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ABSTRACT

Simulations are typically computationally intensive problems, and
lend therrselvesfor execuion onlarge-scaé PC clustersor grids.
Using grid infrastructure for discrete event smulation is currently
not prevalent, but making gid techndogy easily accessble to
simulation users can change that picture sgnificantly. In this
paper we gve a ataied overview how the OMNeT++ simulation
framework was ported onto a gLite-based grid infragructure. The
porting of the smulation framework to the grid infrastructure was
suppated bythe GASUC Tean of the EGEE Il project. Later on
in the paper we $ow an exanple gid sewvice which is alde to
execue queuing retwork smulations, and asess its performance
onthe grid.
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1. INTRODUCTION

Distributed computer environments ae using dfferent
tecmaogies to coordinate their resources such as procesing
power, job scheduling, and storage consumption. Porting legacy
applications onto grid infrastructures is called "gridification”.
Porting the OMNeT++[1] framework to gid is usful for users
runnng smulations with large-scde Parameter Studies (PS.
Speedng upsmulations with large parameer sudiescanbe dore
by launching the gpplications on large computer farms. Potential
users or beneficiary community of the grid-enabled goplicaion
can be aryone munnng smulatons with large parameer studies
(the total execttion time soud be well over a few hous for a
user to feel the reedfor grid; for exanyple, when one smulation
run takes 10 minutes and 60 mns ae neded for a sudy, tha's
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erough incertive to pu in that extra efort neeced for grid
execution).

1.1 OMNeT++

OMNeT++ is a pubic-source, comporert-based moduar,
discrete event smulation environment. Due to its strong GUI
suppat and embeddable simulation kernel it is frequently used for
simulation of communication networks, IT systems, queuing
networks ard for various business proceses OMNeT++ provides
mainly comporent architedure for models. Componanits
(modues are progranmedin C++, ard then assenbled into larger
compoundmodels using a high-level language(NED). OMNeT++
suppats different platforms, such as Linux, various Unix-like
systems and Windows (XP and 2@0).

1.2 Related efforts
There have been several relaied eforts to exploit the canputing
power of clusters or grids for running smulations

Renpte OMNeT++[11][12] is a now discontinued effort for
distributing smulations onto remote processng hdasts;, the
software was bult on Java tcmology. A Renote OMNeT++
system is compased of Clients with GUI to control models and
simulation uns of a user, of Processng Hosts to exeaute the
simulations, and d Data Warehouses to store smulation models
ard reaults.

Akaroa-2 [10] is an implementation of the MRIP (Multiple
Repicatons In Parallel) principle, which canbe wsedto speedup
steady-state smulations. Akaroa runs multiple instances of the
same dmulation program (but with different seeds)
simultaneously on dfferent procesors, eg. on nods of a
computing cluster, and a certral proces monitors cetain ouput
variables of the simulation. When Akaroa decides that it has
enough olsewations to form an esimate d the reaiired accuacy
of dl variables, it halts the simulation. When using n processors,
simulations need to run only roughly 1/n times the required
sequential exeaution time. Suppat for Akaroa is integrated into
OMNeT++ [9] and is also availade for ns-2 ard Ptoleny Classic.

RSerPod (Reliable Server Podling) [7] is an IETF protocol for
sever pod managnen and acces, ard it can also help in
exploiting multiple computers for running sSmulations. The
SimProcTC toolchain [8] provides scripts and makefiles for
distributing OMNeT++ simulations to remote haosts for exeaution.
SimProcTC uses an RSerPodl implementation to find processng
hosts (PE) that are suitable for running simulations, then proceeds
to upload a tarball containing the smulation files (binaries plus



data fileg onto them The tarall gets unpacked into /tmp, then a
control script runs the smulation, and finally the result files are
retrieved Parallelism is aclievedvia using make —j on he dlient
computer.

Apple's Xgrid technology [23] makes it possible to turn an ad hoc
group d Mac GB8 X systens into agrid ervironmert. Seggelmamn
et d [6] show how to exploit Xgrid installations for running
OMNeT++ simulations. Xgrid's advartage is that it offers a real
grid environment, it can be set up with low effort, and it provides
bath a gaphical and a canmand-line interface to submit and
monitor jobs

Paper [13] describes running ns2 [26] Imulations on a grid
system Howewer, it seemslike anisolated efort which received
little attention.

