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Abstract

Grid computing is becoming a common platform for solving large scale atimptasks. However, a number of
major technical issues, including the lack of adequate performanbtgagea approaches, hinder the grid comput-
ing’s further development. The requirements herefore are man#diekljuate approaches must combine appropriate
performance metrics, realistic workload models, and flexible tools foklvad generation, submission, and analysis.
In this paper we present an approach to tackle this complex problen, wérsntroduce a set of grid performance
objectives based on traditional and grid-specific performance metBiesond, we synthesize the requirements for
realistic grid workload modeling, e.g. co-allocation, data and networkagement, and failure modeling. Third,
we show how @ENCHMARK, an existing framework for generating, running, and analyzing gricklvads, can
be extended to implement the proposed modeling techniques. Our eppioas to be an initial and necessary step
towards a common performance evaluation framework for grid emrients.

1 Introduction

Grid computing facilitates the aggregation and sharinguafe sets of heterogeneous resources spread over large geo-
graphical areas. This proves beneficial in many situatimngxample when applications require more resources than
locally available, or when work needs to be balanced acragspte computing facilities [16]. With the industrial and
scientific communities tackling increasingly larger peabb, grid computing is becoming a common infrastructural
solution, and is starting to replace traditional parallelimnments, at least in terms of offered computational grow
(see Appendix A).

However, key features of grids are still ardent researclests) e.g., sophisticated resource planning strategies o
the adaptation of existing applications to grids. Many &fsth features require in-depth knowledge of the behavior of
grids, and realistic performance evaluation and compamg@xisting and new approaches.

Grid performance evaluation raises very different chgéenfor the procedure and the adoption aspects. Also,
the motivation of an evaluation may have a major impact oraghroach that is taken during the evaluation itself.
The various existing approaches to tackle the performavakiaion problem in the area of parallel environments
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[27, 51] cannot be directly applied in grids, due to the dgrifimmamic and large-scale nature. Other grid-oriented
approaches, though valuable, either do not use realistikl@axs [10] or use non-validated measurement data as input
for the evaluation process [37], and cannot be used forkdelisystem comparisons and evaluations, cf. [8, 24, 12].
Furthermore, the actual adoption of an evaluation proeedsia benchmark is a community approach which requires
the agreement of a sufficient number of grid stakeholdeis;Himges on the existence of one or more established
procedures, currently lacking in grids.

In addition, performance evaluation and comparison redghie existence of workload traces within a grid, which
at the moment simply do not exist. The main difficulty in ohtag such traces is not only one of obtaining access
to data, but also that required data may not exist. In a reaealysis of (incomplete) traces obtained from grid
environments [30], we observe that these traces log pgrtaleven not at all information regarding the actual job
origins (e.g., when users are mapped randomly to pools @feusertificates), the resource consumption (e.g., when
the local resource managers do not log the actual CPU, I/©bandwidth consumptions, or when information about
jobs running across grid sites cannot be correlated), jetctiupling/dependencies (e.g., when job batches or jobs
belonging to an organization are not recorded as such)edatlures. To ameliorate the lack of grid traces, synthetic
that is, generated on the foundation of an appropriate medekloads are used for evaluation purposes. The main
and, in fact, very hard problem is to create a good model witlaving any workload instances (i.e., real system
traces). While there exist good models in the parallel prsingscommunity, there is no comprehensive workload
model for grids available.

This paper aims to provide a starting point for grid perfonggevaluation from a practical point of view: a selec-
tion of requirements, objectives, and guidelines (inalgddoth well-known metrics from parallel workload modeling
and newer, more grid-specific measurement gauges) is dedgesgive an overview of what could be considered
within a Grid performance evaluation system, and stepsrasva common framework for adoption in real-world
environments for the purpose of verification, analysis aadchmarking are shown. Our main contribution is thus
twofold: (1) our approach is the first to deal programmalyculith different critical grid modeling issues like co-
allocation, job flexibility, data management, and failyrasd (2) we gauge our approach as a standardization effort,
by providing the necessary theoretical framework, and ay &lset to work with it.

The remainder of the paper is organized as follows. Sectipregents three different evaluation scenarios. Sec-
tion 3 analyzes a set of typical performance objectives whie commonly used in grids. Sections 4 and 5 focus
on the features and requirements for modeling workloadgridis. While the modeling aspects in Section 4 contain
strong links to existing work from the High-Performance @Quaiing (HPC) community, Section 5 discusses in de-
tail a selection of six grid-specific aspects: computati@nagement, data management, locality/origin management,
failure modeling, and economic modeling. Section 6 dessrithe RENCHM ARK system, its current status, and the
foreseen extensions towards the additional requiremeatepted in this paper. The discussion in Sections 4 and 5
acts as a guideline for added functionality to theEBICHM ARK framework. We conclude with a brief summary and
a preview of our future research in this area, in Section 7.

2 System Scenarios

The common definition and proposed visions for grids go indinection of a large-scale heterogenous computing
platform with varying resource availability. This inhetlndynamic and distributed nature is the root of the specific
problem of evaluating grids: the sheer size and the dynagtiatior of grids renders difficult the evaluation of their
performance. In this context, two questions need to be aeslvé. What is the actual scenario for which performance
evaluation is done? and 2. What kind of performance objestive sought after?

