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Abstract

While large grids are currently supporting the work of themds of scientists, very little is
known about their actual use. Because of strict organizatipermissions, there are few
or no traces of grid workloads available to the grid researemd practitioner. To address
this problem, in this work we present the Grid Workloads AreHGWA), which is at the
same time a workload data exchange and a meeting point f@rititeommunity. We de-
fine the requirements for building a workloads archive, agstcdbe the approach taken to
meet these requirements with the GWA. We introduce a fororastiaring grid workload
information, and tools associated with this format. Usingse tools, we collect and ana-
lyze data from nine well-known grid environments, with atatontent of more than 2000
users submitting more than 7 million jobs over a period ofrd\& operational years, and
with working environments spanning over 130 sites compgidi0000 resources. We show
evidence that grid workloads are very different from thaseoeintered in other large-scale
environments, and in particular from the workloads of gatgroduction environments:
they comprise almost exclusively single-node jobs, ang pive in "bags-of-tasks”. Fi-
nally, we present the immediate applications of the GWA ahasocontent in several
critical grid research and practical areas: research thrg@source management, and grid
design, operation, and maintenance.
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1 Introduction

Current grids bring together (tens of) thousands of ressufor the benefit of
thousands of scientists, in infrastructures such as CERNG Computing Grid
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(LCG) [1], NorduGrid [2], TeraGrid [3], and the Open Scier@gd [4]. Very little

is known about the real grid users’ demand, in spite of thésttimt monitor and
log the state of these systems and traces of their workldadised, because of ac-
cess permissions, almost no grid workload traces are élaita the community
that needs them. The lack of grid workload traces hampets fesearchers and
practitioners. Most research in grid resource managenselodsed on unrealistic
assumptions about the characteristics of the workloadss,Tperformance eval-
uation studies lack a comparable basis, and researchersfaft to focus on the
specifics of grids, e.g., the "bag-of-tasks” job arrival &eilor. Most grid testing is
in practice performed with unrealistic workloads, and assult the middleware
is optimized for the wrong use case, and often fails to detix®d service in real
conditions [5-8]. There is little quantitative data forasishing best practices in
grid design, and for grid comparison in the resource prauerg process. In this
work we present the design and the current status of the Goitkldads Archive,
which is an effort to collect grid workload traces and to m#iem available to this
community.

The goal of the Grid Workloads Archive (GWA) is to provide atual meeting
place where practitioners and researchers can excharye/gpkload traces. Ex-
tending established practice [9-12], we define the requrgsfor an archive of
large-scale distributed system workload tralc€Section 2). We design the GWA
around building a grid workload data repository, and eshivilg a community
center around the archived data (Section 3). We furthemdesigrid workload
format for storing job-level information, and which allowstensions for higher-
level information, e.g., "bag-of-tasks”. We develop a coatiensive set of tools for
collecting, processing, and using grid workloads. We gpecgl attention to non-
expert users, and devise a mechanism for automated trdaagamd selection. We
have collected so far for the GWA traces from nine well-knayid environments,
with a total content of more than 2000 users submitting mioaa 7 million jobs
over a period of over 13 operational years, and with workingrenments span-
ning over 130 sites comprising 10000 resources. Thus, weveethat the GWA
already offers a better basis for performance evaluatioies.

With the GWA we target as a first step people involved in grichpating research,
industry, and education. We have already used the conténke AArchive for a
variety of applications, from research in grid resource agament to grid mainte-
nance and operation (Section 4). However, we believe tleaddla, tools, and even
the approach taken for building the GWA will be of immediage uo the broader
community around resource management in large-scaléoditdd computing sys-
tems.

The Grid Workloads Archive effort was initially motivated bhe success of the

I Throughout this work, we use the terms "grid workload tracgtid workload”, and
"grid trace” interchangeably.



Parallel Workloads Archive (PWA [12]), the current de-fagtandard source of
workload traces from parallel environments. We also draspiration from a num-

ber of archival approaches from other computer scienceptiises, e.g., the Inter-

net [9—11] and clusters-based systems [13]. In comparigtntie other efforts,

the GWA is the major source of grid-related data, and offessatools to the com-
munity of workload data users (Section 5).

2 Requirementsfor a Grid Workload Archive

In this section we synthesize the requirements to build @ workloads archive.
Our motivation is twofold. First, grid workloads have sgmcarchival require-
ments. Second, in spite of last decade’s evolution of wardklarchives for scientific
purposes (see Section 5), there is still place for improvenespecially with the
recent evolution of collaborative environments such asi$Vik

We structure the requirements in two broad categoriesir@gents for building a
grid workload data repository, and requirements for bagda community center
for scientists interested in the archived d&aquirement 1: tools for collecting
grid workloads. In many environments, obtaining workload data requirexisp
acquisition techniques, i.e., reading hardware countersdmputer traces, or cap-
turing packets for Internet and other network traces. @bigigrid workloads data
is comparatively easy: most grid middleware log all jolatetl events. However,
it is usually difficult to correlate information from sevétags. This problem is
starting to be solved by the use of unique job identifierso8dcto keep the size of
the logs small, fixed-size logs are used, and old data arévacthr even removed.
Third, due to political difficulties, parts of a data set may dibtained from sev-
eral grid participants. Fourth, to provide uniformity, ankiead archive provides a
common format for data storage. The format must comprewelysiover current
workload features, and also be extensible to accommodatesftequirements. To
conclude, there is a need for tools that can collect and coentbéta from multiple
sources, and store it in a common grid workload formeduirement 1).