1.3 Grids

Grid computing dffers from conventiond cduser computing
systens by its heterogeneaus, loasely coupled ard geographically
dispersed infragructure. There are wo major grid infradructure
development diredions service grids and desktop gids Desktop
grids are built onthe cacept of beg effort, ard areoftenbased on
Boinc [27] or XtremWeb [30] techlologies (exanples
SETI@Home [28] and EDGeS [29]); service grids provide a 24/7
computing sewice. Sewice gid infragructures are potertially
more suitalde for running large-scaé dscrete evemn simulations.

One service grid example is EGEE (Enabling Grids for E-
sciencE), the largest multi- disciplinary grid infrastructure in the
world, which brings together more than 140 institutions to
prodwce areliabe ard scabbe canputing reurce availabe to
the European and gobal resach community. At preser, it
consists of approximately 300 sites in 50 courtries and gves its
10,000 ugrsaccesto 80,00 CRU cores around the clock.

Ancther large-scde grid is operated by the SEE-GRID-SCI (SEE-
GRID elnfragructure for regonal eSience) project which spars
agoss 14 ountries with 35 stes and 300 CPUs. Other pan-
European gid dforts include GRIDSTART, DAMIEN,
DATAGRID, EUROGRID, CRCSSGRID and DATATAG. In
addition, several universties ard resach institutes operate
specializedgrids, ard clustersrunning gid software; one exanple
is the LHC Computing Grid [18].

Grid systens are canposed of a setof integated sewices job
queleing, schediling pdicy, priority scheme, reource dscovery
and monitoring, reurce nanagmern, data storage ad
managenmert, secuity, user auherticaion ard credemials
managmert. Grid software gaces usersubmitted jobs into a
queue, chooses when and where to run the jobs based upon a
palicy, carefully monitors their progress and utimately informs
theuser upon wmpletion.

Grid systems run various grid software packages. The Globus
Tookit [16], EGEE d.ite [17], ARC (a&ka NorduGrid
middeware) [19], Sun Grid Engine [20], Condor [21] are all
opensource, widely depoyed grid middeware packages
themselves usually composed of several other, more fundamertal
sevice comporerts. Depoying thee wdkits on a ®t of
computers usually requires substantial time and administrative
skills.

Red-world adoption of grids is hindered by several fadors. First,
grid middleware functionality is most often exposed in the form of
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complex command-line interfaces which poses challerges to
average gid userswho are wsed to pant-and-click graphical user
interfaces Secand, the cammand interfaces of differert grid
middleware packages differ sgnificartly, so experience with ore
grid does nat immediatdy help with anather. Third, users have to
get alogin individually for ead of the grids they intend to use.

Portal software solutions with web based easy-to-use user
intefface (such as the PGRADE Grid Portal) hawe keen
developed to addressthe abowe issuiesand to hdp grid adoption.

1.4 P-GRADE Grid Portal

The P-GRADE Grid Portal (Pardlel Grid Runtime and
Applicaion Development Environment) [4][14][15] is an open
source, sevicetich, workflow-orierted graphical grid front-end.
It supports workflows composed of sequential jobs paralel jobs
and applicaion sewices The P-GRADE Portal hides the
complexity of the grids through its high-level graphical web
interface, ard it can be wed to develop, execuite ard monitor
workflow applications on gid systems built with Globus, EGEE
(LCG or gLite) and ARC middleware techndogies. P-GRADE
Portal installations typicaly provide the user with access to
several grids, using asingle login.

More than ten large-scaé P-GRADE Portals are qperating ard
serving the user communities of international multi- institutional
grids and gid based virtua organizations in Europe and in the
U.S. The list of these installations and information on hav to get
user accaints to the carepondng patals is availade m the P-
GRADE Portal website [14].

Non-grid applications need to be "gridified” for use with P-
GRADE Portal. The gridification process includes developing a
specialized web inteface exersion to P-GRADE Portal,
specifically tailored for the agplicaion's need. Secions 2 ard 4
of this paper desribe the gridificaion poces of OMNeT++
gueueing smulations. Sedion 5 presents the resulting web
interface where users can submit simulations and download the
results.

