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Mo dule Summary

� This module discussesthe di�erent stagesof a simulation study, states
the main requirementsfor simulation software and introducesin some
detail the OMNet++ simulationpackage
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Resources

� Major references:

{ The book of Raj Jain [1]
{ Lecture slides from Dr. Holger Karl (TKN, TU Berlin) \Praxis der

Simulation", someslides(almost) literally taken from there
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Overview

� Phases of a Simulation Study

� Featuresof SimulationSoftware

� The OMNet++ SimulationPackage

� Our ExampleSystemin OMNet++
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Phases of a Simulation Study

� Initial stageof a study: de�ning the goals

{ Meet with management,experts for the system,and other analysts
{ Specify goalsand speci�c questions
{ Specify timeframe, available computation resources, other

organizationalissues
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Phases of a Simulation Study II

� Specifythe systemunderstudy(SUS)ascompletelyaspossible,including
the systemboundaries

� A conceptualmodel shouldbe developed (and validated),capturing

{ Your understandingof the SUS
{ Its servicesandoutcomes(for examplea network layer: packet delivery)
{ Its con�gurations, workload, error behavior
{ Its relevant inputs, which are part of the study
{ Assumptionsabout environmentand inputs which are not modeled
{ Desiredperformancemeasuresand statistical accuracy(if applicable)

� From the conceptualmodel you shouldbe able to assessthe feasibility
of the study / applicability of simulation
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Phases of a Simulation Study III

� If the SUSalreadyexists,collect data about the serviceinvocationsand
their outcomes(measurements)

� Planningthe study:

{ Selectthe factors and their levels
{ Specify the workload:

� Traces
� Syntheticworkload with no real data available:

� Independentstreamapproach: specify a distribution
� Stochasticprocessapproach: specify a \lik ely" stochasticprocess

� Syntheticworkload with real data available:
� Independentstreamapproach: infer and validatedistribution
� Stochasticprocessapproach: infer and validateprocess
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Phases of a Simulation Study IV

� Developthe simulationmodel:

{ In a generalpurposelanguage(possiblywith simulationlibrary)
{ In a specialsimulationlanguage/ package
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Phases of a Simulation Study V

� Verify/test the simulationmodel:

{ Compare generatedevents/ servicerequestswith measuredonesor
prespeci�ed ones:
� Does the simulation model react to the samestimuli in the same

way as the real system?
� Do the correct sequencesof packets appear on a transmission

medium(as speci�ed in the protocol standard)?
{ Compare simulatedperformancewith measuredperformance
{ Try to turn the conceptual model by proper (simplifying) choice

of workload / parameters into something which can be modeled
analyticallyand compare the simulationoutcomeswith the analytical
results(which may give upper or lower bounds)

SimulationSoftware, slide8



AndreasWillig Phasesof a SimulationStudy

Phases of a Simulation Study VI

� Make pilot runs to:

{ Find the length of the warmup period or initial transient
{ To get a feelingfor the variability of resultsand therefore the expected

simulationruntimes/ number of replications

� Make production runs

� Analyzeand interpret the data, determinestatistical accuracy

{ When accuracyis not su�cient, add further production runs
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Phases of a Simulation Study VI I

� Document the results:

{ You should document assumptions, conceptual model, simulation
model, experimentplanning,results

{ As usual,documentationshouldbe donein parallel

� Presentthe results:

{ Adjust your presentationto the audience
{ Talk about model building, validation and veri�cation to increase

credibility
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Overview

� Phasesof a SimulationStudy

� Features of Simulation Software

� The OMNet++ SimulationPackage

� Our ExampleSystemin OMNet++
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Features of Simulation Software

� In general, simulation software should help the user when creating,
verifyingandrunningsimulationmodelsandevaluating/presentingresults

� Creatingand verifying(object-oriented) simulationmodels:

{ Allow the user to create own modulesand to structure the modules
into a module hierarchy

{ Providea rangeof library modules(e.g. networking equipment)
{ Allow the userto observesystembehavior graphically/ textually
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Features of Simulation Software II

� Allow the userto specify the experiments:

{ number of experiments
{ input parametersfor eachexperiment
{ desiredstatistical accuracyof the performancemeasures

� Control executionand length of experiments,possiblyemploying several
hostsin parallel

� Pick up observationsand help with statistical and graphicalevaluation:

{ methods for estimating�rst/second order statistics,distributions
{ di�erent kinds of charts for statistical data
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Features of Simulation Software III

� In the developmentof modulesusersshouldbe able to concentrateon
its application:

{ push all the details involving FES handling into a simulation kernel
and let usersjust specify the handlingof events

{ let usersspecify their own typesof events
{ providean extensivesimulationlibrary for randomnumber generation,

collectingstatistics,managingevents,. . .
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Mo dules

� Many simulation packageso�er meansto structure a simulation into
modulessuchthat:

{ a module hasa well-speci�ed interface(messageinput/output; gates)
{ modulescan be arrangedhierarchically
{ modulescan be createdand destroyed dynamically
{ eventsare addressedto modules
{ a modulesstate can be inspectedgraphically
{ modulescommunicatevia channels
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Parallel Simulation