Requirement 2: tools for grid workload processing. Following the trend of In-

ternet traces, sensitive information must not be discloBed grids, environment
restrictions to data access are in place, so it is unlikedy thuly sensitive data
(e.g., application input) can be obtained or published. elew, there still exists
the need to anonymize any information that can lead to eastlyuniquely iden-
tifying a machine, an application, or a useequirement 2a). Time series analysis
is the main technique to analyze workload data in computnwyenments. While

many generic data analysis tools exist, they require spawfifiguration and pol-
icy selection, and input data selection and formatting.dditon, the data in the
archive is often subjected to the same analysis: margirsafilolition estimation
and analysis, second and higher order moment analysistis@itfitting, and time-



based load estimation. In addition, grids exhibit patteriisatch submission, and
require that workload analysis is combined with monitorimigrmation analysis.

To assist in these operations, there is a need for gridfspewrkioad analysis
tools (equirement 2b). The data donors and the non-expert users expect a user-
friendly presentation of the workload analysis data. TheAGWmmunity needs
tools that facilitate the addition of new grid workloads;luding a web summary.
Thus, there is a need for tools to create workload analypirte fequirement 2c).

Requirement 3: tools for using grid workloads. The results of workload model-
ing research are often too complex for easy adoption. Evelinfinthe parameter
values for another data set may prove too much for the commsen By com-
parison to previous computing environments (e.g., clektgrid models need to
include additional (i.e., per-cluster, per-group) and encomplex (e.g., batching)
information. There is a need for tools to extract for a givatacet the values of the
parameters of common modefequirement 3a). The common user may also find
difficult to generate traces based on a workload model. Tiseaaeed to generate
synthetic workloads based on models representative faldteein the archiveré-
quirement 3b). Since the grid workload format can become complex, theigtse
also a need for developer support (i.e., libraries for parsind loading the data)
(requirement 3c).

Requirement 4: tools for sharing grid workloads. Over time, the archive may
grow to include tens to hundreds of traces. Even when fewesrace present,
the non-expert user faces the daunting task of trace satefrr a specific pur-
pose. There is a need for ranking and searching mechanisarstoved datarg-
quirement 4a). There is a need to comment on the structure and contentseof t
archive, and to discuss on various topics, in short, to eraahedium for workload
data exchangedquirement 4b). One of the main reasons for establishing the grid
workloads archive is the lack of data access permission fargg majority of the
community members. We set as a requirement the public ardafreess to data
(requirement 4c).

Requirement 5: community-building tools. There are several other community-
building support requirements. There is a need for creatibgpliography on re-
search on grid (and related) workloadeoirement 5a), a bibliography on research
and practice using the data in the archixegirement 5b), a list of tools that can
use the data stored in the archiveglirement 5¢), and a list of projects and people
that use grid workloads€quirement 5d).

3 TheGrid Workloads Archive

In this section we present the Grid Workloads Archive. Weass its design, detalil
three distinguishing features, and summarize its curremtaants.
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Fig. 1. An overview of the Grid Workloads Archive design. Tdesign requirements (see
Section 2) are marked on the figure.

3.1 TheDesign

We envision five main roles for the GWA community member. Toetributor is
the legal owner of one or more grid workloads, and offers thethe GWA com-
munity. TheGWA team helps the contributors to add data to the GWA archive. The
non-expert user is the typical user of the archived data. This user type requi
as much help as possible in selecting an appropriate trdweexpert user uses
the archived data in an expert way. Mainly, this user typeiireg detailed analy-
sis reports and not automatic ranking, consults the relate®#, and may develop
new analysis and modelling tools that extend the GWA datditmpand analysis
libraries. TheGWA editor contributes to the community by commenting on the
contents of the archive, and by adding related work. Oneefhjor design goals
of the GWA is to facilitate the interaction between these fjyges of members.

Figure 1 shows the design of the Grid Workloads Archive, it requirements
expressed in Section 2 marked on the figure. The arrows eauréee direction of
data flows.

There is one module for collecting grid workload data. TheéaD@ollection mod-
ule receives grid workloads from the contributor (or frone 8WA Team, if the
contributor delegates the task). There are several patesatiirces of data: grid re-
source managers (e.g., the logs of the Globus GRAM GateRedpeal resource
managers (e.g., the job logs of SGE), web repositories (bgyGridPP Grid Oper-
ations Center), etc. The data are usually not in the GWA forimé in the format



specific to the grid from which they were obtained. The masks$aof the Data
Collection module are to ensure that the received data caatsed, to eliminate
wrongly formatted parts of the trace, and to format data @nawce information.

There are three modules for processing the acquired dageD@ta Anonymization
module anonymizes the content received from the Data Guleenodule, and
outputs in the Grid Workloads Archive format (see Sectid).3f the Contributor
allows it, a one-to-one map between the anonymized and ihi@akinformation is
also saved. This will allow future data to be added to the daace, without losing
identity correlations between added parts. The Workloadlysis module takes in
the data from the Workloads Database, and outputs analgtasta the Workload
Analysis Database. More details about this component aemgn Section 3.5. The
Workload Report module formats for the expert user the tesflthe workload
analysis and sometimes of workload modeling.

There are three modules supporting the use of the archivied @he Workload

Modeling module attempts to model the archived data, angutsithe results (i.e.,
parameter values) to the Workload Modeling Database. Tiet ifor this process
is taken from the Workload Analysis Database (input data]),feom the Workload

Models Database (input models). Several workload models@apported, includ-
ing the Lublin-Feitelson model [14]. The Workload Generatmdule generates
synthetic grid workloads based on the results of the Worklaalysis and Mod-

eling results, or on direct user input. The third module @taawn in Figure 1) is a
library for parsing the stored data.

