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|. PROBLEM AND MOTIVATION storage features. Our reference implementation addresses the

Today's large-scale distributed computing systems (LSIB_ractica! problems of testing, anq, in particulalr,. it can create
CSs) integrate (tens of) thousands of resources. Infrastructtﬁ@grom'ate af_’d repeatable experimental conditions for a large
such as the WLCG, the NorduGrid, the TeraGrid, the Opé’ﬁ”ety of environments.

Science Grid etc., offer similar or better throughput when com- Il. BACKGROUND AND RELATED WORK

pared with large-scale parallel production environments [1], . .
[2]. However, two problems threaten to cancel out the benefit Design Goals for LSDCS Testing Frameworks

of this integration. First, the integration brings about perfor- In this section we synthesize the design goals for testing
mance, reliability, and functionality issues. Second, there IRrge-scale distributed computing systems. Our motivation
a lack of published test data that the community can uke twofold. First, large-scale distributed computing systems
to compare and improve existing solutions. To address thds&DCSs) have specific testing requirements, e.g., unique
two problems, we present in this wolBRRENCHMARK, a Workload characteristics, the problem of scale. Second, in spite
framework for testing LSDCSs. of last decade’s evolution of tools for various testing purposes

The complexity, the heterogeneity, or simply the sheer scdgee Section II-B), there is still place for improvement, es-
of the production LSDCSs expose their current problemgecially in managing tests for the testing community, e.g.,
Early testing in real grids reveals much lower performangdaring best-practices, and test and provenance data storage.
than expected from simulations [3], failure rates from 109%elow we present seven design goals (in four categories)
and up to 45% [4], [5], [6], [1], and functionality problems specific to frameworks for testing LSDCSs. In Section 1I-B
of around one in every three tests for widely-installed grid seie evaluate the related work according to these design goals.
vices [8]. Repeated and realistic testing is a proven industriall) Realism To perform realistic tests, there is a need
way to alleviate these problems, but such testing is difficult  for realistic LSDCS workload generation. However, the
in LSDCSs: the requirements are poorly understood, there are realistic workloads are not a ggaér-se a workload may
few real workload traces to be used as input, and there is no  be realistic for one scenario, and unrealistic for another.
tool that can generate realistic workloads for testing purposes2) Reproducibility Compared with existing computing

The lack of commonly-used testing practices is wide-spread  systems, LSDCSs have dynamic availability and varying
in LSDCSs. As a consequence, there are no comprehen- load. However, unlike the Internet, in many cases the full
sive comparative studies, and there is no effort to publish  system state can be recorded. Thus:
anonymized test results in a standard format. This reduces  (3) Same EnvironmentThere is a need to ensure that

the ability of LSDCSs to gain industrial acceptance, makes tests are (re-)performed in experimental conditions
their tuning difficult and case-by-case only, and prevents sci- that match the test design (e.g., test workload,
entists from identifying and focusing on meaningful research background load).

problems. For example, we show USIBRENCHMARK that (b) Data Provenance There must exist support for
tuning the system to reduce trivial overheads can significantly provenance — where a piece of data comes from,
improve the system’s performance, and that for some classes and through which process [15] — and result anno-
of workloads relatively little performance remains to be gained tations. In some cases the experimental conditions
by improving the scheduling algorithms alone [9]. must be recorded as a complement to the test

The GRENCHMARK framework completely automates the results.

testing process from workload specification to obtaining re- 3) High-Performance The testing framework must cope
sults. Compared with related work [10], [11], [12], [13], [14], with the scale of the tested system. In particular:
it covers the complete LCDCS testing process, and has unique (a) Workload Generation and Submission The

workload analysis and modeling, and results analysis and ) .
workload generation and submission are the only

1The failure rate in today’s grids is much higher than that of contemporary part of a testing framework whose performance is
large-scale parallel production installations [7]. related to that of the tested system’s. For example,
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The +, ~, and - signs denote a feature that is present, for which an insufficient approach has been |taken, Fig 1 An overview of theGRENCHM ARK framework
or which lacks, respectively. Area acronyms: Cl - cluster, G - grid, | - Internet, P2P - peer-to-peer. T .

