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Abstract—In this paper, we present a portable sim- wide spectrum of applications in science, engineering,
ulation environment GridMate for large-scale adaptive business, and millitary [1], [2], [3]. Grid technologies
scientific applications in multi-site Grid environments. are aimed to provide a service-oriented infrastructure
GridMate is a discrete-event based simulator, consisting {4t |everages open standard protocols and services to
?;S(?:rs:;icnngtits)fnet:icgh%assefhe%%?gf:‘t'(;nSéDC‘\)/:gEZIti'Qg_ enable coordinated resource sharing and problem solving

» P ' in dynamic multi-institutional virtual organizations [3]

tion tool, and user interfaces. It supports the analysis . o .
of runtime management strategies that address spatial 2 NUmber of major Grid infrastructures are being devel-

and temporal heterogeneity in both adaptive scientific oped and deployeq [4]_1 _[5], (6] _and_ many grandlchallenge
applications and geographically distributed resources in problems, e.g. scientific applications employing Struc-
Grid computing environments. The targeted applications tured Adaptive Mesh Refinement (SAMR) techniques,

are a class of emerging large-scale dynamic Grid ap- are being tackled by exploiting the power of the Grid [7],
plications that require large amount of computational [8], [9].

resources typically spanning multiple sites and exhibit

Resources on the Grid, including geographically dis-
long execution times. The underlying partitioning and g geograp y

) . . tributed computers and storage systems, are inherently
scheduling algorithms are based on our previous work heterogeneous and dynamic. Due to the dynamics nature
on the hybrid space-time runtime management strate '

(HRMS).yHRMSpdefines a set of flexible ?nechanisms agn);l of gr_id platforms, results of most large-scale experiments
policies to adapt to state transitions of both applications Obtained by one research group are hardly reproducible
and resources. The major components of GridMate are by other research groups (sometimes non-reproducible
developed in Java, making GridMate highly portable and by the same research group) under identical system
exFensibIg. The design of GridMate and simulation results settings. In such case, simulation has been used ex-
using GridMate are presented. . tensively to validate the performance, conduct compar-
Keywords: Discrete-Event Simulation, Runtime Manage- o siudy and gain insights from certain behaviors.
anfé;i?nc;ume Management, Grid Computing, Adaptive To aid the evaluation of partitioning and scheduling
strategies for large-scale adaptive applications in Grid
|. INTRODUCTION environments [10], [11], we build a portable simulation
environment, GridMate. Grid-based SAMR applications
The rapid progress in computing, networking and stoer-Xh'.blt three key dlstmgwshm_g characteristics: (1) f¥he
age technologies has onened new ooportunities and ciEaf inherently large and require large amount of compu-
9 9 bened T bp tational resources, typically spanning multiple sites on
lenges for using the vast distributed and heterogene?Hs . .
L . y e, Grid. Furthermore, the exact resource requirements
resources across organizations, regions, countries, %?g often not known a priori and depend on the ap-
continents. Inspired by the pervasiveness, convenienlg):flem,[ion runtime behavior. (2) They may execute for
economics and open standards of the electrical POWEI  eeks or months a.nd often the exact execution
grid, Grid computing is emerging as the new computi yS,

: : "Mhe is not known a priori. For instance, it is not
paradigm for solving grand challenge problems in q o : .
always known how long a scientific and engineering

The research presented in this paper is supported in part %Wwatio_n will have to run before i_t provides meaningful
National Science Foundation via grant number CNS-0709329.  insights into the phenomenon being modeled. (3) They



are highly dynamic and heterogeneous in space and timesults. However, the simulation modeling and configu-
In addition, their dynamics and heterogeneity patternation process is quite demanding. In addition, due to
are not known a priori. Thus, the desired simulator neeis emulation nature, simulation based on MicroGrid is
to model the systems and applications such that thepéte time-consuming. The SimGrid toolkit, developed
realistic characteristics are well reflected. The coupledso at UCSD, features flexible application schedul-
heterogeneity and dynamism of resources and applitdg mechanisms. It supports modeling of time-shared
tions pose a significant challenge to managing resourcesources and applications from realistic traces. The
and applications. It further complicates the evaluation &ridSim toolkit, developed at University of Melbourne,
runtime management algorithms in such scenarios. is a Java-based simulation tool mainly for bag-of-task
The rest of the paper is organized as follows. Sectiondpplications. It supports modeling of space-shared and
presents related work and compares GridMate wititme-shared large-scale resources in Grid environments
several popular grid simulators. Section Il describemd also supports the simulation of economy-based re-
the background and motivation. Section IV presengource scheduling policies.
the conceptual architecture, scheduling mechanisms, andhe Grid simulators described above enable simulat-
visualization of the GridMate. Section V shows expefng a wide spectrum of scenarios in Grid environments.
imental evaluation results and discussions. Section WMbwever, they consider mainly resource heterogeneity