The GWA contains three modules for data sharing. The WodkiRanking mod-

ule classifies and ranks the stored traces, for the benefiteohbn-expert user.
This process is further detailed in Section 3.3. The GWAditses the Com-
menting Interface to comment on various aspects presentie iGrid Workload

Archive’s web site. The Workloads Database stores dataith\@orkloads Archive

format. To enable quick processing, the data is stored asesehvand as a relational
database. This module has a web interface to allow the pabtidree distribution

of the data within.

The Grid Workload Archive contains various additional coonmity-building sup-
port, e.g., bibliographies on previous and derivativeteglaesearch, and links to
related tools, projects, and people.

3.2 The Format for Sharing Grid Workload Information

One of the main design choices for the Grid Workloads Arclwas to establish a
common format for storing workload data. There are two deagpects to take into
account. First, there are many aspects that may be recadpdjob characteris-
tics, job grouping and inter-job dependencies, co-alloodtl5], advance reserva-



Table 1
A model for automated trace ranking. The quality level isesgily the number of stars (
sign).

Category Sample * *% * * Kk kK * %k kK
System Sites - 1 2-5 6-10 11-20 >20
System Cores | 0-100 101-1k 1k-5k 5k-10k 10k-25k >25k
No. Users 0-50 51-100 101-200 201-500 0.5k-1k >1k
No. Jobs 0-15k | 15k-100k | 100k-200k | 200k-500k | 500k-1M >1M
Utilization 0-10% | 11-20% 21-40% 41-60% 61-75% >75%
Reported work 0 1 2-5 6-10 11-20 >20

tions [16], etc. Second, grid workload data owners are tahtdo provide data for
a format they have not yet approved. Thus, one must provisithplest possible
format for the common user, while designing the format toXteresible. We have
designed atandard Grid Workload data Format (GWF) [17], which records de-
tailed information about submitted jobs. To further easedtioption of our format,
and as a step towards compatibility with related archivespase it on the PWA
workload format (SWF, the de-facto standard format for theafel production en-
vironments community) [12]. We add to this format severadl-gipecific aspects
(e.g., job submission site, etc.) and extension capasliVWe specifically design
the language for the following extensions, which we havaetified in our previous
work ([18]) as the most relevant for grid workload modelifgtches and work-
flows, co-allocation, malleability and flexibility, cheaimting, migration, reserva-
tions, failures, and economic aspects (e.g., user-spetcifity). From a practical
perspective, the format is implemented both as an SQL-ctbipdatabase (GWF-
SQLite), which is useful for most common tasks, and as aliaged version, easy
to parse for custom tasks.

Since grids are dynamic systems, using the workload dateckdf additional in-
formation (e.g., resource availability) may lead to resthiat cannot be explained.
To address this issue, we have already designed and usedraainfarmat for
resource availability and state [19].

3.3 The Trace Ranking and Selection Mechanism

The non-expert user faces a big challenge when faced withge database of
traces:which trace to select? We design a trace mechanisms that ranks traces and
then selects the most suitable of them, based on the reqentsrof the experimen-

tal scenario.

We devise a classifier that evaluates a workload accordisgtoategories: num-

ber of sites, number of virtual processors, number of usersper of jobs, average
utilization, and number of reported publications usingttiaees. Note that the cat-
egories describe user-specific aspects, system-spegéctasuser-system interac-



tion (utilization), and community relevance (reported ofor a given workload,
the classifier assigns a number of stars for each categony,drto 5, higher values
are better. The classifier is completely described by Tabléhich shows the map-
ping between value ranges and the number of stars for GWA'sagegories. We
denote byiV, a hypothetical workload that has sample-like charactesisie., the

values for its six categories are nearly 0.

We define theworkload signature as the set of six values for workload’s charac-
teristics as output by the classifier. We denotelythe set of all six categories.
Consider an experimental scenario in which only some of gtegories fronC
are relevant for workload selection, e.g., the number ofesyscores and the av-
erage utilization for a resource provisioning scenarid. Ceébe the subset of’,
that includes only the categories relevant for the sceraand; we call suct’' a
scenario-dependent subsetgf We define thepartial workload signature for the
characteristicsin C' as the workload signature from which the characteristi¢smo
C (with C' C C)) have been eliminated. Then, we define digtance between two
workloads 1//; and W/, as

|C]
2 -y
D(C, Wy, Ws) = W, (1)

where C' is the scenario-dependent set of characteristics,W&hd= (¢!, 7, ...)
is the partial workload signature of workloador the characteristics id'. The
denominator in Equation 1 normalizes the values; the cahgtaluded in the di-
visor, 25, takes into account that the values are betweerd & atars. In particu-
lar, we callD(Cy, -, -) the scenario-independent distance, and D (Cy, W;, W) the

scenario-independent value (short,value) of workload 1V;.

The ranking and selection mechanisms use the distance dretwerkloads. We
present online the ranking table that uses the scenargpamtient value of the
traces present in the GWA. The GWA users can select traceg dsiectly this
table, or can obtain a different table by specifying a iéw

3.4 The Contents of the Wbrkloads Database

Table 2 shows the nine workload traces currently includetiénGWA. Note that
several are under processing, or have pending publicagbtsr The data sources
for these traces range from local resource managers (88) ® grid resource
managers (e.g., Globus GRAM) to user- and VO-level resonraeagers (e.g.,
Condor Schedd). In several cases, incomplete data is mawvelg., for NorduGrid
the trace does not include locally submitted (non-gridsjdkhe traces include grid
applications from the following areas: physics, robotresdering and image pro-