S it ke, A - applction bunchmark. SWL - simple wordoed, Cwl - sompiet workonts | @pplicability in LSDCSs, due to the heterogeneity and to the
dynamic state of these systems.
in load-testing a system, the workload submitter Grid performance evaluatiofrew performance evaluation
must ensure a submission rate higher than thetols have been proposed in the context of grids [17], [12].
of any existing user. Rates of x 10* submis- Even for these few, the research effort has been directed to
sions/hour and 0¢ submissions/day must be supproviding solutions for distributed deployment and testing.
ported for testing grids and other LSDCSs [3]Thus, relatively little focus has been given to the other goals
The workload generation process must suppaopresented at the beginning of this section.
similar rates if the testing framework generates the Grid functionality testingSeveral testing suites are available
workload on-line. for functionality testing, based on the submission of unrealis-
(b) Test Results Managementarge amounts of data tically simple workloads to the tested grid [18], [13].

are produced during testing in an LSDCS. As Internet testingThe research road for testing the Internet
a first step towards Online Analytical Processingnd the World Wide Web started with simple observations (and
(OLAP) capabilities, there must exist a hierarchgharacterization) from a single point in the network, and is still
for results storage and aggregation, i.e., by proje@yolving towards completely decentralized testing using real-
by scenario, by test run. There may also be a neétic workloads [20]. The Internet testing tools do not address
for coordination of test tasks and subtasks, whethe following four design goals: ability to generate realistic
the results of one test (or their aggregates) are us&drkloads for LSDCSs, ability to collect and store annotation
as input to subsequent runs. data, high rates for the submission of real applications, and

4) Extensibility There are many types of LSDCSs, e.gSupport for LSDCS environments and metrics.
grid computing, volunteer computing, peer-to-peer com-
puting. As a result:

(@) New Environments and Metrics The design of In thi . i . fthe G hMark
a testing tool should be extensible, so that neiv n this section we present an overview of the &renchiviar

environments and metrics can be supported, i ramework, and describe two of its unique features: workload
through plug-ins or configurable policies " "analysis and modeling, and results analysis and storage.

(b) Test TemplatesWith so many alternatives, therea  overview

must exist a set of templates (best prgcnces) for Figure 1 shows an overview of the GrenchMark framework
commonly used scenarios. The scenarios are con- . ) . )
figured by the user at test time. d§3|gn. The five main components are numbered; early ver-
sions of the components 3, 4, and 5 have been presented in
our previous work [5]. The framework description presented
below follows the design goals introduced in Section II-A. To
We survey here studies related to testing in real LSD(C)Sapport the "realism” goal, the Workload Modeler (component
(i.e, from grids to the Internet). Table | presents a summary nfimber 2) makes use of databases of workloads and of
these studies; more details about four directions in LSD(Cybrkload models, and additionally provides mechanisms for
testing are given below. truncation, scaling, and filtering of representative data. The
Grid/Cluster benchmarkingrollowing results from the par- database of real applications provides the Workload Generator
allel systems community, e.g., the NASA Parallel Benchmarkgomponent number 3) with application that can be executed
several grid performance evaluation and benchmarking ap-eal systems. To support the "reproducibility” goal, the Test
proaches focus on tests using micro-kernels, and applicatidanager (component number 1) and the Workload Submitter
benchmarks [10], [16], [11]. These approaches have a limitéetbmponent number 4) can replay tests and sub-tests, and

IIl. THE GRENCHMARK FRAMEWORK:
APPROACH ANDUNIQUENESS

B. Related Work



test provenance and annotation data are stored with the
results by the Data Manager (component number 5). ~
Workload Submitter receives feeback from the tested envir
ment, allowing tests that are LSDCS-specific, i.e., in whi
the submission depends on dynamic or delayed informa

active  |[submitted| started |finished

inactive |active —

(e.g., testing with grid workflows, or testing with service-lev Grid
agreements). As annotation data, the Data Manager typic WorkFlow
stores resource availability and consumption information, ¢~ Engine Submit A\ Ack ACK | JACK  sumite
. : - Submit A Started A |/ Finished A
the qus of 'dlfferent.g_rld m|ddlewar§. _ N (Grid) LLL___
This design specifies only the minimal set of capabiliti Resource “messages Areceived Astarted  Afinished

message message message

present in aGRENCHMARK implementation. These can b  Manager
extended to accommodate more testing environments éj 2. The execution of job A. Boxes represent states. Continuous arrows

metrics. Besides plug-ins, which require the installation @present information flows. Five overhead components, i.eQtheare also
new sub-components, extensions can be made throegth depicted.

Lerrlﬁlat_lt?s tthl"\"/lt 1S, norl—bgafry Cﬁnf'gurft'?n fllesc;ntetr%reteqhe operational-, the application-, and the service-level metrics.
y the Test Manager 1o detine Now a test 1S CONAUCIEd. 1, GrencHMARK s the first framework that can assess for
Our approach distinguishes itself from other approachE§ CSs metrics at each of these levels. To this end, besides