Clearly, a single evaluation system will not be able to fulil needs. For example, performance evaluation
in simulated systems can be done by restricting the enviemmah description to a felwparameters (the number of
clusters and of machines, the machine’s speed distribetiof and allows the analysis of long-term usage as well
as non-typical configurations. Simulated systems are, henveestricted to whatever the simulation designer has
considered, and their results should not be seen as actiiatrpance values, but more as indicators towards them. In
contrast, the use of an actual grid system allows the daivaf current system data on the performance, stability, an
usability of a real installation. Still, long-term asse&nts are inherently difficult, due to the non-exclusive asde
the system itself or its configuration. Moreover, the evaduaproduces results that are difficult to reproduce, even i
the same scenario. To avoid the disadvantages of the pestvimscenarios, emulated systems come into place: here, a

10f course, the description of the simulation environment dsmiafluence evaluation, but this discussion is out of thepswf this work.
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high-accuracy simulation is done, and performance evialuét occurs just like in a real environment. This, of course
requires the representation of the simulated infrastradin match as closely as possible the technical descripfion
the system to be emulated, which leads to a trade-off betwezchieveable precision and the evaluation speed.
Furthermore, the emulated environment needs to run itsetop of a large-scale distributed system. While the
theoretically reachable precision of the evaluation tedsglvery high, it is extremely difficult to prove the corneess

of the emulation due to the combinatorial explosion of pa@mnvalues that can be varied.

We assume that all three approaches, simulation, emulatiwhreal system testing, are of significance in their
domain. Thus, a performance evaluation system shouldlyd@glsupport all of them and (b) allow a comparison of
results on a technical level.

Nevertheless, the applied workload and job models, as vgetha underlying grid model, are crucial for the
evaluation. It is clear that, in a scenario in which a scheduhnd management strategy for grids is quantitatively
analyzed, the applied workload and the examined grid corgtgun are highly dependent. If for instance the requested
load extends the system’s saturation level, more and mbsevjdll be queued over time: the wait time for users will
increase over time to an unrealistic level, which destsdéslimany performance objectives and, in the end, makes
the results from such evaluations mostly useless. As a eoawample, if the requested load is significantly lower
than the saturation level, the scheduling problem degé&eeta trivial job dispatching. Due to the strong dependence
between a grid configuration and the applied workload, etada is very complex, as it is not possible to re-use the
same workload for grid configurations which deviate largelperformance. One solution to the problem can be the
dynamic adaption of workload generation based on the griddpeance. However, such an approach has high impact
on the performance objectives that can be assessed. Wawegtigate this problem in more detail in Sections 4 and
5.

3 Performance Metrics

The evaluation of the Grid performance highly depends orgthen scenario (see Section 2), and the provider and
user objectives. However, some typical standard evaluatietrics exist that can be applied in most cases. In this
section we shortly present many of these metrics, and peogpaglection of metrics for general purpose use.

Although we base the evaluation of grid systems on the sémioik in the context of parallel production envi-
ronments by Feitelson et al. [25, 24], our notation is in saages modified according to the standards defined for
operational research scheduling by Graham et al. [28]. Rayvarview of this notation we refer to [43]. Rooting
our work in these approaches enables us to build on estadligsults, and to have a good base of comparison with
previous performance evaluations.

Within the Grid we assume machine$ and a job system. Within the system, each jop € 7 can further be
divided into tasks: € j. The number of jobs in the system|is |; the number of tasks for jopis | j |. Sometimes,
such tasks are modeled as individual jobs that are connbgtptecedence constraints; especially then, the tasks of a
job j are not executed in parallel.

Each jobj and all its corresponding tasksc j are released at timg. Grids typically work in an online scenario,
that is, r; is not known in advance for most jobs and tasks. As they grjoles are scheduled to run, that is, a
suitable set of resources is allocated for the future job Ran rescheduling capabilities, we define fimal schedule
for a period of timeT" as the schedule of all jobs arriving during tifiend timeT" in which no job can be further
rescheduled.

3.1 Time-, Resource- and System-Related Metrics

Within the final scheduleS, the taskk € j is completed at time”);(S). Hence, jobj leaves the system at time
C;(8) = rgaxck(S). The processing time of task € j is p,. Hence, the processing timeg of job j can be
€5
calculated byC'; (S) — r]?in(Ck(S) — pi). Besides the maximum lateness,,, = meax(Cj(S) — d;), which may be
€J VASKE

used as an analysis criterion (and needs to be minimiseditbsgstems), the number of tardy jolid = > 1
jernCy>d;
also is of interest, as it provides information about the benof user requests that could not be fulfilled.

2Note that this term is used loosely and may specify any typesdurce.
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The resource consumptidCy, of a task is defined by the product of the corresponding psicgdime and the
used machineRCj, = pi, - mi). Consequently, we can define the resource consumptionotifyjRC; = >~ RCy,
keEj
and of awhole schedule BC(S) = > RC;. Using this total resource consumption we can also definetifieation
JET
U of the available machines, see Equation 1. The resourcédervsually selects as objective the maximization of
the system utilization.