Table 2
The GWA content (status as of August 2007). Bheign marks restrictions due to data
scarcity (see text). Thesign marks traces under processing. Tisgn marks traces with

pending publication rights.
Number of observed
ID System Period Sites CPUs Jobs  Groups Users
GWA-T-1 DAS-2 02/05-03/06 5 400 602K 12 332
GWA-T-2 Grid’5000 | 05/04-11/06 15 ~2500 951K 10 473
GWA-T-3° | NorduGrid | 05/04-02/06 | ~75  ~2000 781K 106 387
GWA-T-4° | AuverGrid | 01/06-01/07 5 475 404K 9 405
GWA-T-5° | NGS 02/03-02/07 4 ~400 632K 1 379
GWA-T-6° | LCG 05/05-01/06 1* 880 1.1M 25 206
GWA-T-7¢ | GLOW 09/06-01/07 1* ~1400 216K ¥ 18
GWA-T-8" | Grid3 06/04-01/06 | 29 2208 1.3M 1 19
GWA-T-9t | TeraGrid 08/05-03/06 1* 96 1.1M 26 121
Total 13.51yrs 136 >10000 >7M 191 2340
Average 1.35yrs 15 1151 787K 21 260

cessing (graphics), collaborative and virtual environte¢w-environments), com-
puter architectures simulations (CAS), artificial intgdince (Al), applied mathe-
matics (math), chemistry, climate and weather forecagttimate), medical and
bioinformatics (biomed), astronomy, language, life scemn(life), financial instru-
ments (finance), high-energy physics (HEP), aerospacgriéaero), etc.; three
of the nine GWA traces include only HEP applications. Notat ttlue to trace
anonymization it is not possible to map the jobs includedhie GWA traces to
specific applications or application areas.

The GWA-T-1 trace is extracted from DAS-2 [20], a wide-area distribiggstem
consisting of 400 CPUs located at five Dutch Universities.S9Ais a research
testbed, with the workload composed of a large variety ofiegiions, from simple
single CPU jobs to complex co-allocated Grid MPI [21] or IBER] jobs. Jobs can
be submitted directly to the local resource managers fyesystem users), or to
Grid gateways that interface with the local resource marsage achieve low wait
time for interactive jobs, the DAS system is intentionabiyt las free as possible
by its users. The traces collected from the DAS include appbins from the areas
of physics, robotics, graphics, v-environments, CAS, Aatim chemistry, climate,
etc. In addition, the DAS traces include experimental agpions for parallel and
distributed systems research.

The GWA-T-2 trace is extracted from Grid’5000 [23], an experimentati griat-
form consisting of 9 sites geographically distributed iarkge. Each site comprises
one or several clusters, for a total of 15 clusters inside’&000. The main objec-
tive of this reconfigurable, controlable, and monitorabipezimental platform is
to allow experiments in all the software layers between #tevark protocols up to
the applications. We have obtained traces recorded bytalisahedulers handling
Grid’5000 clusters (OAR [24]), from the beginning of the G&O00 project up to



November 2006. Note that most clusters of Grid’5000 wereevaailable during
the first half of 2005. The traces collected from Grid5000ude applications from
the areas of physics, biomed, math, chemistry, climateg@siny, language, life,
finance, etc. In addition, the Grid5000 traces include exrpamntal applications for
parallel and distributed systems research.

The GWA-T-3 trace is extracted from NorduGrid [2], a large scale proidunct
grid. In NorduGrid, non-dedicated resources are connegstngy the Advanced
Resource Connector (ARC) as Grid middleware [25]. Over Temint clusters
have been added over time to the infrastructure. We havenelotdhe ARC logs
of NorduGrid for a period spanning from 2003 to 2006. In thiegs, the informa-
tion concerning the grid jobs is logged locally, then trans#d to a central database
voluntarily. The logging service can be considered fullgigtional only since mid-
2004. The traces collected from NorduGrid include applocest from the areas of
CAS, chemistry, graphics, biomed, and HEP.

The GWA-T-4 trace is extracted from AuverGrid, a multi-site grid thapast of

the EGEE project. This grid employs the LCG middleware asghé’s infras-
tructure (same as th@WA-T-6 trace). We have obtained traces recorded by the
resource managers of the five clusters present in Auver®hd.traces collected
from AuverGrid include applications from biomed and HEP.

The GWA-T-5 trace is extracted from the UK’s National Grid Service (NGS)
grid infrastructure for UK e-Science. We have obtaineddsaitom the four ded-
icated computing clusters present in NGS. The traces ¢etldfcom the NGS in-
clude applications from biomed, physics, astronomy, aeand,HEP.

TheGWA-T-6 trace is extracted from the LHC Computing Grid (LCG) [1]. L&G
a data storage and computing infrastructure for the highggrghysics community
that will use the Large Hadron Collider (LHC) at CERN. The L@@duction
Grid currently has approximately 180 active sites with acb30,000 CPUs and
3 petabytes storage, which is primarily used for high engigysics (HEP) data
processing. There are also jobs from biomedical scienaasirig on this Grid.
Almost all the jobs are independent computationally-istemtasks, requiring one
CPU to process a certain amount of data. The workloads aaéneldt via the LCG
Real Time Monito? (RTM). The RTM monitors jobs from all major Resource
Brokers on the LCG Grid therefore the data it collects areasgntative at the
Grid level. In particular, th&SWA-T-6 is a long-term trace coming from one of
the largest LCG sites, comprising 880 CPUs. The tracesatetlefrom the LCG
include only HEP applications.

