usage limits for a collectmfrsites in order to meet the monitoring
requirements for uSLA-based resource provisioniegcdbed in Chapter 3. The final
result was an enhancement of the Ganglia Monitoflinglkit [88], the VO-Ganglia
monitoring toolkit for large Grid environments. Tiganglia Monitoring Toolkit is a
cluster monitoring tool that uses a multi-cast appgh for monitoring various

characteristics of a cluster and the availability each individual host [88].

86
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From Ganglia and VO-Ganglia, it was relatively e&syeplace “real sites” with
“simulated sites,” and thus to enable the evalunatiba wider range of possibilities for
Grid scheduling than it is possible in a real systdhe new name, GangSim [42],
reflects both the origins of the implementation ahd fact that it can be used to
simulate “gangs” of users and resources.

GangSim’s novelty comes from its modeling not ooflysites but also of VO users
and schedulers, and its ability to model uSLAs @hlthe site and VO levels. The
resulting simulation system allows various taskigassent policies to be tested in
conjunction with different uSLAs for a range of fdifent Grid configurations and
workloads.

This chapter is structured as follows. First, | gg® a short history about
GangSim’s conception and describe the simulatedt@mwment. A scenario example is
provided for better understanding of GangSim’s apph. Second, the implementation
details and GangSim’s output types are presentezhdl the chapter with a short

analysis of its performance and the future worlunegl to improve its results.

4.1. Simulator Model

GangSim simulates a uSLA-driven management infragire in which uSLAs for
the allocation of resources within communities (Y@ad the allocation of resources
across VOs at individual sites interact to detemhre ultimate allocation of individual

computing resources (CPU, disk, and network). uShfes expressed using the tuple
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syntax introduced in Chapter 3 for rules associat#d sites, VOs, groups, and users
for different aggregations of available resources.

GangSim models a Grid as comprising a collectiositas, VOs and users, a job
submission infrastructure, data files, a monitoringfrastructure, scheduling
infrastructure, and an uSLA management infrastrecturhe principal GangSim
components are external schedulers (ES), localdsddres (LS), data schedulers (DS
[75]), monitoring distribution points (MDP [33]),ts policy enforcement points (S-
PEP [33]), and VO policy enforcement points (V-P[BB]). | describe each of these

components in more detail in the next subsection.

4.1.1. Simulated Components

A siteis characterized by the capacity and number a€R&Js, disk resources, and
network capacities. Each characteristic is desdrtheough a configuration file that is
loaded during startup. Both intra- and inter-siegdwork capacities are defined. A site
specifies a set of usage policies, defined by BeAs imposed by the site owner, for
how much CPU time, disk space, and network bandivwedth VO may use.

A VO is composed of a set of groups of users. Usersisybbs, which may be
grouped into sets called workloads. A VO speciiesuSLA that defines the resources
that will be made available to each group.

External Schedulers, Data Schedulend Local SchedulerdES, DS, and LS)
represent points where various scheduling decisavesperformed. An ES, such as
Pegasus [99] and Euryale [100], queues user jothsalects the best site candidate for

each job. An LS, such as Condor [101], PBS [102] &S$F [103], queues jobs
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associated with a site and schedules them on absaiihode for execution. A DS, such
as Kangaroo [64, 102, 104, 105], schedules thenemtjiles to the candidate execution
site. The ES interacts with LS in order to submolig to a specific site. A DS transfer
files transparently to ESs and LSs, such thateajuired files for a job are in place
when a job is ready for execution.

Monitoring Data Points(MDPs) represent the monitoring infrastructure “esd
that compute various metrics for Grid componentsistimption. Such information is
gathered from local and external schedulers, &tterand delivered in a uniform
manner.

Policy enforcement poin{ff EPSs) are responsible for enforcing uSLAs. Thathey
monitoring metrics and other information relevamtheir operations, and then use this
information to steer resource allocations as sgetciby the uSLA [26]. | distinguish
two PEP typesS-PEPs and V-PEPs.

Site policy enforcement poin{S-PEPS) reside at all sites and enforce siteHspec
USLAs. S-PEPs operate in a continuous manner eirs¢nse that jobs are immediately
preempted or removed when uSLA requirements ademger met. However, jobs are
not necessarily restricted from entering site geejust because an uSLA would
prevent them from running.

VO policy enforcement point®/-PEPS) interact with S-PEPs and schedulers to
enforce VO-level SLA specifications. They make damis on a per-job basis to
enforce VO uSLAs regarding resource allocationsv@® groups or types of work

executed by the VO. V-PEPs are invoked when VO dulees make job scheduling
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decisions to select which jobs to run, when to dbedh to a site scheduler, and where

to run them.

4.1.2. Scenario Example

This section describes a scenario for how Gang8imalates job execution. In this
scenario, there are three sites A, B, and C andv/@nheV. Site A has no allocations for
VOV, site B has a fixed-limit uSLA that provide8% of its resources to V, and C has
an extensible-limit uSLA that provides 40% of iEsources to V. Let’s assume that the
current utilizations of the two sites providing asces to V at time t are as follows:
site B executes jobs from VO V that sum up to 25%he site CPUs and 10% of the
disk space is used, and all jobs running at B sprtot60% and 20% of the disk space;
site C executes jobs from VO V that sum up to 35%he site CPUs and 30% of the
disk space, and all jobs running at C sum up to @%80% of the disk space. In this
environment, we consider the submission of threbs javith the requirements
(expressed in percentages) as described in Tabld 4lso assume that all the three
input files are stored at site A initially (the pentages are expressed in the total

resource capacities).
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Table 4.1. Job Requirements (the numbers represent
required number of CPUs per job and its utilization per site
in percentages for the second column, and requiredumber
of files per job and space requirements in percentges for
the third column)

Job Number CPUs [#, %] Disk Space [#, %]
Site B Site C Site B Site C

1 1,5 1,8 1,5 1,6

2 1,4 1,7 1,3 1,5

3 1,3 1,4 1,1 1,1

The first job for VO V submitted to this environniet time t would be scheduled
to either site B or site C. Let's assume that st-fiit scheduling policy is in place (the
first matching site is selected for the next jole@xion). Under this policy, the new job
would be sent to site B, and its utilization woglato 30% for CPUs and 15% for disk
space for VO V. The required file is transferredtbg DS from site A to site B before
site B starts the execution.

The second job from VO V submitted at time t + @hére dt is 1 second, for
example) can be scheduled only on site C, becausdhe only site still available for
VO V, and its utilization goes to 42% for CPUs &% for disk. The required input
file is also transferred from site A before the gibrts its execution.

The last job for VO V submitted at time t + 2*dtnche scheduled only on site C
(the extensible-limit uSLA allows more jobs as |lomg) free resources are available; |

assume that dt is small enough to ensure thatljasl 2 are still running).
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4.1.3. Implemented Strategies

During each simulation step, various algorithms atrdtegies are used to update
the state of different components of the framewadrkere are algorithms for job
selection, job assignment, and data file replicatidhere are also algorithms for
computing the costs associated with different apmra and for steering job flows
through the framework. These algorithms are grouped single implementation
module, and invoked whenever a decision regardiegstate of a component needs to
be made. Next, | describe GangSim’s approach talllmnthe main elements of a
simulated Grid environment.

Job flow: Jobs are submitted by users to ES queues acgaalits specific uSLA.
Following site selection, jobs are moved to LS @selA job may be rejected at the LS
(e.g., because of lack of available disk spacéeidcal policy for the submitting VO),
in which case the job is returned to the ES queue-enter the scheduling process. If
the job requires larger files that the capacityany of the sites, it is rejected from the
ES queue.

Costs The simulator associates different time cost$ eich successful or failed
operation. Thus, a job that starts after two réest will incur the costs of two
rejections and one successful submission, pluditie for input (no more than two
files in our current implementation) and executdiles’ movement among sites and
VO schedulers. The two input files are placed afiifion a site node at random while
the executable file is placed on the scheduler neden a new job is scheduled.

Overall, the following time intervals are countedtidg a job submission:
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- time to enter the scheduler queue (one simukiam);

- time for site assignment: ES queue computations Gimulator step plus time to
wait for an available site);

- time for node assignment: LS queue computations §imulator step plus time to
wait for an available node);

- transfer time for job input files to the executioode: network allocation and
transfer costs for the input files (if a job hasiarage of size S that is larger than the
available bandwidth B for one simulator stépt1)*B > S > n*B, then the job will be
transferred ir{n+1) simulator steps);

- time for job transfer (job file image) to the mdetwork allocation and transfer
for the executable.

For example, for the scenario introduced in thevipres subsection, the first job
will require one simulator step to enter the schedqueue for VO V. Once the job is
in the scheduler queue, it will be scheduled te Biin one simulator step. The required
input files and job image are transferred (let'suase) in two simulator steps. Once this
step is finished, the job waits at cluster B fardbscheduling on an available node. The
scheduling operation incurs another simulator steg the local transfer (let’'s assume)
requires only one simulator step, because of battewvork connectivity. Now, the job
is ready for execution. The total amount of timguiead for its startup was 6 simulator
steps. The same steps are repeated for the seadritial jobs, but these steps overlap
for the three jobs because they are submitted nvighishort time of each other (dt

smaller than half of a simulator step).
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Simulator steps GangSim is a discrete simulator, which means thary X
seconds the simulator evaluates the state of alpooents in the system (jobs, queues,
resource status, allocations, utilizations, etcpeftions take place only during
evaluation steps. If a job has a running timel)*X >t >n*X, then the job occupies a
resource fo(n+1)*X seconds, but the utilization accounted againsidhewner will
still be t seconds (by accounting only the job’s requiredcatien time). The
consequence is the smaller the valueXpthe higher the accuracy of the simulator. |
have typically used a value of 5 to 10 seconds yrerperiments, except the scenarios
of Sections 4.8 as detailed later. Such a valupdbameteX appears to be acceptable
as long as the average running time for jobs iatgrethan or equal to a few hundred
seconds (see section 4.3.5 for more analyses).

VO and Site uSLAs USLAs are expressed as tuples as was descriligdaipter 3.

Task assignment strategiesThe effectiveness of a specific uUSLA may alsoethep
on the strategies used by ESs and LSs. Based oldobgh's [106] scheduling
taxonomy, we distinguish betweestatic and dynamic scheduling policies. Static
policies use onlha priori information about a system and workload. For imsta such
policies either ignore utilizations or considerrthknown before hand. On the ES level,
| focused on dynamic scheduling policies, sucheasttused, least-recently-used, that
take into account site loads, and on static schglwolicies, such as round-robin,
random-assignment [106]. The input to these pdickefiltered by uSLAs to use only
sites providing allocations. For the LS level, Gamg simulates a first-come-first-

served and space-shared scheduling. Space-shametkes a scheduling policy under
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which only one job runs on a node until either ctetipn or migration to another one.
The best analogy for the current UNIX OS is the mgmesource (the space allocated

to a process can not provided to other processes).

4.2.Implementation Details

In this section | describe both GangSim’s main neslwand their interactions in
order to perform a simulation scenario. | starthwitst the description of the main

modules, followed by the description how they aneoked for execution.

4.2.1. Main Components and Their Functionalities

VO-Ganglia uses several reporters (UNIX tools tpabvide different system
monitoring metrics) for information gathering. IraySim these reporters are replaced
with modules that simulate a Grid environment. Bseathe GangSim’s reporters need
a description of the simulated environment, | hdegeloped additional tools for Grid
environment generation and workload specificatiime environment generators create
configuration files that describe the number oésiand the configuration of these sites
based on a high-level description of the Grid. Twerkload generators create
configuration files describing, in detail, worklsatased on the Grid configuration files
and a description of job distributions. Site uSLeas be either specified through a web
interface in a centralized manner (once per simulatstance), or described in a
configuration file with a higher level of granuligrione per site). The internal modules

of GangSim are presented in Figure 4.1.