concludes the paper. and do not explicitly address the coupled space-time
heterogeneity of both resources and SAMR applications.
Il. RELATED WORK As a result, using these simulation toolkits, one needs

to manually create the graph representing the SAMR

domain, manually partition it, and assign the partitions
Grid environments are inherently heterogeneous afifithe heterogeneous resources.

highly dynamic. Further, the ever-increasing system
complexity, scale and diversity of software and hardware I1l. M OTIVATION
make system management a significant challenge. To at-
tack this challenge, many resource management systemsAMR applications are highly dynamic and exhibit
have been developed, such as Globus [12], [13], [1], [3pace-time heterogeneity. We use a representative SAMR
Condor [14], [15], AppLeS [16], [17] and Legion [18]. application, the 3-D compressible turbulence simulation
Performance evaluation of these resource managemihel solving the Richtmyer-Meshkov (RM3D) insta-
systems and algorithms plays a critical role in studyility, for our case study. RM3D application is part
ing, calibrating, and comparing various techniques awnd the virtual test facility (VTF) developed at the Cal-
systems for Grids. However, in Grid environments, thech ASCI/ASAP Center [25]. The Richtmyer-Meshkov
capacity and availability of resources change with tim@stability is a fingering instability which occurs at a
along with a wide spectrum of dynamic applicationsnaterial interface accelerated by a shock wave. This
Due to the inherent dynamism and heterogeneity in Grikstability plays an important role in studies of supernova
environments, it is quite difficult to obtain repeatabland inertial confinement fusion. A selection of snapshots
and comparable performance evaluation under identiegmd load dynamics for the RM3D adaptive SAMR grid
system setups. Hence, simulation techniques are adopteédrarchy are shown in Figure 1. The heterogeneity in
Simulation has been widely used for modeling ansbace is demonstrated in that, at each regriding step,
studying real-world systems and phenomena. A largee adaptively refined regions exhibit different compu-
number of simulation tool kits and libraries have beegational, communication and storage requirements than
developed, including NS2 [19], Ptolemy [20], Simother regions. The heterogeneity in time is demonstrated
Java [21]. However, because Grid computing involvédsy the fact that the regions of refinement are dynamically
complex interacting components, there are only a feshhanging as time goes by.
simulators that can model Grid environments, including In Grid environments, we are confronted with a new
MicroGrid [22], SimGrid [23], and GridSim [24]. dimension of complexity. Particularly, Grid systems con-
MicroGrid, developed at UCSD, is based on thsists of largely different software and hardware resources
Globus Toolkit [12]. It offers a virtual Grid environmentwith changing capacity and availability and are inher-
for simulating the execution of real applications. As aently dynamic and heterogeneous. To demonstrate these
emulator, MicroGrid produces quite accurate simulatiarharacteristics, we show a typical scenario with two
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Fig. 1. Spatial and Temporal Heterogeneity and Load Dynsmfca 3D Richtmyer-Meshkov Simulation using SAMR

Resource Usage Pattern on Site 1 Resource Usage Pattern on Site 2 systems, applications, application partitioning and re-
= lf— iR f i I | source scheduling heuristics. Following this rationale, w
P= — ¢ oy — build the Grid simulator GridMate. This section presents
£ i i £ H\ = the trace-based simulation, the conceptual architecture,
: =iAREn | the scheduling and operations and visualization features
5 ol ‘mllER e in details.
o o 2
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A. Trace-based Smulation

Fi_g. 2. Spatial and Temporal Heterogeneity of Resourcesvom T GridMate can process either trace-based applica-
Sites tion profiles or randomly generated application runtime
states. To achieve realistic simulation results, apptioat