The GWA-T-7 trace is extracted from the Grid Laboratory of Wisconsin (),
a campus-wide distributed computing environment thatesetive computing needs

2 The Real Time Monitor is developed by Imperial College Lomdbittp:/
gridportal.hep.ph.ic.ac.uk/rtm/
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of the University of Wisconsin-Madison’s scientists. ThRisndor-based pool con-
sists of over 1400 machines shared temporarily by theitfugbwners [26]. We
have obtained a trace comprising all the jobs submitted ley \drtual Organi-
zation (VO) in the Condor-based GLOW pool, in Madison, Wissia. The trace
spans four months, from September 2006 to January 2007.r&best collected
from GLOW include only HEP applications.

The GWA-T-8 trace is extracted from the Grid3, which represents a mutiial
organization environment that sustains production legelises required by vari-
ous physics experiments. The infrastructure was composetbie than 30 sites
and 4500 CPUs; the participating sites were the main resquuwiders under var-
ious conditions [27]. We have obtained traces recorded &itid-level scheduler
corresponding to one of the largest VOs: the Grid3/USATL&®ye are three ma-
jor VOs in the system, the others being iVDgL and USCMS. Thesees capture
the execution of workloads of physics working groups: algifgb can run for up
to a few days, and the workloads can be characterized agetiracyclic graphs
(DAGS) [28]. The traces collected from Grid3 include only PiRpplications.

TheGWA-T-9 trace is extracted from the TeraGrid system, a system faiense,
with more than 13.6 TeraFLOPS of computing power, and taslicapable of
managing and storing more than 450 TeraBytes of data [3]. ¥e lobtained
traces recorded by the interface between the Grid leveldstbeand the local re-
source manager of one of the TeraGrid sites: the UC/ANL. énathalyzed traces,
workloads are composed of applications targeting higblwi®n rendering and
remote visualization; ParaView, a multi-platform applioa for visualizing large
data sets [3], is the commonly used application.

3.5 The Toolbox for Workload Analysis, Reporting, and Modeling

The GWA provides a comprehensive toolbox for automaticettatalysis, report-
ing, and modeling. The toolbox provides the contributors tre expert users with
information about the stored workloads, and can be used asraesfor building
additional workload-related tools.

The workload analysis focuses on three aspects: systemeakigracteristics (e.g.,
system utilization, job arrival rate, job characteristicemparison of sequential
and parallel jobs’ characteristics), user and group charatics (i.e., similar to

system-wide characteristics, but for all and top userg], @@rformance analysis
(e.g., resource consumption, waiting and running jobs,taraughput). The anal-
ysis enables a quick comparison of traces for the expert osardetailed view of

one grid, for the contributor (that is, the grid administratwe detail in Section 4.1
several such uses. Figures 2, 3, and 4 show a sample of théoadr&nalysis re-

sults.
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Fig. 2. System utilization over time for NorduGrid, Condok @V, Grid3, LCG, DAS-2,
and DAS-2 Grid. The busiest month may be different for eactesy.
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Fig. 3. CDFs of the most important job characteristics fordi&rid, Condor GLOW,
Condor UWisc-South, TeraGrid, Grid3, LCG, DAS-2, and DAS&12d. Note the log scale
for time-related characteristics.

Figure 2 shows that grid utilization ranges from very lowl{pe20% for DAS) to
very high (above 85% for one cluster in LCG (tra@&VA-T-6)).
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Figure 3 depicts the cumulative distribution function (QDér the most important
job characteristics for the GWA workloads: the inter-aatitime between consecu-
tive jobs, the wait time, the runtime, the memory consumptibe consumed CPU
time, and the job parallelism (number of CPUs per job). Hdrates, in 90% of the
cases anew job arrives at most 1 minute after the previou3 f@runtime and wait
time distributions confirm that the grids where the GWA tsaaere collected serve
widely different categories of users, with application treen interactive (DAS) to
computing-intensive/batch (NorduGrid). Similarly, tlesource consumption char-
acteristics are very different across traces. Finallysfwrof the GWA traces, over
90% of the jobs are single-processor; for four of them thegrmtiage is 100%.
We believe that this corresponds to the real use of many doidthe following
reasons. First, many grids offer facilities for sending 9af similar tasks (e.qg.,
parameter sweeps) with a single command; the user’s tasknoirg large num-
bers of jobs is thus greatly simplified. Second, there areffamllel applications
in the GWA traces relative to single-processor jobs. Evendin three GWA traces
include more than 10% parallel jobGY\WA-T-1, GWA-T-2, andGWA-T-9), two
of them GWA-T-1 andGWA-T-2) correspond to grids that run experimental ap-
plications for parallel and distributed systems resedfohexample, in DAS, three
of the top five and six of the top ten users ranked by the numissukomitted jobs
are parallel and distributed systems researchers, whiglaies the high percent-
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Fig. 5. The evolution of the cumulative number of jobs sulbeditover time for six grids.
Special events such as middleware change are marked widddiotes. The production pe-
riod is also emphasized. ARC, LCG, gLite, and VDT are the kay gpiddleware packages
used by the depicted grids.

age of parallel jobs in the DAS traces. Third, for the periocdgered by the traces,
there is a lack of deployed mechanisms for parallel jobs, ecgallocation and ad-
vance reservation. Co-allocation mechanisms were avaitatly in the DAS, and,
later, in Grid5000. The first co-allocation mechanisms tlahot require advance
reservation have been implemented in the DAS [21], whicHaésp why 10% of
the jobs present in the DAS traces are co-allocated jobsn Enth the introduc-
tion of co-allocation based on advance reservation in sé€eéthe other grids (i.e.,
Grid500), there is no evidence showing that co-allocatias llecome mainstream
(the percentage of co-allocated jobs in the Grid5000 tresé®low 1%). How-
ever, parallel jobs are still important in grids, e.g., @WA-T-5, the parallel jobs
account for 5% of the number of jobs, but 85% of the consumed Re.