There are (at least) three di�erent modesof parallel execution:

� Parallel runs: eachhost executesan independentreplication

� Multiple replicationsin parallel (MRIP): N hostsrun the samesimulation
run with di�erent randomnumbers, their resultsare combinedonline to
estimateperformanceparameters

Akaroa library: http://www.cosc.cante rb ur y. ac.n z/ res earc h/ RG/n et _sim/si mula ti on_gro up/

akaroa/about.chtml

� Singlereplicationin parallel (SRIP): a singlesimulationrun is distributed
overseveralhosts/ processors (distributed eventprocessing),e.g.at the
granularity of modules =) distributed FES
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Overview

� Phasesof a SimulationStudy

� Featuresof SimulationSoftware

� The OMNet++ Simulation Package

� Our ExampleSystemin OMNet++
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The OMNet++ Simulation Package

� OMNet++ = \Objective Modular Network Testbed in C++"

http://www.omnetpp.org

� OMNet++ is a discrete-eventsimulation packet developed by Andras
Varga within its PhD work at University of Budapest

� Availableboth assourcecodeand in binary packagesunderthe academic
public license; for an academicinstitution this is equivalentto the GPL

� OMNet++ is an ongoinge�o rt, its most important drawbackis the lack
of an extensivelibrary with standard protocols
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Overview

� Phasesof a SimulationStudy

� Featuresof SimulationSoftware

� The OMNet++ Simulation Package

{ Some Basic Concepts
{ SpecifyingModule Connections/ Topology
{ Process-basedModules
{ Working with OMNet++
{ SomeOddsand Ends

� Our ExampleSystemin OMNet++
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General Structure

� Modules implementapplication-speci�c functionality

� Modulescan be connectedby connections

� Modulescommunicateby exchangingmessagesvia connections(arrival
of a messageat a module is an event)

� Modulesare implementedasC++ objects,usingsupport functionsfrom
a simulationlibrary

� The topology of moduleconnectionsis speci�ed with the NED language

� The mechanicsof FES processingand event handling are part of the
simulation-kernel
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General Structure II

Module A

Simulation Kernel

Module B

Module C
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General Structure III

� Modulesin OMNet++ correspond to C++ classes:

{ They representa type, and there can be multiple instances
{ Modules with user-speci�ed behaviour must be subclassed from

OMNet++'s classcSimpleModule
cSimpleModule is an abstract baseclass,whichsinterfacespeci�es everythingthe simulationkernel

must know about a module

� Be careful: there are alsomodule types, but that is somethingdi�erent
. . .
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A Mo dule Example

// =======in mymodule.h:
#include "omnetpp.h"
class MyModule: public cSimpleModule
{

// a macro that creates constructors and sets up
// inheritance relationships
Module_Class_Members(MyModule, cSimpleModule, 0)

// user-specified functionality follows
....

};

// =======in mymodule.cc:
// announce this class as a module to OMNet:
Define_Module (MyModule);
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Mo dule Inheritance

� User-de�nedmodule classescan be usedto derivenew module classes:

// =======in mymodule.h:
#include "MyModule.h"
class MyDerivedModule : public MyModule
{

Module_Class_Members(MyDerivedModule, MyModule, 0)

// user-specified functionality follows
....

};

// =======in mymodule.cc:
// announce this class as a module to OMNet:
Define_Module (MyDerivedModule);
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Compound Mo dules

� A compoundmodule is gluedtogetherfrom a number of simplemodules
(of di�erent types) and possiblyof other compound modules

{ hierarchical structure!!!

� From outsidea compound module looks like a simplemodule: it reacts
on messages,and sendsmessagesto other modules

� However, a compound module does not have any own behavior, they
just combineand connecttheir constituent modules

� Compoundmodulesare C++ classes,derivedfrom OMNet++ baseclass
cCompoundModule
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Mo dule Event Handling

� Major parts of event handling are part of simulation kernel, especially
the FEShandling

� A simple module o�ers an event handler, which is invoked from the
simulationkernelwith an event to process.In response:

{ The event handlermodi�es the module's state (i.e. the module class
members)

{ As part of event handling the event handler might generate new
messagesdestinedto
� other modules
� to itself (e.g. to model timeouts in protocols)

� Important point: Modules need not concern themselveswith the
mechanicsof eventprocessing
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Mo dule Event Handling II

� A module's event handler is implemented by the method
handleMessage()

{ handleMessage() is a virtual method of cSimpleModule's interface
{ All derivedclasseshaveto implementthis method

� A call to handleMessage() may modify the modules's state, may
generatednew messagesfor other modules,and must return after that,
i.e. it shouldcontain no waiting loops

� The messageto processis a parameterto handleMessage() , hencethe
prototype is:

void handleMessage (cMessage* msg);

SimulationSoftware, slide27



AndreasWillig Overview

Mo dule Event Handling III

� The state of a module are data membersof the module class

� Typical elementsof a module'sstate:

{ statistics
{ parametersof the module
{ its operationalstate
{ its identi�cation
{ timer valuess
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Mo dule Initialization

� In C++ the data membersof a module are initialized in constructors

� However, at the time a module constructor is called, not all relevant
information might be available, for example about connectionsand
neighbor modules,total number of nodesin a simulationetc.