(see thg previous se_ct|on) in several key aspects. Compatrlfr‘ analytical part, the Data Manager stores provenance and
to previous grid testing toolsSGRENCHMARK supports the %Pnotation data with the test results

complete process of testing LSDCSs, with richer workloa {XVhen the performance of the system is under investigation,

modeling and generation, more detalled results analysis 3 testing tools are able to find the removable bottlenecks by

storage, and support for test templates. Compared to lnter@?ﬂ)laining their overhead. Without this ability, system tuning

testing tools, GRENCHMARK takes specific steps to ensur emains accessible to few, and is bound to a case-by-case

repeatable testing (rare in the Internet), and adapts to @fsis. TheGRENCHMARK supports assessing the overheads
testing specifics of LSDCSs.

that occur in the generic LSDCS job lifetime depicted in

B. Unique Workload Analysis and Modeling Features Figure 2. A workflow comprising five jobs (i.e., X, Y, Z,
A, and B) is executed by the top layer in a middleware

From the (real) traces stored in the Workloads Database, Qsck’ the grid workflow engine (GWFE). Initially, job A
workload analysis tools that are part of the Workload Model d "inactive”: it cannot be submitted for execution until its

can extract automatically the parameters of a workload mod Il decessor jobs (i.e., X, Y, and 2) finish executing. After

the existing taces. This unique approach reciuces one of [/ J0: and ater some time needed for post-processing

bi t risks in teétin : that of using an unrealistic workloa; d- internal state updates, _the_ GWFE changes_A’s state {0

rr:g?jif 9 9 ctive”, and starts A's submission process. The job remains
' “a(itive” until the lower layer in the middleware stack, the grid

IThe con:;enthJ Ol.kaStECS wl(zlrklczjadsfhave”bcien %har?de” ource manager, acknowledges the submission; afterwards,
only recently. LUniike the workloads of parallel production €ng 1., neg »sybmitted”. The job waits in the grid resource

vironments (€.g., supercomputers, hpmogeneogs clusters) [ lnager’s queue, then starts executing, and after some delay
the workloads of LSDCSs are dominated by single-proces e to messaging A's state becomes "started”. Finally, the

jobs, many of which are logically inter-dependent, that i'ob finishes executin .

. g and after some more messaging delay
Z'ther p?\;lt of bfags-of—taik_s ?;1 O::. wto;kflows [31’&122]. 'tl'h A's state becomes “finished”. From that point, the GWFE
lRENCH fARKklrargev]:/orLésDCg Irst 10 support these Wo.an begin executing job B. The five independent overhead
classes ot workloads for S: components (i.e., th€®,) are supported bYGRENCHMARK

C. Unique Results Analysis and Storage Features for the whole middleware stack and for its individual layers.

Most previous work has been dedicated to assessing the IV. RESULTS AND CONTRIBUTIONS
raw performance of a system. However, for LSDCSs the high|n this section we present a selection of important chal-
rate of failures and other abnormal behavior means that pinges related to and results obtained with BEENCHM ARK
formance should not be the only or even the primary concefdmework.
of testing. TheGRENCHMARK framework looks beyond raw
performance, and is able to assess the stability, the scalabiffty, Challenges in Building the GrenchMark
and the reliability of LSDCSs. For the past few years, grids were the most used type of
Similar to the Internet, LSDCSs have complex, multi-laydtSDCSs. At the beginning of our work on tl@&RENCHM ARK
middleware stacks. Unlike the Internet, due to the timescalieamework, while large grids were already supporting the
involved in executing jobs, LSDCSs can afford to log most afiork of thousands of scientists, very little was known about
the state transitions occurring in their middleware stacks. Agdleir actual use. Because of strict organizational permissions,
result, it is possible to extract metrics at four levels: the jobthere were few or no traces of grid workloads available to
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the grid researcher and practitioner To address this prom%ﬁifitional point for the mean. Different runs exhibit similar mean and median,
. ’ . ut’very different value ranges.
we have created the Grid Workloads Archive (GWA) [23],
an instance of the Workloads Database subcomponent of the
GRENCHMARK, and currently the largest source of grid traces .
(more than 7 million jobs over a period of over 13 operationa]nd the overhead breakdown for one middleware stack. The

years). For the GWA we have developed a common ddiderhead is significant: over 15 seconds per job. From the
format for LSDCS traces. overhead components, the most importan®js followed by

By analyzing the GWA data, we were able to establis®s andO,;; these overhead components correspond to various
that the workloads of LSDCSs are dominated by singl§tate updates for the workflow jobs. The relative influence
processor jobs often logically grouped in bags-of-tasks 8f €ach overhead component does not vary greatly with the
workflows. We have built and validated a model for bags-of¥orkload size. Thus, better performance can be expected
tasks in LSDCS [24], which is the first to model bags-of-task§rough improvements in the speed of updating the state of
explicitly rather than modeling only independent jobs [25]. A&orkflow jobs.
a result, our model is able to fit the existing traces with high One of the often ignored characteristics of a tested system
accuracy while using only simple probabilistic distributionds its stability, here, its ability to behave identically when faced
thus, it is also more intuitive and tractable than previousith the same workload. Using the ability GRENCHM ARK
alternatives. We have also investigated several workflow-badedeplay workloads under identical conditions, we assess the
workloads that await validation against more real traces [23fability of a middleware stack by running independently ten