Figure 4 shows that a small number of users (below 10) domthatworkloads in
both number of submitted jobs and consumed CPU time, fonalahalyzed traces.
In DAS, the top user by the number of submitted jobs is an aatechverification
tool: jobs are constantly generated every two hours; Figudepicts this situation
with equally sized stripes.

The results depicted in Figures 2, 3, and 4 represent themeatof an analysis on
the complete traces. However, some of the systems were qwbduction from

the beginning to the end of the period for which the tracesveetlected. More-
over, the middleware used by a grid may have been changed Gegraded or
replaced) during the production period. To support thedugliof our analysis re-
sults, we show below that the non-production periods cegitur our traces include
few jobs, and that the middleware changes do not signifigaffiécct the properties
of the submitted jobs. Figure 5 shows the evolution of the Wative number of
submitted jobs over time. The period during which the grigsia production and
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the main events affecting them (e.g., middleware changtesyevolution, system
closure) are specially marked. We observe four main treeldged to the rate of
growth for the cumulative number of submitted jobs (thgut). First, the produc-
tion period (marked on the image with "production” for eadpitted trace) has a
homogeneous aspect, with the input much higher than for @éhepnoduction pe-
riods. Second, for the periods covered by our traces, thegehaf the middleware
version does not have a significant impact on the input. Thivel period before
entering production exhibits a low input (i.e., few job subsions) relative to the
production period. Fourth, a system at the end of its pradnalycle loses its users
in favor of the system that replaces it (a "migration” evetturs), starting about a
month before the migration event; this situation is captumeheGWA-T-1 (DAS-
2) and theGWA-T-8 (Grid3) traces. The first two trends, and the observation tha
most of the middleware changes are minor version increm@nts the notable
exception of AuverGrid, which switched from 2.7 to 3.0—gLi$ the successor of
LCG), indicate that there is no significant change in the attaristics of the jobs
that is due to the system change. The last two trends showhbaharacteristics
of the jobs present in our traces are mostly influenced byabe gubmitted during
the production period.

4 Usingthe Grid Workloads Archive

The GWA can also be beneficial in many theoretical and pralcéindeavors. In
this section, we discuss the use of the GWA in three broadasien research in
grid resource management, for grid maintenance and operaind for grid design,
procurement, and performance evaluation.

4.1 Research in grid resource management

There are many ways in which the GWA can be used for researghdmesource

management. We have already used the archived content eystacd how real

grids operate today, to build realistic grid workload mageind as real input for a
variety of resource management theory (e.g., queueingytheo

The study in [29] shows how several real grids operate totlag.authors analyze
four grid traces from the GWA, with a focus on virtual orgations, on users, and
on individual jobs characteristics. They further quantifg evolution and the per-
formance of the Grid systems from which the traces originBitesir main finding
is that the four real grid workloads differ significantly fnrathose used in grid sim-
ulation research, and in particular that they comprise ipssigle processor jobs.
In another work, we have investigated the existence of leatdi jobs in grids,
and found that in several real grids batches are respornfsib®&5%—95% of the
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jobs, and for 30%—-96% of the total consumed CPU [30]. The larzz of job ar-
rivals in multi-cluster grids has been assessed usingdifacen the GWA in another
study [31].

Hui Li et al. conduct statistical analysis of cluster anddgevel workload data
from LCG, with emphasis on the correlation structures arel gbaling behav-
ior [32,33,37]. This leads to the identification and modglof several important
workload patterns, including pseudo-periodicity, longge dependence, and "bag-
of-tasks” behavior with strong temporal locality. The merhance impact of the
correlations between the workload characteristics is shimasimulations to in-
fluence significantly the system performance, both at thallaad at the grid
level [34]. This gives evidence that realistic workload raldaly is necessary to
enable dependable grid scheduling studies.

The contents of the GWA has been used to characterize grigiseases, by assess-
ing the jobs’ wait and run time marginal distributions, byimsting the number
of jobs arriving and exiting the system over time, and by cotimg the resource
utilization rate [29]. Similarly, the traces have been usedharacterize grids as
service-oriented architectures, by assessing the jolugigat and throughput [29].
Finally, the traces have been used to show that grids canebe&ett as dynamic
systems with quantifyable [35] or predictable behavior,83%. These studies show
evidence that grids are capable to become a predictablethigughput computa-
tion utility.

The contents of the GWA has also been used to evaluate thwpearice of various
scheduling policies, both in real [5] and simulated [357B&nvironments. Finally,
the tools in the GWA have been used to provide an analysis-eadko a grid
simulation environment [31].

4.2 Grid maintenance and operation

The content of GWA can be used for grid maintenance and aperiatmany ways,
from comparing real systems with established practica¢samted in the archive),
to testing real systems with realistic workloads. We ddteibw two such cases.

A system administrator can compare the performance of aimggkid system with
that of similar systems by comparing performance data etadafrom their traces.
Additionally, the performance comparison over time (efgr,each week repre-
sented in the trace) may help understanding when the oplesgstem has started
to behave outside the target performance level. Since ggaesent new technol-
ogy for most of their users, a lower performance in the bagmmay represent
just a learning period; to distinguish between this sitwatind system misconfig-
uration, the beginning of the traces of other starting systée.g. GWA-T-1) can
be compared with the system under inquiry.
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In large grids, realistic functionality checks must occailyl or even hourly, to
prevent that jobs are assigned to failing resources. Outtsagsing data from the
GWA show that the performance of a grid system can rise whaitedility is taken

into consideration, and that human administration of awdity change informa-
tion may result in 10-15 times more job failures than for atomated solution,
even for a lowly utilized system [19]. To perform realistienttionality testing,
tools like the GRENCHMARK can "replay” selected parts of the traces from the the
GWA in the real environments [5]. Similarly, functionalignd stress testing are
required for long-term maintenance. Again, tools likeeBiICHM ARK make use of

the data stored in the GWA to run realistic tests.