1.5 The GASuUC Team

The gidificaion d OMNeT++ simulatons was dore by the
GASUC tean a MTA SZTAKI, Hungary. GASuC (Grid
Application Suppat Centre) is suppated by the ECGEE Il
projeal, provides asdstance to gid users and applicaion
developers during the gpplication gridification process GASUC
hdps identify and apply best paterns pradices, tools and
infradructures in order to decrea® te porting time ard get
applicaion coderunning an production gids. The generic support
model of GASUC consists of 8 main steps: 1. Contad phase, 2.
Pre-elecion phase, 3. Analysis phas, 4. Plaming phas, 5.
Prototyping phese, 6. Testing phase, 7. Exeaution phae, 8.
Disemninaton ard feedack phas. In cag of OMNeT++, thee
phaseswere exerded with more cotacts duing amalysis ard
planning phases.

! EGEE-Nl is an FP7 projed funded by the European
Commisson undx contrad INFSO-RI-222667.



1.5.1 Workflow concept of the P-GRADE Portal
The P-GRADE Grid Portal environment is using a DAG (direded
agyclic graph) based workflow concept (shown in Fgure 1).

In a generic workflow, nades (shown in FHgure 1. as large gray
squares repreert jobs, which ae badcaly batch prograns to be
execued on a canputing elenmert. Ports (shown here as small
squares amound the large oneg represert inpu/output files the
jobs receving a prodwing. Arcs between pats repreert file
trarsfer operatons. The badc senartics of the DAG-basd
workflow is that a job can be exeauted if and orly if dl of its
input files are available.

Ve (" Inowcast-final_gedNO] Mode - Edit

Workflow Edit Options Help

: ——
5 on .'|7107 |

25 S50 75 100 125 150

Sk me X

S

Figure 1. Example workflow in P-GRADE Portal.

1.5.2 Parameter Sudy suppott in P-GRADE Portal
In ou experierce, user communities have shown substartial
interest in being able to run programs parallel with different input
files. P-GRADE Portal suppats this kind of parallelization cdled
Parameer Study, a Parameer Sweepona high level.

The aiginal “job” idea tas been exended by two special jobs
caled Gererator and Collecor to faciitate the development of
Parameer Study type workflows in P-GRADE Portal. The
Generator job is used to generate the input files for all paralel
jobs auomaticaly (caled Automatic Parameer Inpu Gererator),
or by a weruploaded applicaion (caled Normal Gererator),
while the Collector will run &fter dl paralel exeation and
collects al parallel outputs [5].

All jobs conneciedto a Gererator will runin asmary instancesas
input files generated by the Generator. During the gridification of
OMNeT++ amulations, we have exploited these posdbilities of
the P-GRADE Portal.
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2. Gridification proces

Main steps of the gridificaion processare shown on Fgure 2. The
compilation o the urce cale an the Ul machine asuresthatthe
application will work on dl the gLite-based Computing Elements
in the grid infrastructure. Standalone, single run tests showed that
we needto have the campiled binary code, the predefined NED
and INI files as inputs for the porting of the smulation into a grid
workflow.

We have also invedigated the ime ard storage casumption and
running environment requirements (e.g. shared libraries:
libstdc++) of the simulator. For the first grid tests (single job
tegs), we havewrittena DL (Job De<ription Language) file ard
creaed the workflow graph o the simulation in the P-GRADE
Portal environment. The parallel job submission into the grid
ervironmert needs to have parameer asignment of the gererated
parameers P-GRADE Portal's PS workflow comporerts and
OMNeT++'s parameer sudy solution (a detaled deription
about the PShanding in OMNeT++ follows in Sedion 3) were
integated together to creae a grid-aware OMNeT++ simulator
ervironmert ard to reaizea camplex grid workflow asa proof of
concep. Later on, we have dewveloped the web-based grid user
inteffacefor OMNeT++ simulator framework with the help of the
Application Spedfic Modue of the P-GRADE portal. On this
web interface, erd-userscan upload their network topdogy ard
configuration files for queuing network simulations, and they can
submit the simulation into the grid environment with large

parameer fields.

l Local Tests | [ Grid Tests l
——

Dreveloping Pararneter
Sweep Workflow

¥
l Worldflow Testing |

{ Crevelopmng User Interface w

Testing the application specific
Portal

¥

l Release and Disserunate as Serwice for and vsers l

Figure 2. Gridification steps of the simulator.