resource sites in Figure 2. The temporal heterogenéifgCces obtained through execution of realworld applica-
is represented by the variation of available capacit®S can yield more precise insights of the applications.
(number of available processors) of a single resourlféG”d_Mat_e' the trace-based simulation process is illus-
site over time. The spatial heterogeneity is represent&@ted in Figure 3.
by the variation in the available resources across sites € input to the simulator is obtained by the fol-
In this paper, we consider the resource heterogend@ying three steps: (1) A trace of the Grid hierarchy
at a coarse-granularity. Specifically, we focus on spadg-obtained by executing the application for a single
sharing scenarios and leave the time-sharing cases REpCessor and the resulting parameters are dumped into
future work. The resource usage patterns presented @réface file. (2) This trace file is fed to a partitioner.
derived from synthesized traces based on the real trad&$ partitioner implements the partitioning scheme of
from supercomputer centers [26]. More details will bghoice. The partitioning scheme allocates various bound-
presented in the experimental evaluation section.  iNg boxes at different levels and timesteps to processors.
This result is dumped to an output parameters file.
(3) This output parameters file is further fed into the
scheduler and execution engine. The scheduler applies
two-level scheduling strategies to map to multi-site grid
To explicitly address the coupled heterogeneity @ésources. The execution engine then executes the trace
both applications and resources, we design the simulasmd measures application performance in terms of com-
to leverage both application partitioning and resourgsunication overheads, execution time, waiting time, and
scheduling techniques. Thus, our main tasks are to modedponse time, and system (partitioning and scheduling

IV. GRIDMATE: COMPANION FORLARGE-SCALE
ADAPTIVE APPLICATIONS IN GRIDS
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Fig. 3. Trace-based Simulation in GridMate

efficiency) performance in terms of load balance, ovemplemented in C++, we add a JNI wrapper layer to
heads, and other metrics. From the trace, the computatexpose partitioning and other services to the simulator.
time is a function of the associated workload on the sizen top of the JVM, we use the discrete-event simulation
of the domain (e.g. number of cells in a subdomain ool SimJava [21]. GridMate is built based on SimJava
2D applications or number of unit blocks in a subdomaiind GrACE (via JNI) [27]. It consists of the following

in 3D applications). Similarly, the communication timenajor components: job generators, information services,
is a function of the associated workload on the boundavirtual organization (machines, clusters, networks)aloc
cells for exchanging information. scheduler, super scheduler and performance monitor and
analyzer. The input to the GridMate are a set of applica-
tion traces including local jobs and SAMR jobs, resource
configuration and scheduling policies. The output from
’QZEQS?SZ’EJL?fﬁamnl Tpeff"'mame the GridMate are various performance results based on

B. Conceptual Architecture

results

\ User Interface | the performance metrics defined in the next section.

it C. Scheduling Architecture and Operations
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Fig. 4. System Architecture of GridMate

The multi-layer system architecture of GridMate is | [ = | | )
illustrated in Figure 4. The bottom layer is the oper- Mohten o imtdonen Sbeles
ating system. On the top of the operating system, we
have three components, Java Virtual Machine (JVM)Fig. 5. Scheduling Architecture of HRMS on a Multi-Site Grid
GrACE and Java Native Interface (JNI). JVM pro-
vides the portable runtime support for Java bytecodedHandling the coupled heterogeneity of SAMR ap-
files. Because our specific application/job partitionegications in complex grid computing environments is
are implemented using the GrACE toolkit which ighallenging. Figure 5 shows the scheduling architecture




of GridMate. It attempts to incorporate mechanisms local site and thus enables the aggregation of appli-
to enable hierarchical runtime management and self- cation states in a hierarchical fashion.
adaptivity. In particular, the conceptual architecturaco « Grid Information Service (GIS): GIS collects the
sists of three different levels: the overall system level updated information of resource states from re-
(Grid), local site level (VO) and individual machine source sensors. It provides resource information to
level. Key components are: super scheduler and application partitioners so that
they can make scheduling and partitioning decisions
o Super Scheduler (SS): The target SAMR job is according to policies and current resource status.
submitted to the super scheduler. SS makes schedul-
ing decisions according to scheduling policies and
current runtime states of SAMR jobs and resources. %
litfrun0

SS is in charge of dynamic co-allocation of the
SAMR job to different resource sites through their
local schedulers. In the Grid, there can be a variety

SimEntity

[ifibody0

of SSs for different classes of big jobs. In this paper, ~
we only consider the case when there is only one @ /7@
SS for the SAMR job. % g CUNCEEENE Y

« Local Scheduler (LS): There is a local job queue as- [l T \ Cotector
sociated with each local scheduler. These local jobs @ / .
could be batch or interactive with various job spec- '““"W”k‘)‘ SuperSChedu/;f \Loca.&ﬁedu'e, ‘\;am SyncGroup
ifications, such as number of processors required, hmwmko hmwmko hmmrko lifiwork)

execution time, deadline etc. We differentiate these
local jobs with SAMR jobs. LS makes scheduling
decisions according to its local scheduling policies Fig. 6. Class Diagram of GridMate Entities

for local jobs and SAMR jobs.