Grid monitoring systems like Caltech/CERN’s MonALISA [38hd GridLab’s
Mercury [40] are now common tools that assist in the grid neaiance and op-
eration. Based on a trace and tools from the GWA, we have se$éise trade-off
between the quality of information and the monitoring oweath, our simulation
results show that a reduction of 90% in monitoring overheadle achieved with
a loss in accuracy of at most 10% [41]. Similarly, a systemagan may choose to
setup the monitoring system based on a similar analysisguke same tools and
his system’s data.

4.3 Grid design, procurement, and performance evaluation

The GWA has already been used in many grid design, procure@ed perfor-
mance evaluation scenarios.

The grid designer needs to select from a multitude of middtevpackages, e.g.,
resource managers. Oftentimes, the designer uses "whstéharios to answer
questions such adhat if the current users would submit 10 times more jobs in
the same amount of time? Or 50 times, or 100 times..., or If the users of another
environment could submit their workload to our environment, what would be the
success rate of the jobs submitted by these combined communities? Using work-
loads from the GWA, and a workload submission tool such ReN&HM ARK, the
designer can answer these questions for a variety of paterser workloads. We
have shown a similar use of the GWA's content for the DAS emuinent in our
previous work [5].

During the procurement phase, a prospective grid user magtdeetween several
infrastructure alternatives: to rent compute time on amlemand platform, to rent
or to build a parallel production environment (e.g., a lastysster), or to join a grid

as a resource user. The reports published by the GWA showeraadthat grids

already offer similar or better throughputs and can handiemhigher surges in the
job arrival rate, when compared with large-scale paralletpction environments
(see Table 3 and Figure 6 for a summary of these reports).
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Table 3

Grid vs. Parallel Production Environments: processingtoonsumed by users, and high-
est number of jobs running in the system during a day. The éTygnlumn shows the
environment type: PProd for parallel production, or Griddad computing.

Environment Data Source| System Goodput Spike
Name Type /Analysis Processors| [CPUYTr/Yr] | [Jobs/Day]
NASAiPSC PProd [12,42] 128 92.03 876
LANL CM5 PProd [12,43] 1,024 808.40 5358
SDSC Par95 PProd [12,44] 400 292.06 3407
SDSC Par96 PProd [12,44] 400 208.96 826
CTC SP2 PProd [12,45] 430 294.98 1648
LLNL T3D PProd [12] 256 202.95 445
KTH SP2 PProd [12,46] 100 71.68 302
SDSC SP2 PProd [12,47] 128 109.15 2181
LANL O2K PProd [12] 2,048 1,212.33 2458
OSC Cluster PProd [12] 57 93.53 2554
SDSC BLUE PProd [12] 1,152 876.77 1310
LCG, 1 Cluster Grid [29] 880 750.50 22550
Grid3, 1 VO Grid [29] 2208 360.75 15853
DAS-2 Grid [29] 400 30.34 19550
NorduGrid Grid this work ~3,100 770.20 7953
TeraGrid, 1 Site Grid [29] ~200 n/a 7561
Condor, GLOW, 1 VO | Grid this work ~1,400 104.73 6590

Similarly to system design and procurement, performane&iation can use con-
tent from the GWA in a variety of scenarios, e.g., to assesalfility of a system
to execute a particular type of workload [5,8], to find theotighput of the system
for the common usage patterns, or to measure the power cqtistnand failure
rate under different workload patterns. Note that the sappecach may be used
during procurement to compare systems using trace-basedagrchmarking.

4.4 Education

The reports, the tools, and the data included in the GWA caatlyrhelp the educa-
tors. We target courses that teach the use of grids, lagge-distributed computer
systems simulation, and computer data analysis. The epaitded in the GWA
may be used to better illustrate concepts related to grares management, such
as resource utilization, job wait time and slowdown, etce Tdols may be used to
build new analysis and simulation tools. The data includgethe archive may be
used as input for demonstrative tools, or as material fatestitiassignments.
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(a) Number of Running Jobs -- Parallel Production and Grid Environments
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Fig. 6. Running jobs during daily intervals for grid and glaleenvironments: (a) compar-
ative display over all data for grid and parallel environtserib) comparative display for
data between June 2005 and January 2006, for grid envirdsroaly.

5 A Survey of Workload Archivesin Computer Science

In this section we survey several archival approaches inpcben science areas,
e.g., Internet, clusters, grids. We assess the relativitsrar the surveyed ap-
proaches according to the requirements described in ®ettitable 4 summarizes
our survey. In comparison with the Internet community éffpthe GWA contains
tools to generate and use synthetic grid workloads, besisesaw grid workload
data. In comparison with the other efforts, the GWA offergentools for process-
ing, using, and sharing the stored data.
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Table 4
A summary of workload archives in Computer Science. The-i+and - signs denote a
feature that is present, for which an insufficient approaah theen taken, or which lacks,

respectively.
Workload 1 2 3 4 5
Archive collect process use share build community
(Since) a b c¢c|la b c¢c|la b c]|a b ¢ d
The Internet
ITA [9] (1995) - + o+ o+ - - - -+ o+ - + 4+
WIDE [48] (1999) - Tt
CAIDA (2002) + S e O S T I S
CRAWDAD [11] (2005) - P U
NTTT [49] (2006) - R e e
Sngle-computer Systems
BYU [50] (1999) + B B e T + 4+
NMSU [51] (2002) - e A ™
CADRE [52] (2003) + B i
Cluster-based Systems
PWA [12] (1999) + A Y
MAUI HPC [53] (2001) - T T e
CFDR [13] (2007) - T
Grids
DGT[5455](2005) | - |- - -|- - -|- - +]- ~ +
Other Archives of Interest
RAT [56] (2007) ‘ - ‘ L ‘ - ‘ . . ‘ . .
‘GWA(ZOOB) ‘ + ‘+ + +‘+ + +‘+ + +‘+ + o+ +‘