1 2 5 10 15 20 25
Workload Size (number of workflows)

[9]. identical test runs. Each run comprises the execution of the
_ same workload with a size of 10 workflows/workload. Figure 4
B. Beyond Raw Performance with the GrenchMark depicts the workflow makespan distribution for each of the ten

Over the past 18 months, we have used the reference imgléas: five out of the ten runs (runs 1 and 5-8) hint towards
mentation in over 25 testing scenarios in grids (e.g., Globu$e overall middleware stack’s stability. However, the other
based), in peer-to-peer systems (e.g., BitTorrent-based), anfiVf runs exhibit wide ranges of makespans, which makes the
heterogeneous computing environments (e.g., Condor-baséiiptem overall unstable. We have obtained similar stability
Globus is arguably the most used grid middleware: it count&sults for various middleware stacks and for various levels of
over 5,000 file transfer servers and about 100,000 service he@gtrics, i.e., for the operational-level workflow makespan, for
nodes (a service head-node can manage anything from & job-level wait time. This result gives further evidence why
cluster to one processor) [26]. BitTorrent is currently the mo#te simulation of LSDCSs is difficult: the system performance
used peer-to-peer file-sharing network [27]. Condor is one &nnot be realistically considered as fixed.
the most used resource management systems: in 2006, Condémother aspect often ignored in simulations is the scalability
was used to manage at least 60,000 resources groupedfinthe system. We have shown in our previous work that
over 1750 pools [28]. We have also used BRENCHMARK the scalability of a grid is often limited by the scalability
capabilities for testing and two real LSD(C)Ss before theaf the grid middleware stack operating on the head-node [5];
deployment: the Koala grid scheduler [29], and the Triblehe simulation assumption is that a head-node would be able
peer-to-peer file-sharing network [27]. Below we present thrée@ manage the concurrent execution of thousands of jobs.
results that are important for both researchers and systeve have assessed the head-node scalability for four grid
developers. middleware stacks that include GWFEs [9]. Figure 5 shows

By generating a wide variety of workloads, we were ablihe resource consumption for the four middleware stacks under
to show evidence that the real performance obtained by gedmoderate workload (300 jobs grouped in 10 workflows).
middleware stacks was lower than the performance predictethck 2 leads to the full utilization of the processor, to a
by simulation approaches [5]. In a recent study focused ommber of 300-500 concurrently opened sockets (a common
GWEFEs, we were also able to attribute the performance ldgsit in today’s operating systems is 1024), and to 50-60%
to overhead, and to show which overhead components amemory usage. This indicates that Stack 2 would scale with
the most important [9]. Figure 3 shows the total overheatifficulty to larger workload sizes. In contrast to Stack 2,
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node increases with the workload size.

Stack 1 would scale much easier, in particular with regargs] A. losup, D. H. J. Epema, P. Couvares, A. Karp, and M. Livny,
to the memory usage (the consumption of which it heavily
optimizes). The Stacks 3 and 4 offer trade-offs between ti*@]
resource consumption of the Stacks 1 and 2.

[20]
V. ONGOING AND FUTURE WORK

Today's LSDCSs, e.g., grids, are promising to provide re
computational infrastructure for thousands of scientists. Until
now, researchers have focused on Creating interfaces to mERE W. Hoarau, S. Tixeuil, and L. Silva, “Fault-injection and dependability
this infrastructure easy-to-use, or on developing algorithms
for more efficient use of the grid infrastructures. Howeveri3]

the deployed LSDCSs are exhibiting low performance, higﬂf
failure rate, and complex functionality problems. Furthermor ,4

there is a lack of in-depth and comparative studies of the
existing solutions. To address these two problems, in this wdiRl
we have presented tHeRENCHM ARK framework for testing
LSDCSs that focuses on realistic and repeatable testing. YMg
have shown how our framework fulfills the goals of testinlg17
LSDCSs, and presentddRENCHMARK’s workload analysis 1
and modeling, and results analysis and storage features. Using evaluation framework.”J. Grid Comput,. vol. 4, no. 3, pp. 287-309,
the GRENCHMARK reference implementation, we were able
to assess the characteristics of real LSDCSs beyond the 5
performance, and for various metric levels.

We believe theGRENCHMARK can become the basis forl19]

common performance evaluation framework for LSDCSs.

Wso)

are currently following two research directions: enabling test-
ing capabilities on large-scale experimental platforms, and

building an LSDCS performance database.
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