. RC(S)
VT a6 (8) — min(€5(5) — ) @

With task execution failures being common in grids (seeiBe@.6), jobs may fail during execution, and be run
several times before they successfully complete. We theefefine the true resource consumpfitsty &, 5} and
the true utilization/*"“¢ as corollaries respectively, so that also the failed jobisstmption of resources is measured.
The sum of the resource consumption of such faulty jobs inddfas the waste metiWWASTE = U!"“¢ — U, which
gives a hint on the dynamic reaction to failures of the gristegn and is to be minimized by the resource owner.

As grid systems are belonging to several stakeholders, uriagsthe fairness of use is becoming an interesting
point. A possible, but rather simple metric for measurirgprgce use fairness is the average wait time deviation [46],
as defined in Equation 2; here, the objective is to minimizedW DT for each grid stakeholder.

AWTD = IT%¢Z<WTJ->2 (W @

jeT JjET | T |

3.2 Workload Completion and Failure Metrics

In nowadays grids, the ability to complete the execution given workload can be even more important than the
speedup obtained through this executiorGrids require the redefinition of thapplication failure notion: a grid
application which was not able to finish successfully wititsrbudget generates an application failure event upon the
first detection of its inability to complete successfullypriexample, an application fails if its requested compatati
resources cannot be found, because of having a deadlimmedsibut exceeding it, or because of running out of
credits (even during execution). Using this notitault tolerancebecomes postponing the application failure as much
as possible, while there are realistic chances of finistiegapplication, possibly to the point where the application
finishes successfully. In this section we describe metrietaming to workload completion and failures.

We propose as a metric the workload completion (WC), compasegiven by Equation 3. This helps to identify
the limitations of the grid system, and its maximizationwdde used as a major objective both by the user and by
the resource owners. However, the workload completion ih@tations from the resource owners’ point of view, as
jobs with a smaller number of tasks have a higher influencehimnvalue. As complementary metrics, we propose
the task completion (TC), given by Equation 4, and the emhtask completion (ETC), given by Equation 5. Note
that in the latter the enabled tasks are those tasks whicheam, after their previous tasks dependencies have been
completed. The resource owners’ objective is to maximireehabled task completion. If theC and theETC
metrics differ greatly, special care must be taken by thewes owners to fulfill critical tasks (tasks which are prase
in the dependency lists of many other tasks), for exampleubgraatically launching redundant runs of these tasks.

1
WC = JETNJ To;nfleted (3)
1
TC JETAKEFNE co.mpleted (4)
> il
JET

3In some cases (when certain users or user groups are willpayttor the utilisation of a machine or have an affiliation teetain organisation,
etc.), the utilization might be of less importance.

4Note that the jobs executed in grids may be much more complexttiegolis executed in traditional parallel environments, gigrkflows vs.
batches of jobs.
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1

ETC = jE‘r/\ij/\icompletcd1 (5)

jeTAkejNEk enabled

We further propose as a metric the system failure factor YStRhe ratio between the number of failures observed
for all the tasks that were started and the number of taskswi@ started. Note that SFF is equalitee ETC for a
system with no retry capabilities, but may vary greatly offise. The SFF metric may be an effective performance
evaluator for the ability of the grid system to detect andettrfailures in the system, e.g., if a resource becomes
unavailable, repeatedly sending jobs to it for executiomldidncrease the number of observed failures, and prove a
lack of dynamic response to partial system failures. Thedaibje of the resource owner is minimize the value of the
SFF metric. Note that it is possible to have a high value fentlaste metric and a small value for the system failure
factor at the same time, for instance when a few tasks failtH®ir failure occurs or is observed after the tasks have
been running for an extensive period of time. Besides thitesy-oriented metric, thexpected task failurghat is, the
probability that a task will fail upon being run, may be use@valuate the performance of grids where the availability
of resources is very dynamic [37].

3.3 Metrics Selection

Given the number of proposed metrics, the selection of anogpiate subset is still an open question. Recent works
by Feitelson et al. show thatl quantitative metrics should be reported and considered fepresentative systems
evaluation [22, 23]. Therefore, a scheduling performaneduation could be done after considering the detailed
resource consumption report, and the following aforenometil metrics: the system utilizatidh the workload com-
pletion percentag®V/C, the enabled task completi®&irC, the wasted resourc@ASTE, the system failure factor
SFF, and the average wait time deviati®VTD . Besides that, we also consider the response AWRT , the wait

time AWWT , the slowdowrAWSD, (all average), all used in their weighted versions, by Whilt jobs with the same
resource demand have the same influence on the schedulg.qiiihout the weighting mechanism, a job using
few machines would have the same impact on these metricoagtlagt uses many machines, see Schwiegelshohn et
al. [45]. To prevent this effect, bounds can be imposed fes¢tmetrics, e.g., bounded slowdown [25]. Specific time-
based summaries of the consumption report and the nineanetr® sometimes needed, e.g., for normal, peak, and
clear months, or for week days and week-end. Different joieng will then be able to weight those metrics according
to their system use scenario.