� The interface of cSimpleModule provides a virtual initialize(int
stage=0) method, which is calledwhen the topology (all modulesand
their connections)is created

� initialize() is a good placeto initializesuchmembersandto generate
initial events

Somemodule must generatean initial event,otherwisethere would be no event to start with . . .
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Shutting Down Mo dules

� As a counterpart to initialize() , the interface of cSimpleModule
o�ers alsoa virtual finish() method, calledat the end of a simulation
run

� The end of a simulation run is determinedfrom a stopping rule (to be
discussedlater)

When the stoppingrule hasbeenevaluatedpositively, a call to endSimulation() is issued

� Note that a singleprogramrun can executemany simulationruns using
only one instanceof a module

� Purposesof finish() : print gatheredstatistics,module cleanup
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How to Generate Events?

� In handleMessage() a module can:

{ Senda messageto another module using one of the various send()
methods

{ Send a message/ schedulean event to itself using scheduleAt()
(e.g. to implementtimeouts in a protocol)

{ Cancelan event that has before beenscheduledwith scheduleAt()
{ the method cancelEvent() is usedto do this (useful, for example,
to cancela timeout timer upon receptionof acknowledgement)
The event is removedfrom FES

� Why is there no possibilities to receive a message from within
handleMessage() ?
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Example: Generation of Poisson Arrivals

// =======in loadgenerator.h:
#include "omnetpp.h"
class LoadGenerator : public cSimpleModule
{

Module_Class_Members(LoadGenerator, cSimpleModule, 0)

virtual void initialize ();
virtual void handleMessage (cMessage *m);

};
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Example: Generation of Poisson Arrivals II

// =======in loadgenerator.cc:
Define_Module (LoadGenerator);

void LoadGenerator::initi al iz e ()
{

scheduleAt (simTime(), new cMessage);
}

void LoadGenerator::handl eMessage (cMessage *m)
{

cMessage *pkt = new cMessage;
send (pkt, "out");

scheduleAt (simTime() + exponential(1.0), m);
}
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Discussion

� Argumentsof scheduleAt() :

{ The �rst argument speci�es the (simulation) time of arrival of the
event { in this exampleit arrives now (at simTime() ), i.e. at the
beginningof the simulation

{ The secondargument is a pointer to the messagebeingdelivered
This messagecontainsno data, servesasa plain event

� In the eventhandler:

{ A new messageis generatedand sent \somewhere"{ the arrival time
of the messageis implicitly givenby simTime()

{ The triggering messageis scheduledagain,at sometime now plus an
exponentiallydistributed time in the future
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Messages with Data

� We often want not only to specify the raw arrival of packets, but we also
want to add attributes like the sizeof a packet

{ We needparametersfor a message

� OMNet++ o�ers a facility to specify messagetypes in a smallde�nition
language(employing a precompiler):

{ Messagetype de�nitions are put into .msg �les
{ C++ code is generatedautomagically, child classof cMessage
{ Eachmessagetype is mapped to a C++ class
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Messages with Data { Example

� Example:createa messagetype packet :

{ File packet.msg

messagePacket
{

fields:
int packetlen;

};

� Messagetypescan be inherited
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Messages with Data { Example II

� How to usethis?

#include "packet_m.msg"

Packet newPacket = new Packet ("some packet");

newPacket->setPacketl en (42);

� Getter and Setter methods are automaticallyde�ned!
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Detecting Message Type

� All messagetypesare derivedfrom classcMessage

� How to detect which kind of messagehasactually arrived?

void Dispatcher::handleMe ssage (cMessage *msg)
{

if (dynamic_cast<Packet *> (msg) != NULL) {
Packet *pkt = (Packet *) msg;
// handle an incoming packet

} else if (dynamic_cast<UserRequest *> (msg) != NULL) {
UserRequest * usr_req = (UserRequest *) msg;
// handle user request

} else {
// do something else

}
}
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Overview

� Phasesof a SimulationStudy

� Featuresof SimulationSoftware

� The OMNet++ Simulation Package

{ SomeBasicConcepts
{ Specifying Mo dule Connections / Topology
{ Process-basedModules
{ Working with OMNet++
{ SomeOddsand Ends

� Our ExampleSystemin OMNet++
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Specifying Mo dule Connections

� Supposewe havea number of moduleswith connectionsbetweenthem

� When sendinga message:how to specify the recipientof the message?

� Oneoption: obtain/specify the identity of the receivermoduleanddirect
it to this module

� Problem: what happens if the receiverchanges? Maybe we want to
usea LoadGenerator module in di�erent contextswithout changingthe
sourcecode?