3. Parameter Study handling in OMNeT ++

3.1 Overview

In asimulation study, we ceat a gmulaton model, then perform
experiments on it in order to lean aou its behaior unde
various condtions. OMNeT++ enphadzes separaton o
concems, which in this cag mears that the nodel ard its input
parameers are in physically separate files The simulation model
is repreerted by C++ cade (ard the librariedexecuatdes built
from them) and NED files describing the topology and fixed
parameers Inpu parameersfor the experimerts arein INI files
which aso contain configuration settings for the simulator.



In the OMNeT++ 4.0 verdon, an INI file ¢he defadt name is
omnetppini) may contain several named configurations. Every
named configuration contains parameer asignmens, each of
which typicaly sets more than ore nodel parameers using
wildcards (i.e. **. tcp.mss=1024 <ts the MSS parameer for all
TCP ingtarces in the nmodel). Narmed configurations may also
contain Smulator settings (stopping condtion, sedls, etc), and
they canalso inherit from eachother which makesit possble to
fador out common pats. For every smulation run, a named
configuration reeds to be Pecified where all parameers ard
settings will be taken from.

A named configuraton may also contain iteratons ard
repetitions, to support parameter studies. Thus a configuration
may de<cribe veral Smulation runs. They are idertified with run
numbers, in the range 0.n-1. Each run may be execued
indeperdert of the others To perform a specific run, the userhas
to tell the configuration name and the run numbe to the
simulation runtime, typicaly via command-line arguments. The
simulation runtime may also be aged atout the number of runs a
particular configuration gererates or to erumerate the settings for
eachrun.

By default, result fileswill be creaed in the result/ subdredory of
the smulaion. Each run cererates separate files by defaut
named after the canfiguration and the run number. Reault filesare
self-describing, ard contain erough metadata so that later it can
be idertified how they were ceaed

Every run also gets a globally unique identifier, called a run ID,
concaenaed from the configuration name and mun nunber,
datetime, proces ID, et? Run IDs ar abo recaded into the
files ard canbe used (for exanple) to relaie different filescreaed
by the same run.

3.2 lterations

The value part of a parameer asignmert in the INI file may
contain iterations. Syntax of an iteration is ${valuelist} or
${name=valudlist}, where valuelist is a comnma-sparated list of
values and value is some abitrary text (typicaly a rumeric
constart). There is also a sorthand for gererang numetic
sequernces with the syntax start..end or start..end step increnert.
Each value gererates a £parate smulation run, where the value
gets textually substituted into the parameter assgnment before the
parameer value gts intepreted® If there is more than ore
iterations in a named configuration, they are combined with
Cartesian product, i.e. they essentially form nested loops. It is aso
posshle © specify a canstraint expression, to take a sibset of the
Cartesan product. In the canstraint expression, ore canreferthe
current iteration values with the syntax ${name} or $0, $1, efc.
This iteration variable syntax aso makes it possble to refer to an
iteraton value in parameer asignmerts other thanwhich defined
it.

2 Run IDs are orly globally urique within reasonable limits,
becaus we teld it more importart that they ae both short and
reachbe.

% This macmo-style implemertaion was chosen becaus in
OMNEeT++ it would be impradica to iterate over individual
parameersdirecly, given that eachparameer asignmert in an
INI file typicaly asigns several parameers together, using
wildcard expressons. Maaos adso provide more flexibility,
much in the same way as C macios can do things nat posshle
with C functions.
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A spedal parallel iteration syntax makes it also possble that an
iteration dees nat form a Cartesian product with another iteration,
but gets advanced in lockstep with it. Given the iterations
${N=10,20,50,100}ard ${D="low","mediund',"high","veryhigh"
I' N}, four simulation runs will be generated, with N and D beng
(10,"low), (20,"medium"), (50,"high"), and (100;'veryhigh").
There ae abo predefined varabes ${configname},
${runrunmber}, ${runid}, ${datetime}, ${processd}, etc. They can
be wselll for gererating file names for exanple.

3.3 Repeaing runswith different seeds

It is diredly suppated to perform severa runs with the same
parameers but differert random number seeds. There ae wo
configuration ogtions related to this: reped ard sedset The first
one specifies how marny times a un reed to be repatd For
exanple, reped=10 cawes every combinaton o iteraton
variades to be repaktd 10 times with the ${repetition}
predefined variable bang the loop courter; thus repea=10 is
esentially equivalent to adding ${repetition=0..9} to the ini file.
The ${repetition} loop aways becomes theinnermost loop.