In some cases, metrics need also be computed per user oepgrosp, in addition to metrics for the full system.
This may be needed, for example, for grids where the machiméders have different commercial relationships to
different grid participants, and therefore specific obyas for different users or user groups [3]. An early example
is the fair-share utilization concept used in the Maui sciterd[33], where separate policies are defined for different
users and groups.

4 General Aspects for Workload Modeling

Most research on workload modeling for single HPC paralhputers focus on the characterization of the overall
features of workloads. Since the evaluation of schedulirajegies for parallel computers focus on the optimization
of a global performance metric, like to minimize tbeerall response time, or the makespan or to increase machine
utilization, a general descriptive model is often suffitiEm workload modeling [39, 11]. Here, a collection of prob-
abilistic distributions are sometimes suitable for vasigworkload attributes (e.g. runtime, parallelism, I/O, noey).

By sampling from the corresponding distributions, a sytitherorkload is generated. The construction of such a
workload model is done by fitting the global workload atttémito mathematical distributions.

In a grid environment the scheduling objectives depend roarthe individual choice of the users. Here, some
users may prefer the minimization of cost, while others pteglonger waiting time in favor of a better quality of
service, e.g. more or faster processor nodes availableefne, a different knowledge of the workload charactsst
is needed for a realistic evaluation of grid systems. Unfuately, there is currently no actual grid workload trace
publicly available, such that only assumptions can be madetahe actual use of grids. For the time being, it can
however be assumed that the current user communities fro@d$itBs are at the forefront of using grids. Thus, we
argue that modeling techniques that have been employedd@rtkaces can be (at least partly) applied also in the case
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Figure 1: Dominant set of groups of size 2 for the KTH workload

of grids, and that existing workload traces taken from parabmputers at HPC sites may be useful as a first start
for modeling grid workloads. Within the context of this asgtion, the 17 HPC traces from the Parallel Workloads
Archive® provide valuable modeling data. In this section we presentgeneral aspects of HPC workload modeling.

4.1 User Group Model

While it is clear that the individual users’ characteristieed to be emphasized in grid environments, the main chal-
lenge in the construction of a group and/or user model is tbditrade-off between two extremes: the summarization
in a general probability model for all job submissions ondhe hand, and unique models which are created for each
user based on information about her past actions on the. otWerfurther address the dimensions of the required
modeling effort.

We call a set of users or a set of groups dominant if it coveesntiajority of jobs and is responsible for the
majority of consumed resources (from heresgquashed areeor S A). When the size of the dominant set of groups
or users is reduced, e.g., less than 10, the detailed mgdatiproach may be used. In [38], the top-5 groups and
the top-10 users form dominant sets, respectively, anduenigodels for each group and user are created. However,
this approach does not scale for larger communities, esgngthundreds of distributions for different users. In this
case, the approach suffers from two significant problemst,Rhere is usually not enough information available for
all users, as some only have a few job submissions. Secomdy#drall number of parameters will be quite large so
that the interpretability and scalability of the model istloAs a consequence, a trade-off on the level of user groups
is anticipated. That is, users are clustered into groups sihilar but distinct submission features. This user group
model allows to address the user submission behaviors wigiletaining simplicity and manageability.

In [48] such a user group model has been proposed which dussers into groups according to their job sub-
missions in real workload traces. The analysis showed thiah& examined workload, there exists a dominant set of
groups of size 4. If the clustering would be even more pronedna dominant set of size 2 can be found, with the
first group covering more tha#t% of the squashed area (see Figure 1).

In the presented research work, the analysis and modelingesticted to the job parameteus timeandnumber
of requested processonghich were sufficient for single parallel computer schedyliHowever, modeling on the level
of these groups provides the possibility to assign addiammrkload features, e.g. necessary for grids, to thesgogro
Some examples of such additionally required features amidsed in Section 5.

5Available atht t p: / / www. ¢s. huji . ac.il /1 abs/parall el /workl oad/ .
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Figure 2: Job arrivals during the daily cycle.

4.2 Submission Patterns

The users of grids have their own habits to request resoarato submit jobs, which is referred togatterns Here,

we take the daily cycle as an example. The daily cycle coukt te the habit of submitting more jobs during day
time than night, and to the considerably distinct submissligtributions during the day and the night. Figure 2 shows
the daily arriving patterns of jobs, for the KTH workload. &rk is an obvious daily cycle: most jobs arrive during the
day and only a few of them at night. Obviously, these patteright blur in grid environments because of users living
in different timezones [17]; however, they are still im@ort to the local sites (and the local schedulers).

Similar patterns can be found through the week, e.g., usastb submit more jobs during the week-days than
during the week-end, or year, e.g., an outstanding incrieatbe number of job submissions may be observed during
several months of the year [38], or during short periods [9].

These effects can be described by classical statisticélodst For example, Downey [13] modeled the daily cycle
using combined Poisson distributions; Calzarossa [7] dotmat an eight-degree polynomial function is a suitable
representation of all the analyzed arrival processes. Meryehis does not necessarily hold because of dependencies
within the workload (see [19, 18]), e.g. sequential depaniss.