� How to solvethis?
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Mo dule Connections and Gates

� Abstraction: connectionsand gates

Module A

Simulation Kernel

Module B

Module C
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Gates

� A (simpleor compound) module can havean arbitrary number of gates

� Gatesare identi�ed by numbersor by an indexin a namedarray of strings

� Gateshavea direction: either input gatesor output gates

� A connectionconnectsan output gate to an input gate, connectionsare
directed

� Modules receivemessagesfrom their input gates, and they send their
messagesto their output gates
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Advantages of the Gate Concept

� Modulesdo not needto know the types or identities of their neighbor
modules,they just sendmessagesto their own gates

{ Encapsulation!
{ Reusability!

� Modulesare not only objects,but they are more: they o�er a well-de�ned
interfaceand the gatesserveas \service accesspoints"
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Communication using Gates

� Modulescan sendmessagesdirectly to a speci�c output gate:
send (pkt, "myoutgate");

� Modulescan �nd out on which in-gate a messagehasarrived:

{ cMessage objects contain meta-information, for example the
simulation kernel adds to every messagea pointer to the incoming
gate (a pointer to a cGate object)

{ This pointer can be queried:
cGate * incoming_gate = msg->arrivalGate();

� The send() method convertsa gate's namestring to its object
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How to Specify Connections and Gates?

� So far, we havenot seenany representationof connectionsand gatesin
our C++ classes

� OMNet++ providesthe NED (NEtwork Description)languageto specify:

{ connections/ channels
{ simplemoduleswith their parametersand gates
{ compound moduleswith their parameters,gates,submodulesand the

connectionsbetweenthem

� For eachsimulationprograma NED �le is require(*.ned )
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NED Channels

� A channelspeci�es a type of connections

� An OMNet++ channelis somewhatsimilar to a physicalchannelin a
communicationssystem:it can be parameterizedwith delays, error rates
and a data rate

� Example:

channel DialUpConnection
delay normal (0.004, 0.0018)
error 0.00001
datarate 14400

endchannel
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NED Channels { Discussion

� A DialUpConnection can later be usedas a channeltype

� The delay is parameterizedwith a normal distribution, not with a speci�c
value{ for everynewly instantiatedconnectionof this type a new delay
valueis randomlydrawn from a normal distribution with theseparameters

� A general rule in NED: whereveryou can enter numbers, a random
distribution is alsoacceptable
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NED Simple Mo dule De�nitions { Parameters

� A simplemodule in OMNet++ are characterizedby three things:

{ its gates
{ its parameters
{ its implementingC++ class(speci�ed by Define Module() )

� Parametersof a simplemodule:

{ canbe purposelyset from outsidethe simulationprogram,for example
in the default con�guration �le omnetpp.ini

{ can be easilyaccessedwithin C++ using the par() method of the
cModule interface:

par ("parametername");
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An Example Simple Mo dule De�nition

simple LoadGenerator
parameters:

interarrival_time : numeric const;
gates: ...

endsimple

� The parametercanbe fetchedin LoadGenerator::someMethod() with

float intarrtime = par ("interarrival_time") ;
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Another Example

� De�ning simplegates:

simple DataLinkProtocol
parameters: ....
gates:

in: from_upper_layer, from_physical_layer;
out: to_upper_layer, to_physical_layer;

endsimple
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A Third Example

� De�ning gate arrays:

simple RoutingModule
parameters: ....
gates:

in: input[];
out: output[];

endsimple

� The sizeof the vectors isnot speci�ed in the .ned �le, but canbesupplied
as a parameter(e.g. in the default con�guration �le omnetpp.ini )

{ Sizecan be di�erent for di�erent instancesof RoutingModule
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NED Compound Mo dules

� NED compound modulesconsistof an arbitrary number of submodules

� Submodulescan be either simplemodulesor compound modules

� Compoundmoduleslook from the outsidejust like simplemodules: they
o�er parametersand gates

{ Exception: the overall systemis also a compound module and needs
no gates

� The gatesof the constituent modulesmust be connectedamongsteach
other and to the gatesof the compound module
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NED Compound Mo dules II

Submodule

Submodule

Submodule

CompoundModule
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NED Compound Mo dules { Syntax

module SomeCompoundModule
parameters: .....
gates: .....
submodules: .....
connections: .....

endmodule

� Parametersof compoundmodulesare similar to thoseof simplemodules
and can be usedto:

{ set the parametersof constituent modules
{ to computeconnections

� Gatesof compound modulesare the sameas gatesof simplemodules
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NED Compound Mo dules { Submodules

� Purpose: de�ne module instancesand their types that make up the
constituentmodules

� When a constituent module hasparameters(including gate sizes),these
can be providedin the compound module speci�cation

module BigCompound
parameters:

num_of_submods: const;
submodules:

manyparts: Node[num_of_submods/2];
endmodule

SimulationSoftware, slide55



AndreasWillig Overview

NED Compound Mo dules { Connections

� We needto specify the connectionsbetweengates:

{ connect the gates of the compound module to gates of constituent
modules

{ connectthe gatesof constituentmodulesthemselves

� Connectionscan't cross\b order lines" of modules

� Connectionscan be endowed with parameters(delay, error, datarate) or
channeltypes
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NED Compound Mo dules { Connections II