« Runtime Manager (RM): Runtime managers are As required by SimJava, all the simulation entities are
organized in a hierarchical fashion. An RM iderived from the “Simentity” class. Figure 6 illustrates
composed of application partitioners and sensorsa class diagram describing the inheritance hierarchy

o Application Partitioner (AP): These are adapef major simulation entities. In the figure, GridEntity
tive application-centric partitioners specialized fodefines an abstract methaabrk() to wrap thebody()
SAMR jobs. An AP resides in each processanethod as required by SimJava. Further, all these entities
in order to monitor the runtime requirements oére derived fromThread of Java runtime library. When
applications and strives to improve performance hifie simulation starts, all these entities will be instaetia
repartitioning and balancing for the target dynamiand will execute in parallel as independent threads. This
applications. APs take into account the applicanulti-thread feature is crucial to simulate parallel appli
tion runtime characteristics to make partitioning ocations. Every GridEntity object and its derived object
repartitioning decisions on behalf of SAMR jobsis equipped with aNetwork communication channel,
Several partitioning strategies have been presentgdich enables flexible and transparent communication
in our previous papers [10], [11]. modeling. In the simulation model, the communication

« Sensors: These sensors monitor both resource aadt is associated with the sender's messaging overhead,
application runtime status. Grid information servicerhich is proportional to the message size plus a small
(GIS) pulls the resource information from these seonstant overhead. The non-blocked send approach is
sors. Application information service (AlS) gath-adopted such that a sender will not be blocked even
ers the application runtime information from thesthough the corresponding receiver is not ready receiving.
sensors also. Resource sensors can be implemer®edhe receiver’s side, if the message is available, there is
using NWS [17], while application sensors ar@o communication delay for the receiver; if the message
embedded into each application sub-task. is not available, the receiver has options to process

« Application Information Service (AIS): AIS col- other tasks or to be blocked until the message arrives.
lects the updated information of application runtim&his communication model simulates the non-blocking
states from application sensors. AlS resides in eactessage passing paradigm (suchMBI_Isend() and
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Fig. 8. The Visualization Interface of GridMate

face is shown in Figure 8. In the figure, a snapshot of the
Richtmyer-Meshkov (RM3D) instability application [25]
is visualized.
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Fig. 7. Sequence Diagram for Interaction among GridMatetil \L§ .
R N
The sequence diagram in Figure 7 illustrates tt o

primary interactions among GridMate entities. Note tha
_the local job gen_er_ators ahd global job generator execﬁﬂ&. 9.  Visualizing Decomposable Computational Domains in
in parallel. Their job arrivals can be overlapped angrtically or Horizontally. The figure in the left depicts tohes on
result in resource contention and jobs queued at lod¢ refine levels (horizontal/level-based decompositionylifferent
schedulers or super scheduler. For local jobs, we aSSLﬁﬂ'Brs; the figure in the right depicts detached subdomafnfive

. . i _ refine levels (vertical/domain-based decomposition).
that the parallel execution times obtained from applica-

tion traces include all processing time, communication . o . . .
: : . The visualization tool is flexible and capable to vi-
time and other overheads. Since we intend to model _,. ) . :

: S sualize decomposed computation domains as shown in
the exact computation and communication patterns

parallel SAMR applications, for SAMR jobs, we eX_lhr?gu_re 9 This figure shows a snapshot of the trgnsportz_D

. . I ) application that solves heat transport equations. This
plicitly consider the communication cost incurred dur: . . ) )
: . . . feature is very useful at studying the dynamic behaviors
ing synchronization after each iteration due to resour

. : SFthe adaptive applications and also analyzing the effects
heterogeneity and load imbalance. . L . ) :
of various partitioning algorithms including patch-based
D. 3D Visualization Tool and domain-based partitioning algorithms.