Figure 4.1: Simulator Overview
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Each component has the following purpose. &heironment simulation moduie
a set of Perl libraries that maintain the Grid eowment status for workloads and
generate appropriate metrics to feed GangSim. Miedule simulates ESs, submitting
hosts, LSs, and sites. MDP data is provided tartbdule instead of (or, in a mix-mode
execution, as well as) real ESs, LS, S-PEPs, aENs.Task assignment policies
represent a set of algorithms that can be invokeddheduling jobs to sites, scheduling
jobs to nodes, or for selecting jobs to run. Thalgerithms are used by S-PEPs, LSs,
V-PEPs, and ESs. Similarly, theSLAs modulgrovides a set of already identified
uSLAs algorithms for environment controlled sharing

The metric aggregatorsare a set of routines that aggregate metrics baseadles
such as, string concatenation, integer median ctatipa, or integer averagingrid
componentsrepresent a set of functions and data structuoessimulating Grid
components. For example, queues are representatrdys of structures for various
metrics about jobs; sites are modeled as a lisplofsical node capabilities and
instantaneous states; workloads are also maintainddr various queue structures as
they pass from one stage to another in the sindiktgironment.

Environment State Keeparaintains a set of data structures that hold dsea for
system simulation, including: workload status, Gadmponent status, and current
utilization. The useimterfacing modules composed of a set of CGI scripts that gather
GangSim status information and present it in HTMknf. The last moduldpgging
module represents the connection of the entire simulatthr an underlying technology

for logging simulated environment states. Currenthallows only RRD-based [1, 88]



98
interfacing for saving historical environment datmd text files for tracking the
operations performed by the simulator.

While simulating various size Grids under differ&s8LAs, scheduling policies, and
workloads would be sufficient in most cases, | halso introduced the possibility of
simulating different Grid system types. Specifigall mean Grids that use different
approaches in how the uSLAs are managed. At preSamgSim can model two types
of Grid systems: uSLAanalytical-based schedulingnd uSLA observational-based
scheduling

In the first case, uSLAs from all participants anailable to ESs. In this case, job
scheduling decisions are based on direct knowlefitfee uSLA.

In the second model, job scheduling is determingdobserving the scheduling
operations at each site. Because no knowledge allogtted resources is available at
the ES level, each ES monitors the number of jbasdan be run by a site. Further, two
variations of this model were pursuedo-memoryand memory-basedFor the no-
memory approach, whenever new jobs can no longescheduled at a site, ESs stop
submitting jobs to that site. For the memory-basadation, GangSim maintains the
observed limits over the time. Whenever jobs frogiven VO no longer start at a site,
the burst limit is inferred. As soon as the numtsejobs from a given VO running at a

site drops to zero and no other job is startedepoeh limit is inferred as well.

4.2.2. Simulation Approach and its Limitations

From an execution point of view, GangSim uses tiwedds for achieving its goals.

One thread, theollector, is used for serving external queries based onsthe and
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instantiates thenterfacing module while the other thread, thexecutor is used for:
(a) computing the next environment state, (b) updaby means of the logging module,
the historical environment trace, and (c) providihg environment state to the collector
thread. While the collector is reduced in technm@hplexity and implements an event
driven mechanism (provides answers when exterraliegiare performed or updates its
environment view when signaled by the executo®,akecutor performs the three main
operations described above for every simulated steprder to update the simulated
environment state at a given time.

GangSim, like Ganglia, stores logged data in RRIDsThe RRDs are created with a
pre-specified data update time interval for eaahusation run, and in the current
implementation GangSim, the RRD interface requirgsut data for every update
interval [1, 88]. Because of this RRD logging implentation, to calculate accurate
results GangSinmustperform each environment state computation inmee tinterval,
which | call therequired time lower than or equal to the simulated time stepother
words, if the executor requires more time than tihee step, then under the current
historical logging technology the simulator willgoluce inaccurate results. Given the
following notation:

t — time step

S — time step size

r — required time

S — start time for time stept (S =s*t)

the following two scenarios are possible when sating large Grid environments:



100

Accurate: when the executor is not overloadedraetb (r <= s), the RRDs are

updated and the computation for the next stepl( will begin at time S + s; for the

remaining time (s - r), the executor will sleep;

Overload: when the executor is overloaded (r *h®,computation for the next step

(t + 1) will begin at time S + r. The RRDs for therrent step (t) will be updated at

stept+ 1.

Because of incomplete information in the RRDs daeoverloading gaps are
introduced in the graphical results, and the pertorce metrics have discrepancies. In
the overloading scenarios, the simulated tiGad environment timediffers from the

real time GangSim environment time

4.3. GangSim Output

In this section, | explain the simulator featuré$angSim using several examples.
| assume that each site has a predefined humbéPbfs, and each VO a predefined
number of groups that submit workloads. | use sstithworkloads to validate the
simulator, evaluate its performance, and providamgdes of its capacities. Each
workload is composed of jobs, each corresponding trtain amount of work and
with precedence constraints (job ordering in a \W@#) determining the order in
which jobs can be executed [38, 106].

The output of GangSim is represented by three tgbesformation: performance
metrics, graphs illustrating simulation historydainstantaneous display environment

pages (HTML and XML documents). Performance metaiesimportant because they
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provide support for qualitative analysis of how Woads are executed in a specific
scenario. The graphs represent a means for tractieg correctness of uSLA
enforcement. Finally, the instantaneous display epa@llow for combining the

simulator with other tools (like real Grid scheds)eand quick user verification.

4.3.1. Experimental Setup

The scenario and experimental setup consideredheénrést of this chapter is as
follows. Three VOs each submit a workload to a lgirgite. The VOs’ workloads are
composed of 28, 34 and 39 jobs, respectively, uad@oisson distribution; the length of
the jobs is around 200s based on a Gaussian distrb (the length of jobs in a
workload is distributed with the average equal@0<); the input files have size between
1kb and 5kb. For all the simulations, each job meguas input 2 files from a set of 5 to
20 (a random number) files placed (randomly) omtedssnode. Also, for the analysis of
USLA-based resource sharing, job precedence cartstrdo not have any impact on
how resources are provided; these precendencegistilbostpone the execution of later
jobs, while my focus is on how actually resources shared. The site has 28 machines
shared under one of the four uSLA semantics intteduin Chapter 3, with the
simplification for the commitment-limit uSLA thatlkaurst can last as much as the epoch
limit is not reached.

The simulation interval is 10 minutes in all sceosrwith a simulator step of 5
seconds. The job scheduling strategy for both tReavid the site levels is first-come-
first-served (FCFS). The job assignment at the ¥l is round robin while at the site

level is round robin combined with the close-t@fgolicy. When at least one of the two
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input files is already at a node, and the nodeeis, fthen this node is selected. The close-
to-file scheduling policy influences workload exgouns by lowering the time for input
file acquisitions. When a file is already at a sdae to previous executed job
dependencies, there is no need for a subsequerdmamt as long as the file is still at
the node; it can be reused by subsequent jobgdtatre it. However, a file can be
deleted from a node if the node runs out of spadegtas not the initial source where the
file was firstly created.

As a final note, all simulations are performed orAMD Athlon™ XP 3000+ with 1
GB of memory, and the epoch allocation is consdieifee simulation interval (10

minutes).

4.3.2. Performance Metric Examples

Performance metrics provide support for quantitatwnalysis. GangSim supports
the following six metrics: aggregated resource utilizatiofJtil ), job completionper
site, VO or overallComp), average site response tir{leelay), average Grid response
time (Responsg average starvation factor(Starv), and uSLA violation ratio
(Violation).

Table 4.2 captures the six metric values captupedhie four scenarios introduced in
the previous sub-section. As can be observed, themit uSLA offers the lowest
Responseunder the FCFS scheduling policy employed. At thees time, it is the
second best uSLA in terms of the total systemazatiion, but the difference between no-
limit and commitment-limit uSLAs is minimal (2.1%7Jhis difference is explained by

the need for different input files in the no-lingise: more jobs from a single VO start
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and thus more bandwidth is needed to transfereaffdm the node where it resides to
multiple destinations (nodes in the same clusténe other two uSLAs have lower
average resource utilizations and higher averagporese times for this scenario,

because fewer jobs are scheduled due to the uShifsli

Table 4.2: Response and Util Value Results

Metric\uSLA no-limit fix-limit extensibletimit commit-limit
Response (s 9.18 14.16 13.53 10.91
Util (%) 68.55 61.19 65.85 70.71
Comp (%) 80% 80% 80% 82%
Delay (s) 6.97 6.11 6.58 6.85
Starv (%) 8.49 12.32 10.38 7.82
Violation (%)  17.15 0.0 6.90 12.01

" With the assumption that resources are equally eth@mong the VOs (each should get a 33%of these
resources)
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| introduce two additional metrics to measure Gamgs overloading. Simulated
step requirementdRequired) represents the ratio of required time to the tstep size
for completing the computations required by thedGenvironment state update. In
addition,average requireds defined as the average of the required metrer anm entire
simulation interval. Whenever the required metscsmaller than or equal to one, the
simulator is not overloaded.

System overloadingnetric Overload) captures the level of inaccuracy introduced
into the simulator by the limitations of the loggifacility:

Overload=1-n*s/t

wheret is the GangSim environment timgeis the time step size, amdis the number of
steps successfully simulated at tirhe A small overload time indicates that Grid
environment time is close to the GangSim envirortniene; whereas a large value

indicates that the Grid environment time is wehipel GangSim’s environment time.

4.3.3. Graph Output Examples

In this section, | provide an example of GangSigraph output. For each uSLA,
four figures are presented: the first three repre€&U utilizations (burst and epoch) for
VOy, VO,, and VQ, respectively. The fourth figure represents thgregated CPU
utilization (again, burst and epoch) for the thN@s. In addition, the uSLAs are
represented for the last three scenarios as lihat déxpress either burst or epoch
allocations. The two axes are CPU utilization (esged as percentages on the vertical
axis) and simulated time (expressed as secondsedmatrizontal axis). In addition, when

a limit is enforced, it is also represented onléfieaxis as a percentage.
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The first simulation represents the execution ef shmple workloads on the site’'s
resources for a no-limit uSLA. Each VO acquires Qkburces as it submits jobs into
the schedulers’ queues. Figure 4.2 shows that ¥€juires fewer resources in the
beginning (at simulated time 120s), even though \theous VOs’ workloads have
comparable resource requirements (20% for ¥@mpared with 42% for V@and 37%
for VO,, thus there is over 100% imbalance between & VQ). The explanation is
that in absence of any limitations, Y® submitted jobs are scheduled only after the
other VO'’s jobs submitted earlier are finished,&wese the third VO starts submitting in

jobs at a later time.
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Figure 4.2: No-limit uSLA Simulation Example
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The second simulation represents the executioneo§ample workloads on the site’s
resources for a fixed-limit uSLA. The uSLA imposedthis scenario allows at most
30% for each VO and a total of at most 90% fortladl VOs. In this scenario, each VO
acquires at most its allocated share of the CPUsiade observed from Figure 4.3. For
this scenario, each VO acquires an equal share, 33%he total CPU resources.
However, even though additional resources werelaMaj they remained unused,
because the fixed-limit uSLA allowed the three Viodsconsume only 90% of the site

resources.
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Figure 4.3: Fixed-limit uSLA Simulation Example
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The third simulation represents the execution & #sample workloads using an
extensible-limit uSLA. The uSLA imposed in this sado allows each VO to use as
many resources as possible when there is no caerbut at most 30% when
contention occurs. In this scenario, each VO aeguat most its allocated share of CPUs
over the epoch, as can be observed from FigureTéhd.difference with the previous
scenario is that while all VOs acquire at leasirtkatitled share, the VOs that submit
their jobs earlier get additional resources. Eatlthe three VOs acquire, at different
intervals, more resources than their allocation®, Yias spikes up to 41%, \(Qip to
37% and VQ up to 37%. However, the epoch CPU allocation isgarable for the
three VOs (each VO acquires utilizations in the 20256% range over the 10 minute

interval).
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Figure 4.4: Extensible-limit uSLA Simulation Example
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The final simulation represents the execution o€ ttvorkloads using the
commitment-limit uSLA. The uSLA imposed in this segio allows V@ at most 30%
for the entire period with spikes up to 60%, V& most 30% with spikes up to 60% and
VO, at most 30% for the 10 minute simulation interwath spikes up to 50%. In all
cases the spikes can last until the epoch allataiconsumed. In this scenario, the VO
with the most jobs in the queue can have spikatsimstantaneous allocation, but will

never exceed its burst limit.
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Figure 4.5: Commitment-limit uSLA Simulation Example



113
In conclusion, | have presented GangSim graphiecaput for the four uSLAs
introduced in Chapter 3 and the scenario of secighl. From these results, the
commitment-limit uSLA is the best sharing approaththe four methods, because it
achieves the highest resource utilization. Thisctumion is also supported by the values
from Table 4.2, which shows that the VOs achieweldhvest starvation, second smallest

response time, and the highest overall resourtizaiion, under this uSLA.