� Simple programming constructs (for -loops, if conditions) allow to
construct complicatedtopologiesof connections

� Normally, a consistencycheckensuresthat all gatesare really properly
connectedafter the program has initialized. In the following example
this checkis disabled:

module Stochastic
connections nocheck:

for i=0 .. 9 do
Sender.outgate[i] ==> Receiver[i].ingate if uniform(0,1) < 0.3;

endfor
endmodule
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Relating NED Mo dules to C++

� Simplemodulesof nameX are implementedby a C++ classof nameX

{ Recallthe Define Module() macro
{ This macrocouplesthe classto the NED module type

� Compound modulesdo not havea correspondingC++ classat all, they
are entirely handledby the NED compiler
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NED Mo dule Types

� A module type (this is a di�erent conceptfrom a module being a C++
type itself) can be implementedby di�erent modulessharing the same
interface(parameternames,gate names):

{ Define Module Like (X, Y): classX implementsNED module Y's
interface

{ Example:di�erent typesof MAC layersall sharing the sameinterface:
� Define Module Like (Ethernet MAC,General MAC)
� Define Module Like (TokenRing MAC,General MAC)
� Define Module Like (FDDI MAC,General MAC)

{ Sucha module type (General MAC) cannot directly be usedwithin a
compoundmodule,but canbe usedasa placeholderto be instantiated
with the actual type of the submodule from some initialization
mechanism
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NED Mo dule Types { Example

module SomeModule
submodules:

mac : mac_type like General_MAC
endmodule

� mac type can later be assignedany of Ethernet MAC, TokenRing MAC
or FDDI MAC, for examplefrom within the con�guration �le omnetpp.ini

write somethinglike mac type = TokenRing MAC
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Overview

� Phasesof a SimulationStudy

� Featuresof SimulationSoftware

� The OMNet++ Simulation Package

{ SomeBasicConcepts
{ SpecifyingModule Connections/ Topology
{ Process-basedMo dules
{ Working with OMNet++
{ SomeOddsand Ends

� Our ExampleSystemin OMNet++
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Reconsider the Load Generator

� We haveimplementedthis module as a �nite state machine:

{ Upon receipt of a messagewe generatea \load" message,send it
to the output gate (to be deliveredimmediately), and generatea
\self-message"(to be deliveredlater)

{ The self-messageis only necessary to trigger a cycle

� This is not the most natural approach. What is the load generator
actually doing?

{ Repeatedlywait somerandomtime, then senda message
{ Herewe havea distinctive 
o w of control

� A more natural approachwould be to usesomethingsimilar to a thread
or processas known from operating systems
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Processesin a Simulation

� Sucha processshouldbe able to:

{ Receivemessages
{ Manipulate inner state
{ Sendmessages
{ And wait for somearbitrary amount of time Example:To model the execution

time necessary to analyzean incoming packet, a process-basedsimulation would just wait { for

event-basedsimulationsanothertimer messagewould be needed

� During such waiting, the processwould not be able to react to any
messages

{ In contrast to event-basedsimulations,wheremessagesare processed
\instantly" and in zerosimulationtime

{ We need(conceptual)messagequeuesto bu�er waiting messages
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Process-basedSimulation with OMNet++

� OMNet++ supports both event-basedand process-basedsimulation

� A module can implementa singleprocess

� Instead of implementing handleMessage() , a process-basedmodule
classimplementsthe activity() method:

{ Strictly exclusive:a module is either event-or process-based
{ Di�erent modulescan usedi�erent paradigms!!! You can mix!!
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Process-basedMo dules

� Within activity() , a module can:

{ receivemessages(di�erent receive() functionsavailable)
{ sendmessages(di�erent send() functionsavailable)
{ wait, i.e. to suspend its own execution for a speci�ed amount of

simulationtime
{ scheduleAt()
{ cancelEvent()
{ terminate its own executionwith end()

� wait() , receive() and end() are not availablein handleMessage()

� The processesshare the processor cooperatively!!!
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Process-basedMo dules II

� Typical structure of activity() : in�nite loop, containingat least one
wait() or receive() call

{ What if both are absent?

� Local state of a module can be put into data members of the classas
in the event-basedcase,but for process-basedmodules an alternative
exists:

{ activity() is run as a coroutine (cooperative threading), having its
own stack for eachmodule instance

{ Hence,activity() 's local variablesare storedon its own stack,which
maintainsits valuesevenacrossreceive() and wait() calls
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Process-basedMo dules III

� The stack sizeis speci�ed in the constructor for a module:

class ProcessModule : public cSimpleModule
{

public:
Module_Class_Members(ProcessModule, cSimpleModule, 8192);

};

� Specifyinga non-zerostack-sizein this macro distinguishesbetweenan
event-and process-basedmodule implementation

� initialize() is not necessary, canbe doneat the start of activity()

� finish() is still needed
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Process-basedMo dules { A Typical Skeleton

class MyProcessBasedModule: public cSimpleModule
{

public:
Module_Class_Members(ProcessModule, cSimpleModule, 8192);

// variables for statistics gathering
void activity ();
void finish ();