Therefore, temporal modeling is an important aspect. Fample, one of these temporal effectsrépeated
submissiorf19], namely, users do not submit one job once but severalssijobs in a short time frame. Even if the
successively appearing jobs are disregarded, tempoagined can still be found, as shown in [18]. It can be seen that
the successors of jobs with a large parallelism value als® i@ require more nodes.

Such temporal characteristics are useful for the many ghdduling scenarios, including resource reservation and
load balancing. The application of various techniques, stgtionary and non-stationary analysis as well as stticha
processes, provides a good representation of the temgtaiibns in users’ submissions. In [47], correlated Markov
chains are used to model the temporal characteristics afggbences. The idea to correlate the Markov chains is that
since the job parameters are correlated, the transfornsatibtheir corresponding Markov chains are related as well.
In [41], a model based on Markov chains is used for the numbgbs consecutively submitted by a user during a
single submitting session.

Besides that, analysis has shown that users also tend totadap performance of the available system. That is,
users may change their job submissions according to th&abismbnline information, e.g. system states and quality
of services as shown in [20, 21]. Therefore, it is reasontiblaodel the users’ submissions with the considerations
of such feedback behaviors. Thus, the workload generationld be coupled to the system with a feedback loop.

In many cases, the explicit feedback tags are missing; fitveré is not feasible to determine whether feedback
factors do affect job delivery. For example, if a user seldtstivers jobs at noon, it might result from a regular lunch
at this time, or has a real feedback implication: the usersfimdiny waiting jobs at noon and then stops his or her
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submissions.

However, it is possible to elicit whether feedback factdfsa a job’s profile (like parallelism and runtime), since
the job profiles can be compared along different situatidrisfluential factors. To this end, the correlations between
the feedback factors and the job attributes should be ap@lyz

5 Grid-specific Workload Modeling

In this section we present the grid-specific workload madghequirements. Due to the lack of publicly available
trace$ of real grids operation, we restrict our presentation torttaén characteristics that could become subject of
near-future modeling.

5.1 Types of Applications

Grid jobs may have a complex structure which may be handléyg with advanced support from the submission
middleware. From this point of view, we consider two typeapplications that can run in grids, and may be included
in generated grid workloads: unitary applicationswhich include sequential or parallel (e.g. MPI) applioat and
at most require taking the job programming model into act@annching additional naming or registry services, for
example) and iicomposite applicationsvhich include bags, chains or DAGs of tasks and additigmalijuire special
attention by the grid scheduler regarding inter-depenigsnadvanced reservation and extended fault tolerance.
Note, in the remainder of this section we use the term apjicat some points. By this we understand a certain
user problem that has to be calculated. In this sense, afiplicand job are the same.

5.2 Computation Management

Another grid-specific problem is therocessor co-allocatignthat is, the simultaneous allocation of processors lo-
cated at different grid sites to single applications whiohgist of multiple components. Co-allocation models need
to describe the application components and the possibtires co-allocation policies. To model the application
components, we heed to define the number of componioiS)(@nd the component siz€§, and furthermore must
allow multiple configurations, such that sets(éfoc, C'S) tuples or even ranges can be then specified. In practice,
the typical configurations for processor co-allocatioressslected such that they fill completely clusters of resesjrc

to keep the inter-cluster communication low [5]; load-Im&iag across the number of sites can also be used for jobs
requiring large numbers of resources [4]. Obviously, tlaeethree possible resource co-allocation policiesixéd
where each job has predefined resource preferencasnZixed where jobs have no resource preferences at all and
3. semi-fixedwhere only some job components require certain resountelst others can be dispatched at the sched-
uler’s discretion. Experience with co-allocation in a reaVironment is described in [42, 31]. However, no statidtic
data regarding the use of co-allocation by real communitiesers is publicly available.

In addition,job flexibility, that is, the (in)ability of a job to run on a changing numbEresources, raises many
more problems in grids than in traditional parallel enviramts. Flexibility models need to describe the flexibiljtgé
and (possibly) the number and dynamics of computing regsutat may be allocated to a job. There are four possible
flexibility types: rigid, moldable, evolving, and mallealf25]. To model the application flexibility, at least one job
shape (cf. [12], a tuple comprising the minimum and maximwmber of computing resources, the configuration
constraints, e.gn? processors, and the resource addition / subtraction @nisty must be defined per job. Statistical
data for moldable jobs for a real supercomputing commusityiven by Cirne and Berman [12]; experiments with
moldable applications in a real environment have been pteddy Berman et al. [2].

Finally, one has to consider that, in production grid envinents, there often exists a certdiackground load
many processing resources are shared with the grid by adooahunity, and may have local jobs running outside the
grid resource management. Also, it is expected that usagesofirces must differ greatly depending on phgect
stageof a certain user community which generates the usage. @amirsj a long-term project, there might be a startup
and a transition phase, in which infrastructure and apjitingest are produced, an execution phase, which contains
the main body of work for the project, and an ending phase hiiclvjobs with characteristics and submission patterns

6There is, of course, one public trace of a HPC site partizigah the EGEE/LCG production grid; however, due to the thet only the batch
system log is available, but no information whatsoever orgtigeinfrastructure layer, this workload degenerates taadard HPC site trace.
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totally different from the previous stages might appeaantsuch a projects’ point of view, the modeler needs to be
able to characterize each individual stage.