4.3.5. Instantaneous Results

Simulation results are accessible instantaneousbugh a web interface. This web
interface offers a simple and easy way to browss \d@aw statistics about various
components in the simulated environmdiitere are three main screens, the site view,
the VO uSLA view, and the scheduler level view. liEaew has many associated sub-
views for monitoring a particular component. Foamewle, a user can inspect how a
scheduler assigns jobs to a site.

Figure 4.6 shows an example of the external scleesiuhterface for the fixed-limit
scenario at simulated time 120s. For each VO sdbgedihe scheduled and pending
jobs are represented on the left column. The VQ@itheir jobs are represented on the
second column. The right column represents thedsdbd and waiting jobs for each
VO'’s group. The numbers for the first line on tredbhave the following meanings: 7
stands for the total jobs in execution scheduledn@ans of Schedulgs, 19 for the
total jobs scheduled by means of the same Schedulehnile 29.16 stands for the burst

percentage of resources consumed by the jobs deldedly means of the same
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scheduler from the entire Grid. Further, the numebl@ve the same meaning per VO

and VO group.

Figure 4.6: The ‘Schedulers’ View Exemplified
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4.3.6. Simulation Step Value Influence

The last element of the analysis is the influentéhe simulation step value on the
performance of the simulator. We performed addgélanns for the scenario described
in Section 4.3.1 with two different values: 30s &3 vs. the 5s setting used before. The
new simulation results (graphs) are captured imféigl.7 and Figure 4.8. It is clear that
the increase in the simulator step affects theydelgob scheduling within the simulated
environment. The difference is quantifiable as ehsmulator steps, based on the
GangSim cost descriptions provided in Section 4.BEd@ each scheduling operation, at
least one simulator step is required, and becawsesteps are 6 and 12, respectively,

times larger, the jobs startup is delayed accoiging
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Figure 4.7. Simulation Results for a 30s SimulationStep
with Fixed-limit uSLA
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Figure 4.8: Simulation Results for a 60s SimulationStep
with Fixed-limit uSLA
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4.3.7. Simulated Architecture Variations

Figure 4.9 and Figure 4.10 represent two simulatioh the scenario presented
Section 4.3.3 based wSLA observational schedulirigr a fixed-limit uSLA, which is
the easiest uSLA to compare from a reader’s vieimtptn both cases uSLAs are not
available: in the first case, the ESs try to mame& least one job waiting in the local
site queue; in the second case, the ESs observeithier of jobs running concurrently
for each site and each VO and infer the uSLA atsitee These extra jobs increase the
gueue load at the execution site without actuahytieig to execute. As a consequence,
the other VOs (V@ and VQ, in our scenario) schedule fewer jobs on the aitd

resources remain partially unused.
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Figure 4.9: Observational Approach (no-memory) foruSLA
Discovery
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Figure 4.10: Observational Approach (with memory) br
uSLA Discovery
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While the two figures provide meaningful visual anhation for quantifying the
behavior of the two observational approaches, VidetheResponseand Util values
for the three scenarios in Table 4.3 for compasspurposes. As the results show, the
analytical approach outperforms the other two aggmes in our simulation scenario.
While the simple observational approach cannotatleté the available resources based
only on monitoring information, the memory-basegra@ch comes closer to learning
these limits (the consumption of the three VOs ngets to the point where it spikes up

to the 90% limit).

Table 4.3: Response and Util Value Results (fix-limuSLA

scenario)
Metric\luSLA analytical observational (no-memory) observational (memory)
Response (s) 14.16 18.21 17.02
Util (%) 61.19 49.92 55.21

4.3.8. Simulator Performance

In this subsection | show by experimentation thatequired time for a simulation
is dependent on three factors: number of partizigaites, workflow sizes and number
of participating VOs. | consider next three scemsmfor evaluating GangSim scalability
and performance, one for each of the above mertidmetors. In all three scenarios,
the scheduling policy is random assignment, theA1&_the extensible-limit uSLA

(50% for each VO), while the simulation step iseée@nds. A variable number of VOs
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submit workloads composed of pre-defined numbgolo$ (200 per VO if not stated),
with a constant arrival rate (2 jobs per secondpf@200 seconds time interval.

To measure the impact of the environment size a@n ghality of results, six
simulations were performed for 15 VOs with worklsatbmposed of 200 jobs each,
and for different environment sizes: 100, 125, 1645, 200, and 225 sites. Figure 4.11
captures the average required metric for each emwient size. The first figure shows
that in average GangSim still copes with the comfpart requirements for 100 sites, 15
VOs and 200 jobs size workloads per VO, but thelireq time increases substantially

as the size of the environment grows.

Figure 4.11: Average Requirement Metric Function ofthe
Environment Size
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Figure 4.12 presents the average overload metrig fasction of the number of
sites (100, 125, 150, 175, 200, and 225) at foungSan environment times: 300s,
600s, 900s, and 1200s. While its value is clos@ for 100 sites (low overload), it

increases quickly as the environment size grows.

Figure 4.12: Overload Metric Function of the Number of
Sites during Executions
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To evaluate the impact of the workload size, faorutations were performed on a
Grid of 225 sites and with 15 VOs for different Wimad sizes: 100, 200, 300, and 400
jobs per VO. Figure 4.13 captures the average redjumetric. It can be easily observed
that the required metric increases more slowly \liga number of jobs than with the
number of sites. Thus, handling a single extraigoless computationally intensive than

handling an additional site.

Figure 4.13: Average Requirement Metric Function ofthe
Workload Size



125
Figure 4.14 represents the variation of the averageired metric for different
numbers of VOs (10, 15 and 20) for three Grid emvinents (100, 150 and 200 sites).
The total number of jobs in the system was constEs0 jobs, that were distributed
evenly over the simulated VOs. | note that in tbeent GangSim implementation it is
more expensive to add VOs to the simulated envieminthan increase the VO
workload sizes (previous figure). This result ispested, because additional data

structures must be maintained and processed fati@td VOs.

Figure 4.14: Average Requirement Metric with the Number
of VOs for Three Environment Sizes
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To summarize, adding either sites or VOs to theukted Grid environment is
computationally more expensive in the GangSim cirrenplementation than

increasing workload sizes.

4.4. Summary and Future Work

In summary, in this chapter | have detailed GangSinsimulator developed for
controlled resource sharing studies in Grid envitents. | have also described the type
of comparisons that can be made by means of a fepextienario. Other task
assignment policies can be combined with variousAsSor analyses. The simulation
results show that commitment-limit uSLA performe thest for our sample scenario
compared with the other three uSLAs introduced a@er 3 in terms of the computed
performance metrics. GangSim has been used forraesenulations studies and
comparison studies regarding current Grid stat8s38, 44, 107, 108].

As future work, | plan to in validate GangSim agtimeal Grids. Preliminary
simulator validation studies show inconclusive hssuGrids introduce latencies and
failures that are not captured by GangSim, whicls waveloped as an ideal study
environment. Second, a language-based uSLA spadfiic represents an important
step for extending GangSim’s capabilities in sirtinta various scenarios. And third,
GangSim can be configured to run in a distributeatenin which several simulator
instances run on different hosts, with sites andanmaational load distributed
appropriately. This feature has the potential tovygte greater, but | have not yet

evaluated whether this potential can be achieveulantice.



CHAPTER FIVE

GRUBER: A GRID uSLA-BASED BROKER

GRUBER is an infrastructure for uSLAs specificatiomanagement and
enforcement in Grid environments. The current impdatation has been successfully
deployed, tested and used in the OSG/Grid3 enviemtrfil3]. GRUBER provides a
means for uSLA discovery, management, and translat allow Grid schedulers in
order to perform uSLA-based scheduling. It addreslse issues of how uSLAs can be
automatically discovered, retrieved, stored, arsdemninated. The targeted entities are
computing resources such as computers, storage, netwlorks, and computing
services, such as Grid services.

The rest of this chapter is organized as follow®ct®®n 2 presents the
implementation details and enhancements requirebatadle large distributed Grid
environments. Section 3 covers GRUBER'’s infrastmec performance. The chapter

ends with my conclusions.

5.1 Implementation Details

GRUBER is composed of five software components (dégure 5.1):
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1. The GRUBER enginemplements uSLA semantics, detects available messy
and maintains an overall view of resource util@atiin the Grid. My
implementation is a Grid service that is capableesfing multiple requests. It is
based on the Globus Toolkit [85] and provides autibation, authorization,
state or state-less interaction, etc.

2. TheuSLA language parsgrovides support for translating the two spectfaa
languages introduced in Chapter 3 to an internaksentation for the engine;

3. The GRUBER site monitors and uSLA enforcers (S-P&PR)the data providers
for the GRUBER engine. They are composed of afsgtNdX and Globus tools
for collecting Grid status information and enfogiruSLAs for resource
managers that do not have means for controlleduressharing;

4. The GRUBER queue manager (QM) and VO uSLA enforcerBERN) are
complex GRUBER clients that reside on submittingteo They enforce VO
uSLAs and decide how many jobs to start and when;

5. The GRUBER site selectaravhich reside on submitting hosts, are tools that
communicate with the GRUBER engine to determinebést site for a job.

Currently, there are two implementations of GRUB&Riilable,one based on Grid
Services (OGSI [109]), and one on Web Services (88 - the two main versions of
the Globus Toolkit (GT3 and GT4, respectively).

In this infrastructure, components exchange infaionaunder the following rules.

The GRUBER engine periodically receives informatadsout available resources on

the Grid by means of the GRUBER SiteMonitor (Figbté - arrows 1 and 2). The
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GRUBER SiteMonitor collects raw data from each locasource manager and
translates it into the semantics of Chapter 3. dwbssubmitted to the local queue at
each submission site and the GRUBER QM instru@sternal scheduler (ES: Figure
5.1 - arrow 4), based interactions with the GRUBE&R)ine (Figure 5.1 - arrow 3),
when and how jobs can be released. As soon jobsekrased, the ES interacts with
one of the GRUBER SiteSelectors for selecting aifipesite for each individual job
(Figure 5.1 - arrow 5). A SiteSelector can be detbdor each individual job. The
SiteSelector uses information provided by the GRBRiagine (Figure 5.1 - arrow 6).

The last step is the job submission (Figure 5rtova7).



130

Figure 5.1. GRUBER Resource Brokering
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5.1.1 The GRUBER Engine

The GRUBER engine represents the main componethiedirokering infrastructure.
| use the terndecision poin{DP) for an engine instance. A DP maintains a voéthe
available resources at each Grid site and invokes af the four uSLA algorithms
described in Chapter 31@-uSLA, fixed-uSLA, extensible-uSLA andcommitment-
uSLA) for determining resource availability. All thehet components in the brokering
infrastructure communicate with a DP to performirtbeerations.

GRUBER decides which providers are available foeguest using monitoring data
and published uSLAs. The GRUBER engine’s logic meanaging CPU and disk
requests is captured by the following algorithm clhreturns the set S of available
sites for use of job J, where J represents theclhavacteristics as well the job name,

from the VQ:

G = Grid Site Set ;
J = resource requirements for job J;

S = Matching Site Set;

algorithm get-avail-sites_cpu inputs (G,VO ,J) returns S
1. S = empty
2. for eachsites in G do

# Apply one of the algorithms introduced in chapter 3
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11.

12.