The research community has started to understand the iamwerbf computer sys-
tems’ performance evaluation based on real(istic) tratg¢beabeginning of the
"70s [57]. By the beginning of 1990s, this shift in practicedhbecome common-
place [58,59]. In beginning of the 1990s the invention ofwweld-wide web [60],
and the gradual lowering of the bandwidth and disk storagéscpaved the way
for the first workload archives.

In 1995, the Internet community assembled the first pubkbeig freely available
workload archive: the Internet Traffic Archive (ITA). ITA Bandergone several up-
dates over the years, which show why it still is surprisinglydern: it has tools for
collecting and processing data, mailing lists for comnremtits data is publicly
and freely available, etc. The Internet community has soreated several other
archives, i.e., WIDE, CAIDAs archives, CRAWDAD, and NTTThe CAIDA
archives [10,61,62] are combined the largest source ofriatéraces. CRAWDAD
is the first archive dedicated to the wireless networks comitpulhese archives
have gradually evolved towards covering most of the requergs expressed in
Section 2 for the Internet community. Notably, with the etoen of NTTT, they
do not offer tools for using the offered data; NTTT offerslsofr generating syn-
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thetic workloads.

Contrary to the Internet community, the computer systemsonities are still far

from addressing Section 2’s requirements. The computaitaotures community
started its first and most successful database (BYU) at th@tthe 1990s. Since
then, several other archives have started, e.g., NMSU ardREA but have yet
to improve on the results of the BYU archive. For the clustased communities,
the Parallel Workloads Archive (PWA) covers many of the regaents, and has
become the de-facto standard for the parallel productigsm@mments community.
The MAUI HPC archive started separately, but has since besuaded in the PWA.

The DGT, CFDR, and RAT archives only resource availabilitg &ilure traces.

The PWA is the closest project to our GWA both in target (dafalomputing en-
vironments) and realization. Recently, the PWA has addeerakgrid traces to its
content. However, the PWA workload format [63] was not desdfor grid work-

loads, and loses information on many grid-specific aspextisiding the number of
used nodes (which may be different from the number of usecgsors, for multi-
processor nodes), co-allocation, submission site (whial be different from the
execution site), and job exit status. The Grid Workloadshvive is the first archive
to accommodate the requirements of grid workloads, and ¢bugplements the
PWA and other approaches. To the best of our knowledge, th& S\Iso the first

to satisfy all the requirements of a workloads archive.

6 Conclusion and Future Work

While many grids are currently serving as e-Science infuasire, very little is
known about the real users’ demand. The lack of grid worlkddampers the re-
search on grid resource management, and the practice sxdgsign, management,
and operation. To collect grid workloads and to make theniabla to this diverse
community, we have designed and developed the Grid Workldachive. The de-
sign focuses on two broad requirements: building a grid Veartk data repository,
and building a community center around the archived datathifeoformer, we pro-
vide tools for collecting, processing, and using the date.tke latter, we provide
mechanisms for sharing the data and other community-lmgjldupport. We have
collected so far traces from nine well-known grid enviromtse

Figure 7 shows the timeline of the GWA project. We are cutyeettending this
work in two directions: extending the content and inter+zeeting the GWA with
other grid tools. For extending the content, our currentu$ois on supporting on-
line addition of traces with minimal support from the GWA iteaWe are also
working towards a monthly contribution mechanism, whictlunles anonymizing
information at the contributor’s site. We are currentlyemtonnecting the GWA
with ServMark, a grid testing tool that extends GrenchM&#][ ServMark will
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Fig. 7. The GWA project timeline. LSDCS is an acronym for &ggale distributed com-
puting systems.

use tools and the contents of the GWA to generate new workldayl replaying
the existing or the new grid traces on several grids, we hopedve that the GWA
enables comparable grid performance testing. We are alsiinaong our effort
to provide libraries for using GWA contents in several ghithglators, e.g., Grid-
Sim [65], SimGrid [66], GangSim [67], and DGSim [31].

For the future, we plan to bring the community of resource agament in large-

scale distributed computing systems closer to the Grid Wads Archive. We be-

lieve that our archive will be useful for many scientific ditiens including, but not

limited to, scheduling in and performance evaluation ohssistems. We also plan
to develop a grid workload model based on the data collectétki archive, and to
include it in the workload models database.

Data Availability and Contributions

The Grid Workloads Archive can be reached online at
http://gwa.st.ewi.tudelft.nl

We continue to look for contributors who would donate gridkoads for the ben-
efit of the grid community. On the one hand, many organizatioaw this data as
revenue-generating (in the industry), or critical for obitag grants (the academia),
and are reluctant to make the data public. On the other hatiécting unrepre-
sentative traces, either because of reduced size or begatsesource (e.g., jobs
specific to only one user), is not a goal for the Grid WorkloAdshive.

We are looking for two types of contributions: one-time anadntily. We look for
one-time contributions with traces that have an averageevaf x x x or higher
(see Section 3.3). For monthly contributions, we invitetdbators which collect
month-worth traces with a value of at leasbn average.
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