GridMate also features a 3D visualization tool that V. EXPERIMENTAL EVALUATION
provides an interface to study the application behaviors
at runtime and may yield more insights on improving
partitioning and scheduling algorithms for such highl§ System Setup
dynamic applications. The visualization tool is developed In GridMate, the Grid system is composed of several
based on the Java 3D library and specification, whichdéemputer/resource sites. For the simulation results shown
portable on multiple platforms. The visualization interin this section, we set up totally four resource sites. On



each site, there are 128 homogeneous processors. On ditdsing the processor-time factor we define the pro-
ferent sites, computers are heterogeneous in computaasgsor efficiency factoy by the following equation.
speed, communication bandwidth and memory capacity. - )
Each site has its local scheduler and its local job arrivals n = ih _ Eh X Tere (3)
follow the workload model presented in [26]. This work- N N xTh,
load model is based on workload logs from three siteéz Smulation Results

San Diego Supercomputer Center (SDSC), Los Alamos

National Lab (LANL) and Swedish Royal Institute of —
Technology. In this model, the job sizes follow a two- S I
stage uniform distribution, job execution times follow the | ¢ ;
hyper-Gamma distribution and job arrivals follow two |: g
Gamma distributions. In this paper, we will focus our| “
study mainly on partitioning and scheduling SAMR jobs.

For local job scheduling, a substantial research effort o s )
already exists [28]. Fig. 10. Waiting Time and Response Time: HRMS and Baseline

S . . Schemes
The target application is RM3D [25]. Its execution

trace is submitted to the super-scheduler and executegigure 10 shows the waiting time and response time
across sites. The performance evaluation of HRM§ o sAMR job with respect to the resource utilization
strategies is compared with the baseline scheme. Tﬁﬁng HRMS and baseline schemes respectively. The

bhasellne sczeme Siiat'ca”y aIIocatefs rr]esources suclh I;Qf’érage resource utilization is measured for all resource
they meet the peak requirement of the SAMR applicgjie \ith local job arrivals only. The simulation results

tion. show that the simple baseline scheme results in large
waiting time due to its high requirement for large number

_ _ __of processors. The waiting time increases significantly
The performance evaluation metrics used are waiting the resource utilization increases. While using HRMS

time, execution time and response time for the SAME:heme, we observe a significant performance boost for
job. Additionally, to compare with the baseline schemg,e saAMR job due to its adaptive policies taking full

we define a processor efficiency facipand processor- gqyvantages of resource-centric and application-centric
time factors as follows. approaches. Compared to the baseline scheme, HRMS
scheme achieves significant speedups.

B. Evaluation Metric

¢ = ZZ(NC] X Ni,j X Ti,j) (1)

i=1j=1

where, n is the total number of application itera-
tions/phasess is the total number of sitesyC} is the
normalized capacity of one processor on giteV; ; is
the number of allocated processorsg; is the length of
the i-th time interval and the subscript, §) denotes in . -

. . . R Fig. 11. Processor Efficiency Factor and Mean Number of Rsms
the i-th time interval on the sitg. ¢" is denoted for .4 HRMS and Baseline Schemes
the HRMS scheme ang for the baseline scheme. This
equation represents the normalized total computationalTo demonstrate the resource usage of HRMS and base-
resource consumption. The physical meaning obuld |ine schemes, Figure 11 shows the processor efficiency
be interpreted as the total execution time if the applactor and mean number of processors used, which are
cation is assigned to a single standard processor @sfined in equations (3) and (2) respectively. For the

NC =1). baseline scheme, its mean number of processors used
Thus the mean number of processors used is defingdconstant, 256 processors, due to its static resource
by, allocation. Compared to the baseline scheme, the mean
N=_ (2) number of processors used for HRMS scheme is in the

Texe range from 70 to 190. One interesting observation is that
where,T.,. is the total execution time. the mean number of processors used for HRMS does



not monotonically increase or decrease with respect[ta]
the resource utilization. This is because of the definition
of N in the equation (2). Compared to the baseline
scheme, HRMS scheme results in reduction on bqiy)
the numerator and the denominator of the equation (2)3]

As a comparison of these two schemes, the processor

efficiency factor ranges from 6 to 17. These simulation
results demonstrate the benefits of using HRMS straje4]

gies compared to the baseline scheme.

VI. CONCLUSION

[15]

[16]

We presented the design and performance evaluation
of a grid simulator GridMate for a class of large-
scale adaptive scientific applications. The trace-base¢
simulation process, conceptual architecture, scheduling

architecture, detailed operations, and visualization

GridMate are described. Simulation results confirm Oﬁrs

of

observations from the real experiments on a supercopsj

puter cluster: HRMS strategies outperform the baseline

scheme through judiciously taking into consideration T%éf]
e

the space-time heterogeneity. The future work to ext

the simulator for online simulation, i.e., to simulate and
predict the runtime behavior on multi-site grids for a

SAMR application that is executing on a single-sitg>

1]

cluster, is ongoing. In addition, based on Java, GridMate
also makes it possible to be deployed on a web portal for modeling computational grids. IhEEE Supercomputing

for public usage, evaluation, and analysis.
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