13.
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if USLA (s) == none and
no-uSLA (J, VO |, s) == accept then
add (s, S)
else if USLA (s) == fixed and
fixed-uSLA (J, VO , s) == accept then
add (s, S)
else if USLA (s) == extensible and
extensible-uSLA (J, VO i, s) == accept then
add (s, S)
else if USLA (s) == commitment and
commitment-uSLA (J, VO ;, s) == accept then
add (s, S)
else
next
return S
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5.1.2 uSLA Enforcers and Observers

In this section, | describe two solutions for uSlanagement and enforcement
provided by GRUBER. The first solution considers ttase of simple RMs that are
unable to arbitrate among concurrent requestsdsources, in which case complete
policy enforcement points (PEPS) are required. deond solution supports advanced
site RMs capable of enforcing complex uSLAs, inabhcase only policy observation
points are required (POPS).

Solution 1 (Stand-alone resource S-PEP)The first solution works with any
primitive batch system, for example’ADPZ [110], that provides at least the
following: accurate usage and hardware status nmétion, basic job management
(start, stop, held, remove operations), and jolorpization capabilities (increase,
decrease operations). The S-PEP interacts witiRMés). It continuously checks the
status of all the jobs being managed by the RM iamdkes management operations
when required to enforce uSLAs. This functionaigyaccomplished by gathering site
USLAs as described in Section 3.5, collecting nayimg information about cluster
usage from the local schedulers, computing CPUaisagrameters, and sending
commands to schedulers to start, stop, restad, laold prioritize jobs. As an example,

the processing logic of the S-PEP based on the d¢onemt-uSLA is presented below:



EP. = Epoch allocation policy for VO

BP, = Burst allocation policy for VO

Q = set of queues with jobs from VO
BA = Burst Resource Allocation for VO
EA = Epoch Resource Allocation for VO
Utilization = current utilization on the site

TOTAL = possible allocation on the site

procedure  s-pep_commitment
1. while (true) do
2. sleep 10 # (seconds)
3. foreach VO,

# Case 1: resource exhausted on this site

4, if EA >EP ; then

5. suspend jobs for VO i from all Q
# Case 2: available and BA i <BP

6. else if  Utilization < TOTAL

& BA | <BP; &Q ; hasjobs

7. start job J from some Q
# Case 3: resource contention: fill EP

8. else if Utilization == TOTAL

i # (e.g., FIFO sched)
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& BA i<EP; &Q i has jobs then

9. if jexists &BAj >=EP ; then
10. suspend an over-quota job Q i
11. startjob J from some Q i # (e.g., FIFO sched)

For further clarification, BA or EA represents thlgare actually used by a VO. BP or
EP represents upper limits for these shares. I0BPP increases, then the VO receives
additional resources. An important novelty of thpgproach over a cluster RM is its
capability to keep track of jobs scheduled by salvBMs on a single cluster, and to
allow the specification of complex uSLAs withoutetmeed to change the RM
implementations.

Solution 2 (Stand-alone resource S-POP)he second solution was developed and
implemented with success in the context of the @3@B8 environment. | decoupled
the functionalities of the S-PEP by introducingtangalonesite policy observation
point (S-POP) and by allowing the RM to manage how loseaburces are shared. In
this case, the assumption is that in addition t® fimnctionalities enumerated for
solution 1, the RM can enforce the desired uSLAargples of such cluster RMs are
Condor [101], Portable Batch System [111], and L8&dring Facility [103], which are
widely used on OSG/Grid3 [31]. The S-POP transl&édsom the RM usage policies
to the common uSLA language described in Chaptend)itors resource utilization,
and communicates this information to the GRUBERim®gThis approach eliminates

the requirement to deploy additional Grid elemdotssite management.
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5.1.3 Queue Managers and VO-level uSLA Enforcement

GRUBER queue managers reside at the submissiors laogt are responsible for
determining how many jobs per VO or VO group carsbieeduled at a certain moment in
time. Usually, a VO planner is composed of a jobug) a scheduler, and job assignment
and enforcement components. These last two compoaea part of GRUBER. A queue
manager answers the questiohtov many jobs should group,&f VQ, be allowed to
run? and “When can these jobs stdrtThe queue manager is important for uSLA
enforcement at the VO'’s level because it specitiesed on the VO uSLAs, how many
jobs to run simultaneously for each VO’s group.sImechanism also avoids site and
resource overloading due to un-controlled submmssicrfhe GRUBER queue manager
implements the following algorithm (with the assurmp that all jobs are held initially at

the submission host):

J=JoblId;

Q = Job Queue ;

S = Site Set ;

G = All Site Set;

VO = Mapping Function jobld -> VO

procedure v-pep
1. while (true) do

2. sleep 10 # (seconds)

3. if Q!=empty then
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4 getJ from Q

5 else

6. next

7. S= get-avail-sites (G, Vo(J), J)
8 if S!=empty then

9 release JfromQ

5.1.4 Site Selectors

While GRUBER targets the provisioning of brokersgyvices in Grid environments,
| have also included scheduling mechanisms. Bydhicing site selectors, GRUBER
can determine thbestsite for a running job in terms of uSLAs and cutretilization.
They are invoked directly by Grid schedulers (eEuryale [100], KOALA [37], or
WMS) in order to get site recommendations.

Currently, the four standard scheduling policiesplemented by GRUBER are
random selectionG-RA), round-robin selectionG-RR), most-recently-used selection
(G-MRU), and least-used selectioB-(U). A fifth scheduling policy is provided by
the GRUBER observansite selector G-Obs), which associates a job with the site
where the most recent job was started. In effés, fifth site selector fills a site by

assigning jobs to it until site’s limit is reached.

5.1.5 Grid Service Brokering
GRUBER addresses resources and services differezahditioned mainly by the

local site managers in each case (i.e., Condor][PI&S [102] for low-level resources,
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ARESRAN [83], SAML [113] for services). For Grid rseces at the site level,
GRUBER adopts the uSLA management approach fro,/ARESRAN prototype.

ARESRAN is a GT4 service for uSLA and reservatioanagement, specification
and enforcement at the level of a single site basethe Globus technology [85]. The
ARESRAN prototype is based on the authorizatioreses implemented by GT4, the
so calledPolicy Decision Poin{PDP). GT4 allows a chain of PDPs to be configured
for each service, with each PDP evaluating to aependent decision [96]. The final
answer is a logical AND operation of all these meledent decisions. The ARESRAN
authorization engine provides one of independeptsams to the GT4 authorization
engine based on uSLAs enforced at the site levélave developed two specific
ARESRAN PDPs - one for managing service reservatiand one for lower level
resource reservations such as compute nodes thananaged by the WS-GRAM
service [114].

The overall ARESRAN architecture is described igufe 5.2. Whenever a service
request arrives for a service managed through AREERhe service’s PDP steps in
and verifies whether the request is acceptablethAtGrid level, GRUBER collects
uSLAs from all individual ARESRAN services and piades brokering services for

consumers.
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Figure 5.2. ARESRAN Architecture
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The main components of these mechanisms are theSRRE Service, the
ARESRAN PDPs and the ARESRAN Reservation DatabBisese three components
communicate to ensure that requested resources\oces are used appropriately. The
specific details of these components are:
Service:represents the reservation and uSLA engine of ratotype. Every time
a new reservation is requested, the engine is etvda& verify whether the new
reservation can be honored. The verification pracedises information from the
ARESRAN database and returns either ACCEPT, DENPROBABLY. If the
reservation request is accepted, it is saved iIARESRAN database;
Database: stores reservations, uSLAs, and information aboequests in
progress. In this manner, ARESRAN has a complete af the utilization of the
services and resources that it manages. So farddtabase is implemented in
memory only, but future enhancements target thgausé a persistent database.
Whenever a reservation is served, various statisti®@ also saved, such as:
request time, running time, remote client, etc;
PDPs: authorizes requests based on the rules stordueinldtabase for various
services and resources. Each PDP returns ¢éB8ECTor ACCEPT
To accomplish service brokering, GRUBER collects ti$SLAs enforced by each site
and builds an overall view of the services’ avallgbin the Grid, as is done in the
resource brokering case. It collects current atiooa and utilizations directly from
ARESRAN (Figure 5.3 - arrow 2) and, based on tm®&rmation, instructs the

consumer about available alternatives (Figure 58rew 3). GRUBER applies the
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service brokering algorithm described in Chapteto3build the list of available

alternatives for each individual client and serviequest.

Figure 5.3. GRUBER Service Brokering
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Because ARESRAN was developed from the beginnisgd@&n uSLAs for service
sharing, the overall architecture is simpler andiele component interactions are

required. The complete GRUBER is presented in Eigu4.

Figure 5.4. GRUBER Resource and Service Brokering
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5.1.6 GRUBER Extensions

| implemented several extensions to GRUBER. The tmogortant ones are
described in this section: distributed uSLA managetnmultiple scheduling policies
for associating clients with DPs, and a graphicatification interface for human

operators.

5.1.6.1 DI-GRUBER (Dlstributed GRUBER)

Managing uSLAs within environments that integrapesticipants and resources
spanning many physical institutions is a challegganoblem in practice. A single DP
providing brokering decisions for hundreds to themds of jobs and sites can become a
bottleneck in terms of reliability as well as perfance. | extended GRUBER with a
distributed Grid uSLA-based resource broker, calDéd@GRUBER that allows multiple
DPs to coexist and cooperate in real-time.

DI-GRUBER aims to provide a scalable managemenvigerwith the same
functionality as GRUBER [45]. It is a two layer oesce brokering service (see Figure
5.5), able to handle large Grid environments byreding GRUBER with support for
multiple brokering DPs. The ability to integratewn®Ps into an already existing

brokering infrastructure is important in large atyhamic Grids.
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Figure 5.5. DI-GRUBER Architecture
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DPs learn the brokering infrastructure based oendezvous mechanism. A human
operator provides a rendezvous point and each RFAeguand retrieves the list of the
other DPs acting in the brokering mesh.

DI-GRUBER currently uses a rendezvous mechanismadas WS-Index Service
[115] to integrate new DPs into the infrastructi&s-Index Service [116] is a standard
component of the Globus Toolkit that provides spked functions for resource and
service monitoring and discovery. WS-Index Sergicaain function in DI-GRUBER
is to act as a specialized directory of all DI-GRERB DPs for both clients and other
DPs. Each DI-GRUBER DP registers with a predefid¢8-Index Service at startup
and is automatically deleted when it vanishes.r@dieise this registry, based on a pre-
defined scheduling policy, to select the most appate DP for usage. The scheduling
policy could take into account metrics like loaddanumber of clients already
connected. So far, | have implemented lgest-usedpolicy based on the number of
clients already connected to a DP. Figure 5.6 ptesan example of the allocation of
available DPs to the brokering clients and shoves rttethod used for DP’s address

specifications (URI) and load (# of connected dbgn
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Figure 5.6. DPs Allocation Interface (PlanetLab exgrimental testbed)
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When the infrastructure becomes overloaded, DI-GRRBshould start new DPs.
Such dynamic bootstrapping is difficult to automatea generic environment. The
solution | have devised a semi-automatic methodHerGrid3 scenario. When a client
fails to communicate or to connect to a DP, it segs a request fault with the WS-
Index Service. These faults are then used by a huwparator to bring up new DI-

GRUBER instances and re-stabilize the brokeringastfucture.

5.1.6.2 Verifiers

Monitoring of a brokering infrastructure is impartain order to understand why
certain decisions were performed and how the fraonlewctually performs in different
situations (theverifier concept introduced by Dumitrescu et al. [33]). &Adirst step
towards this goal, | introduced a graphical-basexfication mechanism that describes
how resources are used by each client and pregenturrent allocations and uSLAs
for each DP. This interface connects to DPs, ctdléte local or generic view of how
resources are being managed, and presents it @asnto visualize mode (see Figure

5.7).
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Figure 5.7. Resource Allocation Scenario
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From a verifier point of view, the interface proggla means for addressing the
following two questions‘Are uSLAs adequately enforced by each DRid“What

are the utilizations and allocations of differeespurce in the Grid?”