};

void MyProcessBasedModule:: acti vi ty () {
// declare and initialize some local variables to hold state
while (1) {

// a mixture of send(), receive(), wait(), state manipulation
}

}

void MyProcessBasedModule:: fi ni sh () {
// output statistics data into a file

}
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Comparing Event- and Process-BasedStyles

� Advantagesof process-basedstyle:

{ initialize() is not required
{ State can be stored in local variablesof activity()
{ Canbe the natural programmingmodel for certain applications

� Advantagesof event-basedstyle:

{ Lower memory overhead(no separate stack needed)
{ Faster: switching between coroutines is more time-consumingthan

just calling handleMessage()
{ Canbe the natural programmingmodel for certain applications
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Comparing Event- and Process-BasedStyles

� Event-basedis usuallybetter when:

{ Module haslittle or no state (e.g., data sinks)
{ Modulehaslargestatespace,wheremanyarbitrary transitionsbetween

any two statesexist, i.e., there is not a single,well-de�ned 
o w from
onestate to a successor state { typical for communicationprotocols

{ Your protocol is speci�ed as an eFSManyway

� Ruleof thumb:

{ If activity() looks like a loop which only switcheson the message
type, convert it to handleMessage()
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Overview

� Phasesof a SimulationStudy

� Featuresof SimulationSoftware

� The OMNet++ Simulation Package

{ SomeBasicConcepts
{ SpecifyingModule Connections/ Topology
{ Process-basedModules
{ Working with OMNet++
{ SomeOddsand Ends

� Our ExampleSystemin OMNet++
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Parts of OMNet++ programs

� An OMNet++ programconsistsof a collectionof modules

{ providemymodule.hand mymodule.cc for module classmymodule

� A *.ned �le is requiredto specify simple and compound modulesand
network connectivity

{ Well, theoretically the *.ned �le is not required, sincea programcan
generateall the module instances,connections,etc. dynamically

{ The NED compilertranslatesthe *.ned �le into C++

� The �le omnetpp.ini is the default con�guration �le for a simulation
program, it is readon startup

{ containscon�guration for the simulator as well as module parameters
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Building an OMNet++ program

� How to turn thesecomponentsinto an executable?

� Approach: OMNet++ providesa tool opp makemake, which createsa
make�le for the maketool

� Speci�cally (all on the shell):

{ opp makemakeis calledin the directory containingall necessary *.h and *.cc �les
� opp makemaketakescare of requiredlibraries,you can alsospecify additional libraries
� It is possibleto choose between statically and dynamically linked versionsof your simulation

program
{ afterwards, make depend hasto be executedto createdependencieson .h �les
{ Edit the resultingmake�le, if necessary
{ makewill build the program
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Running an OMNet++ program

� You canchoosebetweentwo userinterfaces(selectableasopp makemake
parameters):

{ command-lineinterface
{ graphicaluserinterface
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The User Interfaces

� The graphicaluserinterface:

{ represents modules and connections, message traveling along
connectionsare animated
� Usefulfor simpledebugging

{ can single-stepfrom event to event or fast-forward the program with
di�erent animationspeeds

{ o�ers inspectors for most objects(e.g., double-clickon modulesshows
parameters)

� The command-lineinterface:

{ rather uncomfortable, useit to run the programwith maximumspeed
(production runs)

{ is usefulto \script" your simulationprogram
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The Con�guration File omnetpp.ini

� It consistsof severalsections

{ Generalsettings: warning levels,namesfor output �les, seedselection,
limits on simulationtime and simulatedtime, memory usage,etc.

{ Environment-speci�c settings:
� Command-line:which runs to execute(seebelow), verbosity
� Graphical:speedand levelof detail of animation

{ Parameters:anymoduleparametersleft unspeci�ed in *.ned �les can
be set here
� Any parameterleft unset in both *.ned �les and omnetpp.ini will

be queriedfrom the userat programstartup
{ Runs: the sameprogram can be executedoncebut running di�erent

simulationswith di�erent parametersettings{ a run
{ Possibleto specify whento start/stop taking measurements
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Debugging

� The graphical interface can becomequite unhandyfor debugging,e.g.
when\late" eventshaveto be inspected

� printf() -styledebuggingis supported with the ev output stream,which
can be accessedwith the standard << I/O operator

{ Do never use printf() , cout etc., as this will con
ict with the
graphical environment (messageswill appear in xterm from which
programis started)

{ you can usesetPhase() to set the title of the window

� Watches:can be declared for primitive variablesand be inspectedin the
GUI; syntax: int i; WATCH(i);
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Some Words on Debugging Output

� Generatelots of debugoutput, e.g.:

{ upon everyevent
{ upon entry / exit of procedures
{ upon reachingimportant intermediatesteps/ branchingpoints

� Let the amountof generateddebuginformation be controlledby the user
(di�erent debuglevelsor verbosity levels)

� Write the debugoutput into a log�le, don't forget to removeold log�les
(rotating log�les)
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Some Words on Debugging Output II

� Usesomestandardizedformat, e.g. with the following elements:

{ timestamp
{ issueingmodule
{ debug/warning/severity level

� Standardization easesautomatedprocessingby perl / awk / grep

=) This is important!!!!
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Implementation of Debug Output

� write your own output routines and wrap them into macros, which
depend on some preprocessor directive and which may or may not
includethe debugoutput into the object �le; make it alsodependenton
warning/verbosity level

� allow for vararg lists

� 
ush output bu�ers immediatelyafter debugoutput statement(put this
into the wrapper macros/ functions)
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Further Debugging Aids

� Snapshots:

{ Dump statusof the entire (or selectedparts of) simulationinto a text
�le (default: omnetpp.sna)

{ Modules, queues,messagequeues,watched variables, etc. can be
included

� Breakpoints:

{ In activity() , breakpoints can be set by calling function
breakpoint() , executionwill be suspended

{ Only availableif userinterfacesupports debugging

� Stack usagecan be checked (important for process-basedsimulation)
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Collecting Measurements

� OMNet++ providesseveralclassesto collect results:

{ cStdDev collects samples, computes mean, standard deviation,
number of samples,min, max
� cWeightedStdDev: similar, but weighted, e.g., to compute time-

averagedstatisticswith aging
{ cLongHistogram/cDoubleHistogram : additionally store an

approximatedprobability density

� These classesalso provide hooks to interact with classesfor transient
detectionand accuracyestimationof results
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Extracting Measurements { Getting Numb ers Out

� Two main supporting mechanismsare o�ered:

{ Outputting scalar measurementsat the end of a simulationrun
{ Outputting vector-like measurementsduring a simulation

� Scalar measurements:

{ recordScalar ("bla", value); writes an entry with name"bla"
into omnetpp.sca

{ recordStats("bla", statobject) writes an entire statistics
collection

{ usuallydonein finish()
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Extracting Measurements { Vector Measurements

� ClasscOutVector providesfunctionality

� Createan object, e.g. value vector of this class,alongwith a name

� Call value vector.record(value) to write an entry into
omnetpp.vec

{ you can specify other names...

� Generatesa singleline in this �le, identi�ed by a uniquecode allocated
to value vector 's name

� Note: vector �le is deletedat the beginningof eachrun
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Visualizing Measurements

� General remark: make SURE you can generate visualizations
automatically(from a script):

{ You are likely goingto run manydi�erent simulationexperimentswith
identical result formats

{ You don't want to click everytime the samesequenceof commands

� Main keywords: perl , awk, and gnuplot

� OMNet++ providesthe plove tool:

{ Knows how to \read in" OMNet++'s vector output
{ Acts as a wrapper around awkand gnuplot
{ plove can savea script to createa graph
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Overview

� Phasesof a SimulationStudy

� Featuresof SimulationSoftware

� The OMNet++ Simulation Package

{ SomeBasicConcepts
{ SpecifyingModule Connections/ Topology
{ Process-basedModules
{ Working with OMNet++
{ Some Odds and Ends

� Our ExampleSystemin OMNet++
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Some Odds and Ends

� Aboveall: READ THE MANUAL

� OMNet++ has an extensive simulation library, including speci�c
containerclasses

� OMNet++ can provideSRIP, basedon a PVM-basedimplementation
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Overview

� Phasesof a SimulationStudy

� Featuresof SimulationSoftware

� The OMNet++ SimulationPackage

� Our Example System in OMNet++
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Our Example System in OMNet++

� in the following we developan OMNet++-based simulation model for
our examplesystemwith the videoapplicationand the network bu�er

� we start with a simplesystem:

{ a sourcegeneratesvideopackets
{ the network processor bu�ers the packets and puts them onto the

mediumin FIFO order
{ the medium is responsiblefor \packet transmission";more precisely:

with the consumptionof the transmissiontime

� the simulationmodel is organizedas a discrete-eventsimulation
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Simulation Structure

Source

Network_Processor

Medium

from_network_processor

to_source

from_medium

to_network_processorfrom_network_processor

to_medium

from_source

to_network_processor
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The Simple Mo dules

[[source.ned]]:

simple source
parameters:

iat_distribution : numeric,
pkt_size_distributio n : numeric;

gates:
in: from_network_processo r;
out: to_network_processor;

endsimple;
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The Simple Mo dules II

[[network_processor.n ed]] :

simple network_interface_ca rd
parameters:

n_buffers : numeric,
timertask_period : numeric;

gates:
in: from_source,

from_medium;
out: to_medium,

to_source;
endsimple;
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The Simple Mo dules III

[[medium.ned]]:

simple medium
parameters:

bitrate : numeric;
gates:

in: from_network_process or ;
out: to_network_processor ;

endsimple;
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The System Mo dule

[[system.ned]]:

import "source";
import "network_processor";
import "medium";

module nic_system
submodules:

gen: source;
nic: network_interface_car d;
med: medium;

connections:
gen.to_network_proce ssor --> nic.from_source;
nic.to_source --> gen.from_network_pro cessor ;
nic.to_medium --> med.from_network_pro cessor ;
med.to_network_proce ssor --> nic.from_medium;

endmodule
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network examplenet : nic_system
endnetwork
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Example Runs