The seedset configuration ogion affects seed selecion. Every
simulation uses one or more random numbe generators (as
configured by the num-rngs option), for which the simulation
kemel canauomaticaly gererate €ed. The first Smulation run
may use me setof seed (seedset 0), the cand run may use a
secand set (seed set 1), and so on. All auomatic seed gererate
random number sequencesthat are far apart in the RNG’s cycle, so
they will never overlap duing smulations. (OMNeT++ uses
Merserne Twister, which hasacycle length of 21°9%7)

3.4 Howto run

To run a parameer study expressed with iteratons as desribed
abowe, one first neals to find aut how many runs the iterations
unroll to. This is adchieved by running the simulation exeautable
with the —x <configname> command-line option, which in turn
prints out the n number of runs in the given naned configuration.
Individual runs can then be exeauted by running the smulation
program with the —c <confignane> -r <runnumber> optons
where runnumber is an integer in the 0.n-1 rarge. The fact that
each run can be execued indeperdertly erabes them to be
submitted to grids as well. Output files will be named &fter the
configuration and the run nunber (althoughthisis configurable as
well).

3.5 Experiment-measurement-replication
OMNeT++ uses the cacefts experiment, measurement ard
replication to orgarize $mulaton reallts gererated by batch
execuions or several batches of execuions. During a smulation
study, a peron prepares several experiments. The purpose of an
experiment is to find ou the answer to questions like "how does
the number of nodes affed response times in the nework?" By
defaut, an experimert is repreented by a ramed configuraton in
the ini file, but it is also passble to group severa configurations
into a singe eerimen. For each experiment, seweral
meagirenerts are performed on the simulation model, and each
meagiremert runs the simulation model with a differert parameer
settings. To eliminate the bias introduced by the particular random
number stream used for the smulaton, several repicaions of
every measiremert are run with dfferert random number seed.
Measurements map to iteration variables in the ini file, and
replications map to the repea option.

In orderto makereallt analysistools aware d the albve cacepts,
OMNeT++ sawes an eyefimert label, measrement label ard



replication label into result files. The labels can be configured in
the ini file, bu the suitable defaults are "${configname}"”,
"${iterationvars}" and the "#${repetition}, seedset=< seedet>"
text.

4. Grid work flow structure

The grid-aware quauing modd workflow was developed usngthe
P-GRADE Pata’s Workflow Editor. A smple queuing modd
diagam (Tandem Quele) is depctedin Figure 3

B
E:ié TandemQueus

g

source gueue queuel guele2 sink

Figure 3. Smple queuing model diagram from OM NeT++

To enabe the excuion d the nodel asa parameer sudy
applicaion, we have used the "Automatic Parameer Inpu
Gererator", ard the “Collecor” elenerts of the P-GRADE Portal.

B Workflow Editor - [OmNet_PS_WFZ] Mode - Edit
Workflow Edit Options Help

quetenet

B & X[ 5 |omfizz

25 50 75 100

queuelib.tar.gz
a
3
@]

Indexer
ko
GEN
SEQ g
Qutput file:
TandemFifos.sca

TandemQueue.ned

tandem.ini j

Additional libraries :
libstde++.50.6.0.3,
libxml2.50.2.6.16

Collact

COLL

Figure 4. Theresulting workflow diagram with PS support in
the P-GRADE Portal’s Work flow Editor

The upper left box (shown in FHgure 4) is the Automatic
Parameer Inpu Gererator job, which auomaticaly gererates
index numbers, and separates the runs by providing instructions
which run shoud be execued The gererated indices becane
argumerts to the —r <runnumber> command{ine option d the
OMNEeT++ smulation exeautable. This job takes little CPU time,
s0 it always runs on the machine where the P GRADE Portal was
installed.

The seond boxin the middle contains the gpplication in the form
of a pre-compiled binary, the input parameter and topdogy files
(INI and NED files) and some additional libraries. This box will
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be execuedin parallel on dfferert machines orcefor eachof the
index files gererated by the Parameer Inpu Gererator. These
proceses perform the smulatons, ard produce GVINeT++ vecr
and scalarresllt files The realt filesare cdlecid by the third,
“Collector” box (lower right). At the end d the workflow, the
Collecor job auomaticaly compresses the reallts, ard erabdes
users to download the compressed file for further user analysis.
The user interfface has an adlitional featre that users can
download apart of the output fil es during the exeaution.