5.2 The Performance of GRUBER

In this section, | focus on experimental result thustrate GRUBER’s capabilities
in terms of both scalability and brokering accuradyhese results evaluate the

performance of both the centralized and distribwmerdions of GRUBER.

5.2.1 Experimental Setup

In this section, | introduce my experimental seamngl the performance metrics used
for analysis. For each scenario, | describe thaepsahd workloads used to perform the
experiment.

All the experiments described in this chapter wpesformed using the DiPerF
performance testing framework [117]. DiPerF cooat®s several machines in
executing a performance testing client and collewsrics for the performance of the
tested service. The framework is composed of aralbert/collector, several submitter
modules, and a tester component. In my experimédgrs run DI-GRUBER clients
against the brokering infrastructure. Each suctetes launched with a predefined time
interval between consecutive testers — 25 secandbhé experiments described in this

chapter.
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DiPerF collects metrics, described in section 5.B2 a function of either test
execution time or the number of running testere atlvantages of using DiPerF are its
capacity to coordinate large scale distributedstastolving 500+ clients and its
automated performance metric collection.

| used PlanetLab as the testbed for all the exmarisof this chapter. PlanetLab
nodes are RedHat-based PCs connected to the Pdénetterlay network with
worldwide distribution. They are connected via 10/Mnetwork links (with 200Mb/s
on some nodes), and have processor speeds excee@®nGHz (IA32 PIIl class
processor), and at least 512 MB RAM.

Each experiment consisted of a set of clients regubrokering decisions from one,
three or ten DPs. The DPs maintained a view ofehegre Grid environment and
periodically exchanged information with other DRscerning recent job or request
dispatch operations. Each experiment specifiespégicular exchange period is
specified for each experiment. DPs were connectead mesh with various degrees of
connectivity, as described for each experiment.

From 1 to 120 clients were used for performancéngsThese clients ran on the
PlanetLab nodes and each maintained a connectibnowe DI-GRUBER DP. Clients
can select a DP under either a random or least-sideeduling policy, but for all the
experiments in this chapter clients use the leasttypolicy. Each client was configured
to apply a 60s timeout to the requests that itatdped to a DI-GRUBER DP. If the
timeout occurs, then the client’s site selectoonemends a site according to the local

scheduling policy without considering site uSLA$iS requirement is introduced by
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the need to provide a brokering decision in a (diedd time interval. The Euryale
scheduler [100] used for job submission on OSG/&hidd a fixed timeout equal to 60s
for brokering decisions. The experiments were oo In all cases. Clients submitted
jobs once per second.

For the scalability and brokering accuracy expentsethe DPs maintained a
complete view of an emulated Grid that was compased00 sites with a total of
40,000 nodes (a Grid approximately ten times latpan OSG/Grid3 today). The
clients simulated brokering requests for 60 VOs tamdgroups. Each GRUBER client
randomly chose a VO id and group id under whichrédmgiest was made. This selection
process was repeated for each additional request.

The emulated Grid configuration was based on OS@3Gconfiguration settings
(spring of 2005) in terms of CPU counts, networkroectivity, etc. The uSLAs also
were derived from OSG/Grid3 settings: no-limit ged at the VOs' level, 50 sites share
resources under commitment-limit, 170 sites shadeu extensible-limit, 70 under
fixed-limit, and 10 under no-limit.

| note that this emulated environment is alreadybas as some existing P2P
networks. There are two layers of communicatiothia environment; the sites can be
thought of as super-nodes from a P2P network, whdeesource nodes can be thought
of as leaves from the P2P network.

For the service brokering scenario, the environme@s composed of ten
ARESRAN-managed WSRF services deployed on Planeti@es and the DPs

provided brokering services for this ad-hoc senddented Grid. Each service ran
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inside a GT4 container on a PlanetLab node, exBBgERUBER and WS-Index
Service, which ran inside the same container owde rat the University of Chicago
having an Intel Pentium 2.0 GHz processor, 1 GBneimory, 100MBit/s network

connectivity, and Linux-SuSe9.1 OS.

5.2.2 Scalability Test Results

Figure 5.8 reports the results for the experimpetéormed to measure DI-GRUBER
scalability for one, three and ten DI-GRUBER DPsdihon the emulated environment
described in section 5.3.1. When three or ten DRsewused, they exchanged
information about recently scheduled jobs evergeiminutes. The graph in Figure 5.8
plots the number of simultaneous active clientsiregahe response time, while the
graph in Figure 5.9 plots the number of simultamfpuactive clients against
throughput.

As can be observed, the results show improvemertenms of Throughputand
Response Tim&hen moving from one DP to ten DPs. Theroughputmetric’s value
increases almost linearly with the number of DRsching a constant value of five

gueries per seconds for three DPs, while risintptqueries per second for ten DPs.
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(A) Response Time Metric for one, three and teSRIJBER DPs

(B) Throughput Metric for one, three, and ten DIHEHRER DPs

Figure 5.8. DI-GRUBER Performance Metrics
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The above results suggest that adding DPs incrgesésrmance, but they do not
identify the number of DPs required to support aeqgilevel of performance. To
evaluate this question, | extracted traces of tlo&dying requests made in the previous
experiment. | also built the GRUB-SIM extension BDf-GRUBER, a trace-based
simulator that is capable of simulating additioiPs for brokering requests, of
identifying saturation moments, and of generatimg optimal number of DPs needed
for a given Grid environment. | used GRUB-SIM oregh traces to compute the
minimal number of DPs required to provide a 15 sdsoresponse time for the
considered environment.

The analysis is based on tResponsemetric and the moments when a client does
not receive an answer in less than 15 secondstiier®P. It showed that a total of five
DPs are sufficient to achieve a response time |dien 15 seconds for all 120 clients
in the simulated environment.

As a final note, the performance results preseabeye will remain un-changed for
other uSLAs configurations. The four uSLAs haveikimcomputation complexities
for the same site: for a given brokering requestabmputational cost can be expressed
as O (N+M), where N is the number of sites, andh®l number of groups from a VO.
If N is much larger than M, then the computatiooast is just O (N). Even more, the
cost introduced by communication surpasses the gtatipnal cost - to perform a
request to a DI-GRUBER DP takes on the order ofrsés to 10s of seconds, while the

decision making operation is on the order of 100wmitiseconds.
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5.2.3 Comparison with a Peer-to-Peer Service

To evaluate DI-GRUBER'’s performance relative toestBystems, | have studied the
PAST application, built on top of the PASTRY substr [8], using DiPerF on
PlanetLab.

The setup used for the experiment was very sinoldne one used for DI-GRUBER:
five PlanetLab nodes for running permanent PASTesoahd 120 clients that joined
and left the network in a controlled manner usihg same 25 seconds delay. One
PAST node played the role of the main rendezvourst ffa node situated at UChicago).
The remaining ones were maintained as backups. jgachg node requested a lookup
and an insert operation every second (or, if tlewipus operation took more than one
second, at soon as the previous operation ended).

The performance results are presented in Figure I6.9his case, the results are
plotted as a function of the experiment executionetversus load/throughput and
throughput. Figure 5.9 also includes results far @2l-GRUBER DPs for easier
comparison. They show that for insert and lookugrapons, the PAST’s response
time is around 2.5 seconds (two to three times tdiven for a ten DP instances of DI-
GRUBER) with a higher variance in the beginninge(tstabilization of the P2P
network), while the throughput goes as up much7asdhsaction per second in average
(1.6 higher than for DI-GRUBER). Finally, note tlait operations were performed and
measured on the local nodes (insertion followedbbkup); in the background the P2P
network propagated the new elements in the netwatkich provides one partial

explanation for DI-GRUBER'’s higher response timd &wer throughput.



(A) PAST Network

(B) Ten DP DI-GRUBER

Figure 5.9. Response Time (left axis) and Throughpyright
axis) for a variable Load (left axis * 10) for DI-GRUBER
and PAST Network on 120 PlanetLab Nodes
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5.2.4 Accuracy Performance Results

To evaluate the accuracy DI-GRUBER achieves, | idenghree dimensions in the
analysis space: mesh connectivity (defined as timeber of peers used for exchanging
data about recent brokering decisions), synchrdioizdime interval among DPs, and
the total number of DPs in the infrastructure.

The experiments are performed for each dimensiokeleping two of the parameters

constant, while performing the tests for differeatues of the third.

5.2.4.1 Accuracy with Mesh Connectivity

First, | measureAccuracy for brokering as a function of the DPs’ average
connectivity using ten DPs that exchange data etleige minutes. | consider three
casesfull connectivity(a DP sends its state to all the othemg)lf connectivity(a DP
sends its state only to half of the others), and-fourth connectivitya DP sends its
state only to one quarter of all the others). T&blecontains the results achieved by the

DI-GRUBER infrastructure for configurations.

Table 5.1. Accuracy Function of the Infrastructure Mesh

Connectivity
Connectivity (N=10) Accuracy (%)
N-1 75
N/2 62
N/4 55

| note that the accuracy of the brokering infrastiite drops substantially as the

connectivity decreases.
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5.2.4.2Accuracy with Exchange Time Intervals

Second, | measure the accuracy as a function dfaexye intervals. | use three and
ten DPs fully connected that exchange informatioerg one, three, ten, and 30
minutes. The results in Table 5.2 show that, ftrrae DP infrastructure, a three to ten
minutes exchange interval is sufficient for achigui\ccuracy over 85%, while one to
three minutes is required for achieving over 7Aéturacy for ten DPs. However, this
accuracy value depends also on the number of theegoheduled by the DPs, but one

job/s considered is sufficiently high for any Gedvironment [13, 40, 80].

Table 5.2. Accuracy Function of the Exchange Time
Interval for Three and Ten DPs

Exchange Interval Accuracy for three DPs Accuracy for ten DPs
(mins) (%) (%)
1 89 80
3 87 75
10 86 68

30 83 61
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5.2.4.3Accuracy with the Number of Decision Points

Third, | analyze the performance of DI-GRUBER atwl strategies for providing
accurate scheduling decisions as a function ohtimeber of DPs in the infrastructure. |
use one, three, five and ten DPs that exchangeedaty three minutes under a full
mesh connectivity. Table 5.3 depicts the accug@egormance and | note that the

accuracy drops to 84% in the five DP case and #%e ten DP case, thus, having

fewer DPs yields better accuracy.

Table 5.3. Accuracy Function of the Number of DPs

Number of DPs Accuracy (%)
1 98
3 89
5 84
10 75

5.2.5Service Brokering Example on an Ad-hoc Grid

In this section | focus on experiments for meagusarvice brokering performance. |
consider three scheduling strategies, GRUBER, R&winin, and Random and two
resource availability scenarios, fully availableAjFand partially available (PA). By
partially available | mean that only two out of teites had resources available for

consumption. The analysis is based on Besponsemetric, with the following
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refinements:GRUBER Responserepresents théResponsemetric for GRUBER,
Service Responseepresents th&esponsemetric for the tested service, aR&ject
Responserepresents th&kesponsemetric for the authorization mechanism when a
request is rejected due to uSLA constraints.

The fully available scenario represents the woestecperformance for GRUBER.
This scenario will favor simple scheduling apprasshsuch as the random or round
robin assignment, because of the abundance ofaél@ilesources. Furthermore, this
scenario also shows the overhead incurred by USRGBER in relation to the simpler
assignments.

The patrtially available scenario represents thé sigsation for the GRUBER engine.
This scenario will favor a scheduling approach tbah make good and informed
scheduling decisions. Table 5.4 depicts the redoltsclients situated on the same
network as the GRUBER engine using two differergnscios for each scheduling
strategy.

For the fully available scenario, | first obserndsatt the total number of request
completed in one hour differs greatly between thst third scheduling strategies (177
vs. 321 and, respectively, 312). As expected, thesdts show that brokering requests
take up a significant fraction of the total exeonttime without an improvement in the
assignments.