5.3 Data Management

We now discuss the modeling requirements of data managef@gdtjobs need input data for processing, and generate
output data to make the computed results persistent. Thendads to be present befbtle job can start, and the
stored results must be fetched after the job has finishedreamsed as they are produced. Hence, the modeler needs
to specify at least the identifiers of the input and of the atfifes. For composite applications (see Section 5.1), it is
also necessary to specify data dependencies between #)dtjabis, which of a job’s output files represent another’s
input, and which input files are shared by several jobs.

Similarly to specifying an estimated computation time aresior their applications, it would be desirable that
users specify an estimation of the needed input and out@aaesyithin the job description. Also similarly to the
estimated/actual runtime discrepancies, the informagpectified by the user may not be reliable and available, e.g.,
the user provides imprecise estimations or the job detasmesult data sets during runtime. We argue that such infor-
mation can be added easily, as many applications have teliesl 1/0 requirements, both when running individually,
or when running in batches [49].

For many applications, data is obtained from remote lacgéesstorage devices, usually with very different access
times than the locally available data. Additionally, unegfed difficulties can occur regarding the access time fes fil
which appear to be locally available, i.e., files might seerhd accessible on a local filesystem but essentially have
been moved to tertiary storage. This is especially the aasd$M systems, where the restoration of files can take a
long time. In this case, a model should provide detailedrim&tion about the source and destination storage, for the
input and output files, respectively.

Sometimes, the same file is replicated on several storaggeisithe grid. Modeling this aspect can be reduced to
specifying lists of input and/or output files locations faich unique file identifier. Note that the information in trs# li
may need to be combined with information on the data storagizel.

5.4 Network Management

When introducing data management into workload models fiolsgit is obvious that also networks between sites
have to be considered. The available bandwidth for trasgfeinput or output data is limited and thus has an impact
on the data transfer time. This can influence the decisiorthvkite is used for a certain computation and whether
data has to be replicated to this site in order to run the joberd are also other application scenarios in which
network management is a critical feature, like the managemiebandwidth in Service Level Agreements between
remote resource allocations, e.g. for parallel computatarge-scale visualization, or consistent data stregrngm
experimental devices [26]. Therefore, the end-to-end Wwiadttl between different nodes in the grid must be described
and managed.

Ideally, the total bandwidth of every end-to-end connectimuld be known and dedicated reservations could be
enforced. However, this is often not supported: in IP nekspend-to-end connections are virtual (since the packet
route can change) with a maximum weakest-link-in-chaind@adth. Hence, in many realistic scenarios often no
precise information about the service quality between twises available. However, there are means which can
ameliorate this situation. For example, the NWS system [524sures and records the available bandwidth between
two nodes periodically. This data is then used to prediceipected average bandwidth in the future based on historic
patterns. In cases where reservation of bandwidth is netlfieg there are still possibilities to shape network teaffi
However, abiding agreements on an certain QoS level carmsétiled normally. Regarding network latency, which
is important for applications requiring large numbers oametwork packets (e.g. streaming), the situation is .akin

Besides that, there is always a certain amount of backgr¢nodgrid workload-related, that is) traffic on a
network, which lowers both bandwidth and latency. Howedeg to the lack of reservation capabilities, the impact
of background traffic is not predictable at all. Even wherdprgons expect high network availability and the known
future utilization is low, a single data-intensive file tsf@r can suddenly produce a high, previously unexpected
network load.

"There also exist 1/0 models that introduce remote data accéissemd-ahead and/or caching mechanisms, but these are the s¢ope of
this work.
8Hierarchical Storage Management.
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On the whole, realistic network depiction in workload medi difficult and will have to be subject to further
research; first steps into the direction of grid-specifiaddaging and network modeling have been taken in the SDSC
HPSS work [44] and Tan et. al [50]. However, it would be uséialt a grid performance evaluation system provides
support for network resources and consequently for netwadeted workload requirements in order to have a testing
platform for future models. Such an extension would incltideaddition of network information and requirements to
jobs as well as evaluated grid configurations on which theélead is executed.

5.5 Locality/Origin Management

Another requirement for some evaluation scenarios in gsitlse realistic modeling of the origin of job submissions.
While some may argue that grid workload is created decemti@liand on a global scale, many usage scenarios still
need information about the locality of job creation. A tygdiexample of such a scenario is the collaboration between
HPC centers which want to share their workload to improvdiguaf service to their local user community. While
the sites may agree on sharing the workload, it is quite comthat certain policies or rules exist for this sharing
(balancing between local and "foreign” users, for instance

Other examples can be conceived, in which the submittingplags a role, as he may belong to a certain virtual
organization and may have subsequently special privilege=ertain grid resources [33]. Support for these scenarios
can be helpful for P2P grids, where resource access is masttycentric and not dependent on a particular site policy.

5.6 Failure Modeling

Due to the natural heterogeneity of grids and their shee, $@lures appear much more often than in traditional
parallel and distributed environments, occur at infragtree, middleware, application, and user levels, and may be
transient or permanent. Furthermore, different faultreolee mechanisms can be selected by the user, for each job
or workflow in the workload. Hence, the modeler must use a ayogrid model, combined with a realistic failure
model. Then, she must take into account the fault toleraresghamisms, i.e., the failure response mechanism selected
by the user or employed automatically by the system. Furibeg, experiments such as comparing two middleware
solutions may require deterministic failure behavior.