This workflow gructure is fully hidden from the end-users by a
web-based userinterface.

5. User interface development for gri d-aware
OMNEeT ++ models

We have ceated an eay-to-use ®wice m the web for queuing
model simulations. On this web interface ed users who are rot
grid profesgonds, are ale to ugoad ther configuration and
topology files, setup and submit their model into the grid
infragructure. (In this setup, the erd user camat acces and
charge the campiled binary.) The reallts produced by the
submitted smulations are downloadable by nomal web browser
when they are finished The dewveloped web-based (portlef) user
interface kasthree nain views:

e The“OMNeT++ Measrrerrert Managr” portlet
Thisiswhere the erd usercanchoose anongthe awilade
OMNeT++-based model workflows (shown in Figure 5).

lllll

:@;ﬁ P-ERADE ' T

{ portal

Figure 5. OM NeT++ Measurement Manager portlet

¢« The“Upload inpus’ pottlet.
This is where the end user can upload the quauing topology
(NED) ard configuration parameer (omnetpp.ini) files and select
theindexes or interval of indexes to run (shown in Fgure 6).

togout
Welcome, OMNET -+ user

= sncaces |[omneT projec |
Execution and Download.

Figure 6. Upload inputs portlet

¢ The,Exeaition and dbwnload” portlet.
This is where the erd user can execue the nodel by a snge
button fwvhich means basicdly a complex workflow submisgon
procedure into the grid infrastructure) with its parameter field.
(shown in FHgure 7).
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Figure 7. Exeaution and Download portlet

As the autput filesare gererated in parallel during the eyecttion,
users can dawnload them by clicking “Download” button. It is
also passble to download the (partial set of) result files while
some jobs are ill running or waiting for exeaution.

6. Performance

The EGEE[24] and SEE-GRID-SCI[25] grids were used for
submisson of the developed workflow model. We have used
severd times a smple queuing model to test our porting concept.
In ou largest parameter study demo, the smulation time of the
used qualing modd was only 1 minutes, however the parameter
field of the nodel gererated 5000“runs’, which would lag about
80 hous to execite m a snge awerage caonputer . We have
clustered the runs with the help o the “Automatic Parameer
Inpu Generator” into smaller (100-run) chunks, and submitted the
model into the grid infrastructure.

The gid broker allocaed 50 computersfor these chunks from the
grid as it was requested. The results of the parallel grid
submissons were available after 3 hous, indead of 35 das.
Each running generated 25225 Bytes of daa (the compressd
scafileg, size d the final output wasabout 6MB.

7. Future plans

Future plans include allowing for arbitrary OMNeT++ smulations
to be run on the grid. When the user's simulation is built
exclusively from unmodified components of a published model
framework (for example the INET Framework), the corresponding
binaries and NED files would aready be pre-deployed on the grid
and the user would only have to upload the network NED file(s)
and INI files to run the simulation.

In the more common case when the user's simulation involves
nonstandard components or C++ code modifications, the user will
need to get access to the official P-GRADE Portal, and will need
to have a certificate for running applications in the grid
environment. Then the user has to develop the workflow, and a
compiled OMNeT++ simulation model has to be included into it.
Finaly the user can use al of features of P-GRADE Portal to run
and manage the simulation.

8. Conclusion

We have successfully integrated the P-GRADE Grid Porta
environment with the OMNeT++ simulation framework to enable
additional, aready existing, large-scale grid resources to the
simulation user community. We have used the parameter study
festures from both (P-GRADE Porta and OMNeT++)
environments to create a generic workflow solution for
OMNeT++-based simulation models. We have shown that large-
scale grid infrastructure can provide significant performance
increase for OMNeT++-based simulations. As a proof of concept,
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we have created from the developed queuing workflow a web-
based service, where a configurable queuing model can be
submitted by the end-user into the grid infrastructure without any
grid knowledge. If the developed workflow and the service
solution can grow beyond the concept phase, they have the
potential to become a useful tool for developers and end-users of
simulations.
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