The partially available scenario demonstrates tbeergial benefits of GRUBER,
which was able to obtain many more assignments thanrandom or round robin

assignment strategies (150 vs. 59 and 52). | adecthat the utility of the GRUBER
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service brokering engine occurs only when the nundbeservices is large, custom
advance reservations are performed in the systaimeanumber of the requests is large

and can potentially exhaust the available allocatio

Table 5.4. Service Brokering Performance Results (Btrics:
Number of Request, GRUBER infrastructure Response
time, Tested Service Response Time and Tested Sewvi
Reject Time)
Scheduling GRUBER GRUBER Random Random  Round Round
Strategy Assg Assg (PA) Assg Assg Robin Robin

(FA) (FA) (PA) (FA) (PA)
# of Request 177 150 321 59 312 52
GRUBER 8.98 9.78 0 0 0 0
Resp.
Service 11.45 16.55 10.84 17.45 11.04 17.0

Resp. 6
Reject Resp. 0 0 8.89 10.18 9.28 9.85
5.3 Summary

In this chapter | presented GRUBER, a Grid resouraeker, capable of uSLA
resource management in a multi-site, multi-vVO emwinent. It supports the uSLA-
based Grid management infrastructure required éwptienarios presented in Chapter 3.
| note that GRUBER is a complex service: a quenat®P may include multiple
message exchanges between the submitting clientren®P, and multiple message

exchanges between the DPs and the job manages @rttl environment.
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Managing uSLAs within large virtual organizatiortgat integrate participants and
resources spanning multiple physical institutiaa ichallenging problem. Maintaining
a single unified DP for uSLA management is a probtbat arises when many users
and sites need to be managed. | provide a solutemgly the GRUBER infrastructure
and the distributed version, to address the questio how uSLAs can be stored,
retrieved and disseminated efficiently in a largaributed environment.

In summary, while GRUBER’s performance is sufficidor today's Grids, the
increase in scale of these environments will rexjdcalable solutions [118]. DI-
GRUBER is, in my view, such a scalable solutioryedul enough to handle world-
scale Grids.

As an additional note, LCG [32] currently uses lson based on several schedulers
that rely solely on monitoring information gatheredm provisioning sites. | believe
that by incorporating some of the mechanisms deeelofor DI-GRUBER, the

performance of LCG’s scheduling infrastructure \wiltrease substantially [80].



CHAPTER SIX

USAGE SERVICE LEVEL AGREEMENT

RESOURCE MANAGEMENT

In this chapter | present experimental results 8bAtbased resource management.
The main purpose of these experiments is to shatwitBLA-based management can be
achieved with success in real Grid environmentse Tdsults are grouped into three
sections: the first set demonstrates that uSLAsaleady enforced at the site level in
Grids, the second set contains a comparison of SHREP and S-POP solutions
proposed in Chapter 3, and the third set presentsevaluation of GRUBER, my
solution for uSLA-based resource management oil©O®&/Grid3 testbed. This last set
of experiments also shows that GRUBER is scalambeigh to support large workloads

(at the limit of the other Grid technologie®., in this case Condor-G).
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6.1. OSG/Grid3 Evolution

The Grid2003 Project has deployed a multi virtugjamization, application-driven
grid laboratory (OSG/Grid3 that, for almost two years, has sustained thelymton-
level services required by physics experimentdefliarge Hadron Collider at CERN
(ATLAS and CMS), the Sloan Digital Sky Survey pujethe gravitational wave
search experiment LIGO, the BTeV experiment at Heastn as well as applications in
molecular structure analysis and genome analysid, @mputer science research
projects in such areas as job and data scheddlimg.infrastructure has been operating
since November 2003 with 32 sites, a peak of 45@@gssors, work loads from 10
different applications exceeding 1300 simultangobs, and data transfers among sites
of greater than 2 TB/day [31].

The infrastructure has evolved continuously dutiinig interval to provide better
services to its consumers. Also, resource provigenged constantly in the beginning.
The software stack that supports this infrastrgtane Virtual Data Toolkit (VDT
[119]), had a new release almost every two or thremnths. The VDT release
documentation [119] contains a complete list ofsiitem’s software.

My experiments used the Virtual Data System (VD3O0]), which provides a
means to describe a desired data product and tlugedt in the Grid environment. The

VDS provides a catalog that can be used by appita&nvironments to describe a set

! The first version of this environment was calledMIGrid.



165
of application programdransformation}, and then track all the data files produced by

executing those applicationdefivations.

6.2. Site-level uSLA Verification on OSG/Grid3

In order to verify that uSLAs are not only spedifidut also enforced at the site
level on OSG/Grid3'’s sites, | monitored site CPUizdtion over a period of two weeks

duringJuly 2004at the University of Chicago site.

6.2.1. Monitored Configuration

The resource pool was managed by means of Condbitber OSG/Grid3 RMs
(e.g., OpenPBS [102], LSF [102, 103]) behave siryilfL21]. Two VOs, USATLAS
and GridExerciser, competed for resources on tkes Bhis site’s CPU utilization is
captured in Figure 6.1. The uSLA enforced locallgswextensible-uSLA with burst
allocations of 35% for USATLAS and of 0.1% for GRER, based on Condor’s
extensible fair share policy, and reported by tRIUBER’s site monitor.

The software installed at the University of Chicaife was VDT 1.1.7 [119, 122],
composed of Globus 2.0 [54, 123] for remote exeaytand Condor-G 6.4.3 [124] —
the software that supports workload submissioméGrid. The local site runs Condor

6.7.1 as site manager [20].

6.2.2. Results and Analysis

USATLAS'’s larger allocation means that whenevdras jobs queued locally, they

acquire all resources. But as soon as the USTALgs8 ldecreases (from time £' 4
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day, 8" hour to time = 18 day, 28" hour), Grid-Exerciser’s jobs take over and get all
the resources they request. When the USATLAS jodns ® use all resources of the
site again (X = end of 5day), Grid-Exerciser’s jobs are throttled back.té&N¢hat
when USATLAS’ load increases but does not fill $ie’s resources completely, the
Grid-Exerciser jobs are not throttled back (fromei= 6" day to time = 8 day and

16" hour).
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Figure 6.1. Resource Allocations at the Universityof
Chicago’s Site over an Interval of 15 days and 4 hws (time
is expressed in days and hours)
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6.3. S-PEP vs. S-POP Analysis

The main purpose of the experiments in this segido compare the two solutions
proposed in Chapter 3 for uSLA-based resource neamagt at the site level. good
USLA scheduler will maximize delivered resourced areet owner policies. Table 6.1
contains an example where resources are not albaatcording to the local owner

policies [33, 125].

Table 6.1. Possible uSLAs Scenarios for the VOs moduced

in Chapter 3, Target represents the VO’'s burst limi,

Current represents the VO’s utilization, Demand,

represents the VO's instantaneous request, and Lelve
represents an uSLA violation indicator)

VO Target Current Demand Level
USCMS 60 50 50 OK
USATLAS 20 15 30 Under
IVDGL 10 10 100 OK
SDSS 5 22 50 Over

6.3.1. Synthetic Workload Description

| used synthetic workloads for this comparison. Tlwe workloads overlay work
entering a single site for two VOs, with the numbgjobs and their average durations
described in Table 6.2. Job arrival times and ttemations have Poisson and Gaussian

distributions, respectively. They mimic the workilisarunning on OSG/Grid3 [13], but
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at a lower time scale (minutes instead of days)l[1ZFor each experiment, the

execution period was 3000 seconds.

Table 6.2. Synthetic Workloads’ Composition

VO ID Number of Jobs Average Job Duration [s]
0 400 250
1 480 200

6.3.2. Emulated Environment and Settings

This section describes the configurations usededopn the experiments. Two
RMs are used for comparison: Condor [104] and GpBB-[102, 126] in conjunction
with Maui [126]. In each case, two VOs submit therkloads described above to a
single 20-node site (Siethat is managed under either the S-PEP or S-RQfE®mS.
CPU resources are allocated 20% too\dDd 80% to V@ The two VOs are allowed
30 second burst utilizations of 60% and 90% ofsite’'s CPU resources, which can be
expressed using the first syntax described in Ghdpas follows:

< CPU, Site o, VO o, * (3000, -20), (30, -60) >

< CPU, Site o, VO 1, *, (3000, -80), (30, -90) >

The experiments were performed durirapuary 2004 Jobs were submitted via the

Globus Toolkit2.0 [3, 123], while the versions of the other comgrats were Condor
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6.6.3 [127], Open-PBS 2.3 [128], and Maui 1.0 [929, 130]. The test site was

monitored by collecting status information eveny seconds.

6.3.3. S-PEP-based uSLA Enforcement

The first set of experiments uses my S-PEP impléatiem, which performs uSLAs
enforcement actions every 30 seconds. Figures .6.3l6ow instantaneous and total
CPU utilization per VO as a function of time foettwo VOs under theommitment-

USLA.

Figure 6.2. S-PEP with Condor (VQ)

Figure 6.3. S-PEP with Condor (VQ)
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Figure 6.4. S-PEP with Maui/Open-PBS (VQ)

Figure 6.5. S-PEP with Maui/Open-PBS (VQ)

| note that the uSLAs enforcement module has sineitiects for both RMs. In the
ideal case the burst allocation is never surpaaseldresources are shared among the
VOs according to their epoch allocation when combenoccurs. This ideal behavior

cannot be achieved due to latencies incurred in gobtrol, and the subsequent
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scheduling delay. In addition, the monitoring swoaponent achieves different
behaviors based on the capacity of the tested RMetuirn job information in a timely
fashion, for example, in Figures 6.4-6.5, from $®t@®00 to second 1800, OpenPBS
stops providing information due to system overlogdi OpenPBS has higher

computing requirements than Condor under the sastmg scenario [129].

6.3.4. RM-based uSLA Enforcement

The second solution is entirely based on the |schledulers’ ability to enforce
USLAs. uSLAs are specified as RM configuration sulellected by the S-POP without
any interference in the resource sharing proceggirés 6.6-6.9 show instantaneous
and total CPU utilization per VO as a function ioh¢ for the two VOs and the two

different local schedulers.

Figure 6.6. Condor as S-PEP (V@)
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Figure 6.7. Condor as S-PEP (VQ

Figure 6.8. Open-PBS/Maui as S-PEP (V§)

Figure 6.9. Open-PBS/Maui as S-PEP (V0
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For the S-POP solution, | observe a better balafid¢be jobs in execution by the
RMs, thus the continuous utilization lines. Theadigantage of this approach is that it

can only enforce the pre-programmed site uSLAsaohendividual RM.

6.3.5. Quantitative comparisons

Finally, I present a quantitative comparison betwége two solutions, which is
captured in Table 6.3. | observe that for the sgesaonsidered, which are similar to
the OSG/Grid3 environment presented later in thapter, the S-PEP solution achieves
better enforcement of an epoch uSLA than do thal lesource managers; for the burst
USLA, there is no clear winner. Also, PBS/MAUI istter at enforcing burst uSLAs
than Condor. The differences are within 10%, extepturst limit enforcement, where

Open-PBS enforces the uSLA limits better.

Table 6.3. Quantitative Comparison Results

Configuration Burst Epoch  Util (%)
Accuracy (%)  Accuracy (%)
S-PEP/Condo 88 99 70.2
S-PEP/Open-PB: 90 92 88.5
S-POP/Condo 84 84 73.2

S-POP/Open-PB: 97 83 67.6
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6.3.6. Conclusions

In this section | showed that uSLA-based resoura@agement is possible at the
site level by means of both a custom S-PEP soluiwh an S-POP based one. The
experimental results show that in practice the $Palternative achieves a better
balance of the execution of jobs, while the S-P&lBt®n offers similar behavior and
provides uSLAs for any RM in general.