Failures in the grid infrastructuranay be caused by resource failures (e.g. node crashes), athey resource
outages (e.g. maintenance). To model resource failuregratitional availability metricmean-time to failurg34],
the length of failure failover duratior), and the percentage affected from the resource, must lwifisdefor each
resource. To model other resource outages, the followimgnpaters must be specified: outage period, announced
and real outage duration, percentage affected from theresaffected, and (optional) the details of the failures.,e
which resources or resource parts did fail [8].

Failures in the grid middlewarenay have various causes. One source of errors is the siglabthe middleware;
another is due to the middleware configuration: accordirtheécsurvey in Medeiros et al. [40], 76% of the observed
defects are due to configuration problems. For modelinggaep, starting points could be static mechanisms like
mean-time to failure, and the length of the failures, again.

Regardingfailures in grid applicationsit has been observed by Kondo et al. [37] that jobs submdtethg the
weekend are much more error-prone. Therefore, an appiicéilure model should containfault inter-arrival time
distribution.

User-generated failuresan be modeled similarly to the distribution of the jobseinrarrival time. Faults due to
user-specified job runtimes have been a topic of interestialiel workload modeling, other issues like missing or ex-
pired credentials and disk quota overrun [10, 14, 31], idvjab specifications [36] or user-initiated cancellati¢hs]
are other sources of user-generated failures.

To respond to the numerous sources of failure, variauli tolerance schemesay be applied in grid, and possibly
need to be modeled (see for example [29]); the techniquethgreneeds to be specified for each job or workflow in
the workload, coupled with the specific technique paramseter

5.7 Economic Models

There is a lot of discussion on the connotation of accessdagsources not being free of charge [35, 15, 6]. Especially
the support for commercial business models will includepsuipfor economic methods in grids. Therefore, it is clear
that the allocation of jobs to resources may incur cost itegeigrid scenarios. Adopting cost has many implications
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to the allocation of jobs to grid resources: providers valjuire the implementation of pricing policies for the acces
to resources. To the same extend, users will need suppomdarging budgets for job executions and preference
constraints on how jobs should be executed (e.g., priceerformance). First economic models have been published
by Ernemann et al. [15] and Buyya et al. [6].

While it is not the task of an evaluation system to tackle thehécal implications of economic models, like
whether cost occurs in virtual credits or actual money, itlsa conceived that there are requirements to model budget
information for either jobs, users or virtual organizagoif his is even necessary if grids are modeled in which users
or groups have a certain quota on resources; a preconditioptionally support budget constraints in the evaluation
system.

Another step could be the support for different optimizatgmals that are economy-related. For instance, users
may prefer a cheaper (in terms of cost) execution of a job iriregt to an early execution. This, however, requires
the extension of the performance metrics to include cdated parameters, in a possibly parametric fashion. For
example, in Ernemann et al. [15], grid users provide paraotility functions, and the systems performs automated
request-offer matching.

6 GRENCHMARK: A Framework for Grid Performance Evaluation

GRENCHMARK is a framework for synthetic grid workload generation, exem, and analysis of execution results.
It is extensiblein that it allows new types of grid applications to be inaddn the workload generation without a
change in the desigparameterizablgas it permits the user to parameterize the workloads geoei@nd submission,
andflexible as it can be used for analyzing, testing, and comparing aamgrid settings. GENCHM ARK is currently
developed at TU Delft

6.1 Current Features

In our previous work we have shown howREGNCHM ARK can be used to generate and submit workloads comprising
unitary and composite applications, to replay-scale-msiges from the Parallel Workloads Archive, and in general to
analyze, test, and compare common grid settings [32, 3Hrefbre, we only point out prominent features, and invite
the reader to consult our work.

GRENCHM ARK offers support for the following workload modeling asped&rst, it supports unitary and com-
posite applications as well as single-site and co-allatptes. Second, it allows the user to define the job submission
pattern based on well-known statistical distributionsird hit allows the workload designer to combine several work
loads into a single one (mixing). This allows for instance tefinition of separate user groups (see Section 4.1),
further combined into a single grid workload. Furthermarsupports the generation, storage, modification, replay
and analysis of workloads based on user-defined parameters.

GRENCHMARK has been tested so far in the DAZ-pnulti-cluster environment that uses Globus as grid middle-
ware, and in a Condor pool with over 1000 nodes, located dt/ttieersity of Wisconsin-Madison.

6.2 Extension Points

GRENCHMARK has been designed with an incremental approach in mind,amilddtes future extensions at many
levels.