Also, while a stand-alone S-PEP alternative offlsibility in uSLA specification
and enforcement, it is not easy to develop a gersaution that interoperates with all
available RMs in a real Grid deployment. In addifidche extra-burden on site
administrators to deploy and learn such an S-PEBti& viable alternative in practice
[125]. In contrast, the S-POP approach has therddga of being non-intrusive and

overhead-free for a site administrator.

6.4. OSG/Grid3 Experiments

The experiments in this section show that, fir§l.A-based scheduling is possible in
a real environment; second, GRUBER is scalable gimda support large workloads
(1k to 10k - which were at the limit of the othechnologies involved - e.g., Condor-G
[101]); third, the performance achieved using GRBB@ith its four site-selectors
(both sequentially and parallel for the site-salexctor large workloads); and fourth, a
comparison of GRUBER'’s brokering performance wittotother approachesG¢

Observantand Rrandom).
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These two experiments used two types of workloanisef/aluating uSLA-based
management of Grid resources. First, large workleeecutions on OSG/Grid3 were
performed to stress GRUBER performance on a reat@mment and to compare its
performance with other available techniques. Secanaall and medium workload
executions on OSG/Grid3 are designed to measurgéh®rmance a user should
expect when uSLA-based scheduling is employed. &kgerimental section also

presents failure analysis based on the metriceaelll during above experiments.

6.4.1.Workloads

For the OSG/Grid3 scheduling experiments, | usesl iloinformatics sequence
analysis program called BLAST [131]. A BLAST jolm my configuration, executes
for 40 minutes on average, reads about 10-33 KBspoit, and generates about 0.7-1.5
MBs of output, that is, an insignificant amounti/@®.

| used this BLAST workload in three different canpfrations: (1) small workloads
of 10, 50, and 100 jobs that are scheduled alhaep(2) medium and large workloads
of 500 to 1000 jobs that are submitted in seveasgssaccording to the VOs and sites’
uUSLAs; and (3) very large workloads of 10k jobsttwa placed in execution according
to the sites’ uSLAs. All workloads are composedrafependent BLAST jobs. These
workloads are of significant size; they are abd@f/f the size of the traces analyzed by
losup et al. in their work on four Grids around therld [80].

On a second dimension, | submitted the BLAST wa#lander two policies. In the

single-run-five-retriecase, | run a workload only once with a maximunfiv retries
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per job. In theten-runs-ten-retriecase, | submitted each workload ten times with a
maximum of ten retries per job. A Grid environmentoduces many points of failure
due to the complexity of the technology involvelalig this final experiment offers a
statistical view of what a user should expect akload in such environments.
All the workloads were submitted under one iVDGloyw, COADD, except for the
case when the four BLAST workloads were submittadparallel. In that case,

workloads were submitted under BNR, COADD, FMRI &iaiS-dev.

6.4.2.Configurations

This section describes the configurations used ddopm the experiments on
OSG/Grid3. 1 used 15 of 30 possible sites acrosdahited States from the middle of
August 2004hrough the end dflay 2005 with thesingle-run-five-retrieccase ending
at the end obecember 2004and theen-run-ten-retriexase starting idanuary 2005
The sites are autonomous, have heterogeneous cesoywhich explains the
discrepancies betweddtil and Time metrics in a few cases), and are managed by
different local resource managers, such as Corfliit]] PBS or OpenPBS [94, 128],
and LSF [105]. Each site enforces different uSLkich are collected by GRUBER’s
SiteMonitor and further used in scheduling workl®ad

The software stack deployed during the experimehtsged on a constant basis,
due to the continuous improvements and bug fixegired by different partners.
During the single-run-five-retriesxperiments reported in Section 6.4.3 VDT versions

1.2.2-1.2.4 were deployed and used on the OSG/Gitd3, while the window to the
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Grid was VDS version 1.2.3. During the ten-runs-tetries experiments reported in
Section 6.4.4 VDT versions 1.3.1-1.3.3 were deplogethe participating sites, while
the window to the Grid was VDS version 1.3.4 [1190]. In all scenarios, GRUBER
and Euryale were used as schedulers for running/thkloads over OSG/Grid3.

Figure 6.10 presents a model of OSG/Grid3 and GRRJBInteractions [43, 87]. A
single GRUBER DP is used for resource brokeringalbythe submission sites (from

one to five as a function of the number of VO g®spbmitting workloads in parallel).

Figure 6.10. OSG/Grid3 Architecture
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All jobs were submitted within the iVDGL VO, undepecific VO uSLAs that
allowed a maximum of 600 CPUs to be acquired.
For VO’s, CPUs, storage and networks are the shasmlirces. Table 6.4 captures
the VO CPU resource allocations in force dualy 9, 20040on several sites in
OSG/Grid3. The same uSLAs were in place for diskzation, while network was

provided by all sites undere-limit uSLA.

Table 6.4. OSG/Grid3 Resource Sharing Example

Site Name # of Shares per VO (in %)

CPUs iVDGL  USATLAS USCMS
t2cms0.sdsc.edu 76 (60, +1) (60, +24) (60, +1)
nest.phys.uwm.edu 305 (60, -0) (60, +7) (60, -0)
uscmst0.ucsd.edu 3 (60, +12) (60, +12) (60, +12)
xena.hamptonu.edu 1 (60, +25) (60, +25) (60, +25)
garlic.hep.wisc.edu 101 (60, +3) (60, +3) (60, +3)

For VO groups, the resources to be shared areaVi@BUs, storage, and networks,
as provided and aggregated at the VO level. TheAgSar these resources among VO
groups were specified and enforced through GRUBE® \aereno-limit uSLA for

storage and networks and as follows for CPUs:

< CPU, OSG/Grid3, IVDGL, *, -, (60, -20) >
< CPU, IVDGL, VDS, *, -, (60, -20) >

< CPU, IVDGL, FMRI, *, -, (60, -20) >
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< CPU, IVDGL, BNR, *, -, (60, -20) >

< CPU, IVDGL, COADD, *, -, (60, -20) >

The re-planning interval was 20 minutes. A jobassidered to havhiled if it has
been submitted fives{ngle-run-five-retriescase) or ten timestgn-runs-ten-retries

case) unsuccessfully or if it is reported as haang@pplication level “failure.”

6.4.3.GRUBER-based Scheduling on OSG/Grid3

| present next, my results that show uSLA-basecdulng is possible and that
GRUBER is scalable enough to support large worldoaa OSG/Grid3. Four BLAST
workloads of 1k and 10k jobs each were run seqakntunder each of the four

GRUBER's site recommenders (Tables 5 and 6) andithparallel (Table 6.7).

Table 6.5. Performance Metrics for one 1k BLAST

workload
Selector G-RA G-RR G-MRU G-LU G-Observant S-RA
Comp (%) 97 96.7 85.6 99.3 97.3 60.2
Replan 1396 1679 1440 1326 284 1501
util (%) 12.85 12.28 10.63 14.56 13.59 0.57
Delay (s) 49.07 53.75 54.69 50.50 62.01 121.02
Time (s) 12044 7096 11461 11382 14073 32165

Sequential Site Selection ResultsThese results show that the various site
scheduling policies offer different performancedaso provide a comparison with

two non-uSLA enabled policies, G-Observant and S-R#e total running timeT{me)
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was approximately five hours in each case. Rieeplans metric results are explained
by GRUBER’s approach for removing starved jobsra2@ minutes of starvation. In
many cases jobs had to wait at slower respondingRig-overloaded sites or wait for
jobs running over the uSLA limit (under the extdtsilimit uSLA) when pre-emption
was not in place on the Grid3's sites. Also, sorhthe sites had software problems or
insufficient resources on some of their nodes (sd#e 6.9 for a detailed error list).

The total time for workload completion also varigader various site selectors. The
best time was achieved for G-RRme < 7500s. Taking in account that a job runs to
completion on average 40 minutes, the workload t80% more than the ideal case
when all jobs start and run as soon as slots aahle.

Next, | compare GRUBER’s performance in schedu|olgs with a basic random
assignment technique and the observational appraacjob scheduling. TheG-
Observant site selector submits jobs to a site as soonetathst job sent to the same
site was started. It fills up a site by sendingsjatil site’s quota is reached.

The results also show th@RA achieves comparable performance in terms of time
with the G-Observant site selector, whileé5-RR gets twice the performance &-
Observant Compared with these two site selectors, the na@wdom assignment site
selector S-RA, performs two to three times worse in terms ofrtteasured metrics. An
important metric to observe is the number of reiplag operations. While th&-
Observant site selector had around 300 such operati@AslJ) performed around 1300
re-scheduling operations and the naive site selectund 1500. The explanation for

the good performance @-Observanton this metric is that a few sites scheduled jobs
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much faster, and this site selector took also adhggn of this characteristic in

scheduling jobs.

Table 6.6. Performance Metrics one 10k BLAST Worklad

Selector G-RA G-RR G-MRU G-LU
Comp (%) 91.75 91.88 73.58 77.88
Replan 18000 23900 24350 27718
Util (%) 2.43 1.32 1.76 3.31
Delay (s) 86.63 85.17 90.45 89.01
Time (s) 156437 152844 167092 127874

GRUBER'’s Scalability: To demonstrate GRUBER’s scalability over OSG/Grid3
used larger BLAST workloads composed of 10k jobisesE results are gathered in
Table 6.6. Round-robin and random-assignment aeli¢ke best performance in the

case of 10k BLAST workload as well.

Concurrent Site Selection ResultsWhile the above results are meaningful when
only one workload is run under GRUBER’s control, flois set of experiments | focus
on measuring the scheduling performance of GRUBHE®Us site selectors when used
in parallel for different workloads.

My results show that under higher resource cordantnlyG-LU does not perform
as well as before in terms d@ime, while GRUBER’s the other three site selectors
behave similarly relative one to another. Highesotece contention imposed by the

four simultaneous workloads cauGelL U to prefer sites with fewer resources. In this
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case, thé&5-RR andG-RA provide the best job completion rate with the desaDelay
and highestJtil. Note that thélime metric has increased by a factor varying between

4.5 and 7.8 compared to the sequential case.

Table 6.7. Performance Metrics for four Concurrent 1k

BLAST Workloads

Selector G-RA G-RR G-MRU  G-LU
Comp (%) 98.7 98.2 87.9 87.9
Replan 1815 1789 1421 2409
Util (%) 14.02 13.51 11.05 11.52
Delay (s) 64.41 66.62 68.97 63.96
Time (s) 54735 55350 72275 64558

Failure Analysis: In this section, | discuss the sources of failar¢he version of
OSG/Grid3 used for this experiment. There are na@ses in which a service may falil
in a dynamic, heterogeneous, and large-scale emagat. For example, failures may
occur in a Grid at the infrastructure, middlewapplication, and user levels, and may
be transient or permanent. Due to the natural bgésreity of Grids and their sheer
size, failures appear much more often than in ti@dhl parallel and distributed
environments [80]. | analyze the most common ertdngve faced in running large
BLAST workloads. There are two types of failuregolafailure occurs when a job fails
to run at a certain site, an error that resultppbnrescheduling, andorkload failure
occurs when under 100% of a workload completes.

A job error occurs when it failed to complete afgefixed number of retries. A

failed job is not scheduled to the same site arsktione, because Euryale tracks bad
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sites for each job, but a different job could beryale’s re-submission operation keeps
track of site failures only for the current job tlioes not provide specific feedback to
GRUBER about the execution result. Thus, the GRUEBBRine does not have direct
knowledge of site failures; instead, it traces atéhces between how many jobs run
versus how many slots the site reports and triegdoncile these numbers (what we
call - automated uSLA violation managen)efithe causes of workload failures are, in
most cases, the small number of retries used duhege tests and a few cases the
DAGMan, a Condor-G tool for workflow management?},3rashed during workload
management. The failure for the last try of thetffailing job of a workload represents
the workload failure error.

Job failures are due to the temporary failure ef Replica Location Service (RLS
[133]) server used to stage data in and out (oadifm issues), gatekeeper overloading
and transient different authentication errors, gramt RLS errors, etc. Table 6.8

captures error data for a sample of 15k BLAST jatsrover OSG/Grid3.
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Table 6.8. Error Percentages of 15k BLAST jobs subitted
as 1k workloads (Percentages are computed as thetia of
current errors to the total number of errors)

Error Description

Remote Local Scheduling Timeout

Remote Application Execution
Failure

Remote Transient Authentication
Error

Transient Database Failure (RLS)
Remote Unset Environment
Remote Transient GridFTP Failure
Remote GRAM Environment Error
Others

Totals

EPJ

0.68
0.46

0.02

0.14
0.82
0.02
0.034
0.0
2.28

Workload
failure (#, %)
3 (20)
2 (13)

0 (0)

1(6)
4 (26)
5 (33)
0 (0)
0(0)
15 (100)

Job failure
(#, %)
10204 (29)

6846 (19)

361 (1)

2158 (6)
13034 (38)
1141 (3)

526 (1)

8 (0)
342768 (100)
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6.4.4. Statistical Results for GRUBER Scheduling on OSG/Gd3

In this section | present the results fen-runs-ten-retrieperformed using the same
settings as before. While previous section prove$JBER’s scalability for scheduling
large workloads, this section shows the performarficé@RUBER for various small and
medium workload sizes, and is intended to showhbleavior a user could expect.
Note, these experiments were startedanuary2005, one month after the end of the
experiments reported in Section 6.4Jar{uary 2005 and most of the sources of
failure identified during those experiments wepeefl by upgrading to newer versions

of the VDT [122] and VDS [100] software packages.

Small Workload Results: Table 6.9 shows the results for the 10 BLAST jobs.
can be seen, the speedup earlier sequential expauftithe jobs is 2.5 to 3.5 smaller
than the optimal due to the probability of a joltlieg on a site with a local resource
manager that does not behave as expeceedh@as higher latencies for starting jobs, is
overloaded due to numerous subsequent submis&tmy, However, 75% of the jobs

completed in a time interval closer to the idealeca
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Table 6.9. Average Results and 90% Confidence Inteals
of Four GRUBER Strategies for a 10 job BLAST Worklcad
(each workload was run 10 times and confidence inteals
are based on these 10 runs)

Selector Seq. G-RA G-RR G-MRU G-LU
Comp 100 100 100 100 100
Replan 0 34.1+ 551 475+9.26 13.6+2.18 8.6+1.83
Util (%) 0.15 0.36 = 0.05 0.31+0.07 0.50%+0.04 0.55+£0.10
Delay (s) 0 3262 + 548 4351 + 824 801+ 313 1162+ 376
Time (s) 28975 12436+1191.4 13966+2208.8 7653+1205 87871158
Speedup 1 2.33+£0.25 221+035 346+045 36x0.6
Spdup75 1 3.72 £ 0.59 346051 5.66+0.55 5.32+0.67

Table 6.10 shows the results for a workload wittBRAST jobs. As before, several
jobs starved and their execution time affectedotverall speedup. The speedup of 75%
is more than the half of the ideal speedug,(70% for theG-RR), showing that most

jobs complete in close to the optimal time (37haf total jobs).

Table 6.10. Average Results and 90% Confidence Imieals
of Four GRUBER Strategies for 50 BLAST Workloads
(each workload was run 50 times and confidence inteals
are based on these 50 runs)

Selector Seq. G-RA G-RR G-MRU G-LU
Comp 100 100 100 100 100
Replan 0 35+14 51.1 + 28 78.8+9.51 48.8+10.8
Util (%) 0.07 1.18 + 0.25 1.44 +0.27 1.76 £0.18 1.89+0.43
Delay (s) 0 1420+ 713 583 +140.4 1260 +528.7 653.8 £202
Time (s) 131372 8035+ 990.4 9654 + 603.5 9702 £1247.3 8549 +898
Speedup 1 16.35+1.17 14.12+0.90 12.76+0.71 15.16+2.42

Spdup75 1 30.84+£5.70 35.36 +2.79 24.36+2.28 35.41+2.48
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Table 6.11 shows the results for a workload of BQAST jobs. Again, similarly to
the 50 BLAST jobs, the execution performance is fal 75% of the jobs and drops
further for the entire workload.
Table 6.11. Average Results and 90% Confidence Imeals
of Four GRUBER Strategies for 100 BLAST Workloads

(each workload was run 100 times and confidence iatvals
are based on these 100 runs)

Selector Seq. G-RA G-RR G-MRU G-LU
Comp 100 100 100 100 100
Replan 0 228.7 £ 21 39.9+13.8 230%+20.3 124.7+17
Util (%) 0.12 2.86 + 0.30 348+059 1871046 351+0.7
Delay (s) 0 1691 + 198 529 + 92.67 1244 +387.9 640 + 93.4
Time (s) 232150 10350 £ 565.9 9013 + 1025.1 7507+2325.1 9716+1130
Speedup 1 2243 +155 30.15+343 19.24+1.56 28.02+5.4
Spdup75 1 47.38+3.24 77.19+3.26 35.86+3.72 73.54+2.0

Medium Workload Results: Table 6.12 shows the results for the 500 BLASTsjob
The size of the workload allows the execution panEnce to increase. For example,

75% of the workload matches the ideal speeduptasdalf for the overall workload.

Table 6.12. Average Results and 90% Confidence Imieals
of Four GRUBER Strategies for 500 BLAST Workloads
(each workload was run 500 times and confidence ieitvals
are based on these 500 runs)

Selector  Segq. G-RA G-RR G-MRU G-LU
Comp 100 100 100 100 100
Replan 0 925 +103.5 816 +245.6 1024 + 154.2 680 + 139.3

Util (%) 0.50 34.04+455 33.19+239 2541+56 30.3+4.7

Delay (s) 0 9202 + 1716.€ 6700 + 816.6 9125+ 6117.8 6169 + 407
Time (s) 1892769 28116 + 2881 24225 +1035.¢ 20434 + 4100 21362 1250
Speedup 1 67.32+5.6 60.22+3.26 51.77+5.94 63.12+3.41
Spdup75 1 98.43+£8.7 111.69+9.81 101.48 +£10.0f 113.2 +8.82
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Figure 6.11 presents the speedup performance divamna with 90% confidence
intervals. Note the very small confidence intesyalhich expresses the low standard
deviation, and hence the strength of my resultosscrall the runs and all the
configurations used in this section. | considert ttiese results to offer of a good
prediction of the performance that can be achief@da Grid environment like

OSG/Grid3.

Figure 6.11. Speedup Comparisons among Workloads
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Failure Analysis: In this section, | discuss failure results for thersion of
OSG/Grid3 used for the small and medium worklogadsgented in Table 6.13). As can
be observed, most of the errors are due to vatiaunsient errors in the infrastructure
(RLS database, GridFTP servers) or due to the rttmae 20 minute queue times.
OSG/Grid3 performance in executing BLAST workloadsreased between the large
workload experiments and the small and medium veaidklexperiments: the average
EPJ of 2.28 for the first set of workloads decreasedlt3 in this second set of

experiments. The largest improvement was achiesethé environment setulRUE).
Other errors increased. For example, RLS erroree@ased due to new bugs in the

newer releases.

Table 6.13. Error Percentages of 28k BLAST jobs
submitted as small and medium workloads (Percentageare
computed as the ratio of current errors to the tothnumber

of errors)

Error Description EPJ Workload Job failure
failure (#, %) (#, %)

Remote Local Scheduling Timeout  0.56 [-] 5(3) 15810 (42)
Remote Application Execution 0.21 [-] 0 (0) 5820 (15)
Failure
Remote Transient Authentication 0.11 [+] 0 (0) 3152 (8)
Error
Transient Database Failure (RLS)  0.19 [+] 0 (0) 5416 (14)
Remote Unset Environment 0.0 [] 0 (0) 1(0)
Remote Transient GridFTP Failure  0.18 [+] 0 (0) 5202 (14)
Remote GRAM Environment Error  0.06 [+] 0 (0) 1769 (4)
Others 0.0 [] 0 (0) 39 (0)

Totals 1.3 [] 5(3) 37209 (100)
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6.5. Conclusions

Running workloads in Grid environments is oftenhaltenging problem due the
scale of the environment and to the resource [jation that is based on various
sharing strategies. In addition, a resource mataken down during job execution, be
improperly setup, or just fail in job execution.cBuelements must be taken in account
when targeting a grid environment.

In this chapter, | showed the results that can dieeaed for running workloads
under an uSLA-enabled scheduling infrastructure exyglored some of the issues that
occur in practice. During these experiments | fagadous problems as described
above, as well as quantified what performance d Gser should expect. In addition, |
observed for my brokering solution that for mediwmrkloads,G-RA performs best
with a 90% confidence interval, whil@-LU performs best for smaller workloads. |

also note tha-MRU performed worst for all tested workloads.



CHAPTER SEVEN

CONCLUSIONS AND FUTURE WORK

This dissertation focuses on controlled resourcearish in distributed
environments, more specifically in Grid environngenthe characteristics of this target
environment, a large number of participants, name$purces and resource providers
on one side and users and user communities orthke part, require solutions that are
both scalable and decentralized. In addition, themee situations when privacy and
reliability are important. | designed a solutiorr frontrolled resource sharing starting
from previous work in the networking domain andeexted it for aggregated and

complex resources that participate in large ancgdya environments.

7.1.Lessons

The most important lesson to draw from this workthat controlled resource
sharing is difficult in practice, due to the numiaerd the complexity of participants,
their local preferences and software, but possiBlso, the four uSLA semantics
proposed in Chapter 3 proved sufficient for the @&@I3 resource sharing scenario

plus two other generic scenarios [31, 67].

192
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The experimental results of Chapter 6 are one @f weak points of this
dissertation. Even though the number of experimpnésented is large compared to
other similar work [80, 134], additional applicat® and runs would have made the
analysis much stronger. Unfortunately, OSG/Gridailability and its permanent
evolution made it impossible to obtain of more dethresults.

As a final note, while GangSim simulator and GRUBERfRker [42, 43] could be
used or deployed for a large set of similar sce@saaind environments, the generality of
the uSLA idea make appealing for application to rse@narios that require controlled
resource sharing. For example, | have exploregtssibility of enabling a specialized
Grid scheduler developed for DAS-2 [135], the Du@hd system, with support for
USLA-based resource provisioning in multi-virtuahaain environments [48, 136].

In conclusion, | believe that uSLA-based resoufeiag provides a strong starting
point for building environments in which resourees shared under owner preferences.
This approach can be augmented to allow for additionechanisms for finer resource

control [22, 39].

7.2.Future Research Directions

As future work, | am interested in expanding the afepossible uSLA semantics,
improving GangSim, perform future validation stuglien GRUBER, and exploring
other mechanisms for controlled resource sharirgrge cooperative environments.

While the uSLAs proposed in this thesis are comgmelve, | expect that in the

future new semantics will be required. An immediatenario that requires such
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enhancements is represented by the current efficstipd by various Grids in Europe to
interoperate. | am analyzing decay-based and atiiin-based uSLAs [48].

| plan to validate GangSim against real Grids. iRvielary simulator validation
studies show inconclusive results, in part, bec&rsds introduce latencies and failures
that are not captured by GangSim. Second, | plaxtend GangSim with a language-
based uSLA specification and support for schedulatgdies for virtual domain
resource sharing [48]. And third, | intend to studiether running GangSim in a
distributed mode in which several simulator insemnoun on different hosts, with sites
and computational load distributed appropriaten support larger scenarios than the
ones presented in Chapter 4.

| would like to deploy the DI-GRUBER framework inraal Grid. Also, | am
interested in large Grid environments because efutmexpected challenges that such
environment might present in practice.

| plan to compare economy-based models for resahraeng with this work. For
example, | am interested in pursuing lottery schiaduwhere currency and ticket
abstractions serve as a means of flexible alloeatj{d@6]. Such an approach will not
replace the uSLA-based scheduling, but can suppeteveraging of some parts pf the
current proposed infrastructure (i.e., verifierimenation), and finer granularity for

resource sharing [39].
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