Based on the dynamics of the grid workload generation psyeesidentify two types of grid workload generation:
statically-generated workloads, and dynamically-geeeravorkloads Statically-generated workloado not change
at execution time with modifications in the execution erviment. Currently, GENCHMARK incorporates rather
simple models (statistical distributions for submissiatt@rns, for example, without correlations to other paranse
or feedback functionality). However, due to the extengibimore complex notions such as temporal models and
parameters correlation (see Section 4.2), data and netwanlagement (see Sections 5.3 and 5.4), or locality/origin
management (see Section 5.5) can be easily adapted. Tdungeupport fodynamically-generated workloadtsto
GRENCHMARK, the framework design needs to be extended with the abditseact to system changes for both
workload generation and submission. Since the referenpéeimentation already uses feedback for the submission

9A reference implementation is available frdrht p: / / gr enchmar k. st . ewi . tudel ft.nl/.
10The Distributed ASCI Supercomputer 2 (DAS-B),t p: / / wwv. ¢s. vu. nl / das2/
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process (for composite job submission and reacting to ¢xererrors [31]), the implementation of such functionalit
seems feasible and, as such, we plan to address this issutaria fvork.

From the perspective of operating in a dynamic systeREBHMARK can already respond to the situation when
the background load can be extracted from existing tracds @ such, is known, and offers adequate modeling
capabilities. For handling the background load as a separatkload, an extension is still required. For a variable
background load in a real environment (the most difficuledathe desired load could, for example, be controlled by
coupling GRENCHMARK to existing monitoring services. Then, dummy jobs can badhed to ensure a fixed level
of background load during all experiments, as in MohamedeErema [42]. However, the modeling itself remains an
open issue.

Another important extension issue is the use eE&CHM ARK in different system scenarios (cf. to Section 2). We
have already used &ENCHMARK in real environments. For simulated environments, thereefge implementation
needs to be extended to event-based simulation, which is waqrogress.

Summarizing, RENCHMARK provides a framework for Grid performance evaluation whidteady contains
basic modeling techniques, but needs to incorporate matastacated modeling capabilities in order to generate and
analyse Grid workloads.

7 Conclusion

In this work we have presented an integrated approach foergegrid performance evaluation. For this purpose,
we have first presented several grid performance objectiresmade a selection for the general case. We have then
combined traditional and grid-specific workload modelisgects, and synthesized the requirements for realistic gri
workload modeling. Finally, we have presented an existiagnework for workload generation and analysis and
pointed out extension points on both modeling and infrastme issues.

In order to validate our work with experimental results, we eurrently working on extensions to theR&NCH-
MARK framework to accommodate the changes detailed in Sectonith the goal to have a powerful, yet extensible
framework for workload modeling and analysis. We hope thitwork will become the basis for a common perfor-
mance evaluation framework for grid environments.
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A Grid vs. Parallel Production Environments

In this section we make a brief comparison of offered contpral power for the parallel production environments
with traces in the Parallel Workloads Archive, and Grid eys$ for which we have analyzed partial traces in our
previous work [30].

Environment | Type | Data Sourcel CPUYears/Year Jobs Spike
NASA iPSC PProd [1] 92.03 876
LANL CM5 PProd [1] 808.40 5358
SDSC Par95 | PProd [1] 292.06 3407
SDSC Par96 | PProd [1] 208.96 826
CTC SP2 PProd [1] 294.98 1648
LLNL T3D PProd [1] 202.95 445
KTH SP2 PProd [1] 71.68 302
SDSC SP2 PProd [1] 109.15 2181
LANL O2K PProd [1] 1,212.33 2458
OSC Cluster | PProd [1] 93.53 2554
SDSC BLUE | PProd [1] 876.77 1310
LCG 1 Cluster| Grid [30] 750.50 22550
DAS-2 Grid [30] 30.34 19550
Grid31VO Grid [30] 360.75 15853
TeraGrid Grid [30] n/a 7561

Table 1: Grid vs. Parallel Production Environments: pregestime consumed by users, and highest number of jobs
running in the system during a day. The "Type” column shovesehvironment type: PProd for parallel production,
or Grid.

Table 1 depicts the processing time consumed by users {(pa@nd expressed in CPUYears/Year), and the
highest number of jobs running in each environment duringyg &igure 3 shows the number of running jobs in all
the environments from Table 1 as a function of time.

The users of current grid systerhave already consumeadore than 750+ CPUYears/year in a cluster (the RAL
cluster in CERN’s LCG), and 350+ CPUYears/year in combinsel loy one VO (ATLAS VO in Grid3). Spikes in
number of jobs running in a system can be around or over 2603®¢r (DAS-2 and LCG RAL cluster, respectively).
The number of jobs completed per day in current grid systera average over 4000 jobs/day in LCG’s RAL cluster,
and 500 to 1000 for Grid3 and DAS2, rates sustained for psspanning more than one year [30]. By comparison,
large parallel production environments offer 50 to 1300 GP&is/year, have on average less than 500 completed
jobs/day, and spikes below 5500 jobs (results hold for eadividual parallel production environment trace from the
Parallel Workloads Environments; note that LPC EGEE and BAS are not parallel production environments, but
clusters in grid environments).
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(2) Number of Running Jobs -- Parallel Production and Grid Environments
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(b) Number of Running Jobs -- Grid Environments
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Figure 3: Running jobs during daily intervals for grid andadkel environments: (a) comparative display over all data

for grid and parallel environments; (b) comparative digdlar data between June 2005 and January 2006, for grid
environments only.
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