[[omnetpp.ini]]:

[General]
network = examplenet
sim-time-limit = 1000s
ini-warnings = yes

[Cmdenv]
runs-to-execute = 1
module-messages = yes
verbose-simulation = yes
display-update = 100ms

[Tkenv]
default-run=1
use-mainwindow = yes
print-banners = yes
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slowexec-delay = 300ms

[Parameters]
examplenet.gen.iat_di st ri buti on = exponential( 1s , 1 )
examplenet.gen.pkt_si ze_dis tr ib ut io n = intuniform(1000, 2000, 2)
examplenet.nic.n_buff er s = 3
examplenet.nic.timert ask_peri od = 0.1s
examplenet.med.bitrat e = 1500

[Run 1]
gen1-seed = 1227283347
gen2-seed = 1808217256

[Run 2]
gen1-seed = 1140279430
gen2-seed = 851767375
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Video Packet Class

[[videopacket.msg]]:

messagevideopacket
{

fields:
int seqno;
int size;

};
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The Source { Declarations

[[source.h]]:

#ifndef _SOURCE_H_
#define _SOURCE_H_

#include <omnetpp.h>

class source : public cSimpleModule
{
public:

// this one creates the necessary constructors and specifies that we
// want to use the event-based programming model
Module_Class_Members(source, cSimpleModule, 0);

// this message is our timer indicating the next packet arrival
cMessage *timer;
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// we number our packets
int seqno;

// standard methods called from the simulation kernel
virtual void initialize ();
virtual void handleMessage (cMessage *msg);

};

#endif
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The Source { Implementation

[[source.cc]]:

#include <omnetpp.h>
#include "source.h"
#include "videopacket_m.h"

Define_Module (source);

void source :: initialize ()
{

timer = new cMessage ("arrival timer"); if (!timer) abort();

seqno = 0;

// schedule initial packet arrival
scheduleAt (simTime() + (simtime_t) par("iat_distribution ") , timer);

}
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void source :: handleMessage (cMessage *msg)
{

if (msg == timer)
{

// generate a packet for the network interface card
videopacket *pktmsg = new videopacket ("a packet");
if (!pktmsg) abort();

// and fill in some parameters
pktmsg->setTimestamp( ); //implicitly: to simTime()
pktmsg->setSeqno (seqno);
pktmsg->setSize (par("pkt_size_distr ib ut io n" )) ;
seqno++;

send (pktmsg, "to_network_processo r" );

// schedule next packet arrival
scheduleAt (simTime() + (simtime_t) par("iat_distribution ") , timer);

return;
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}

if (msg->arrivedOn("fro m_networ k_processor ") )
{

delete msg;
return;

}

abort ();
}
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The Network Processor { Declarations

[[network_processor.h ]] :

#ifndef _NETWORK_PROCESSOR_H_
#define _NETWORK_PROCESSOR_H_

#include <omnetpp.h>
#include "videopacket_m.h"

class network_interface_car d : public cSimpleModule
{
public:

// this one creates the necessary constructors and specifies that we
// want to use the event-based programming model
Module_Class_Members(network_interface_ca rd , cSimpleModule, 0);

cQueue buffers;
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int n_buffers;
int count;
int dropped;
int finished;
cMessage *timer_task;
double timertask_period;

// collect statistics about the buffer waiting times
cStdDev simple_stats;
cPSquare *psquare_histogram;

// standard methods called from the simulation kernel
virtual void initialize ();
virtual void handleMessage (cMessage *msg);
virtual void finish();

virtual void timerTask ();
virtual void onPacketArrival (videopacket *vidpkt);
virtual void onPacketDeparture (cMessage *msg);

};

#endif
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The Network Processor { Implementation

[[network_processor.c c] ]:

#include <omnetpp.h>
#include "network_processor.h "

Define_Module (network_interface_ca rd) ;

#define NUM_CELLS 50

// -------------------- -- -- -- -- -- -- --- -- -- -- -- -- -- -- --

void network_interface_ca rd :: initialize ()
{

n_buffers = par ("n_buffers");
count = 0;
dropped = 0;

SimulationSoftware, slide106



AndreasWillig Our ExampleSystemin OMNet++

finished = 0;

timertask_period = par ("timertask_period");
timer_task = new cMessage ("timer task");
if (!timer_task) abort();

// initialize distribution estimation object
psquare_histogram = new cPSquare ("waiting times", NUM_CELLS);
if (!psquare_histogram) abort();

scheduleAt (simTime() + (simtime_t) timertask_period, timer_task);
}

// -------------------- -- -- -- -- -- -- --- -- -- -- -- -- -- -- --

void network_interface_ca rd :: finish ()
{

// print the statistics and the waiting time distribution

ev << "\n\nnic: waiting time statistics\n"
<< " meanwaiting time: " << simple_stats.mean() << "\n"
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<< " min waiting time: " << simple_stats.min() << "\n"
<< " max waiting time: " << simple_stats.max() << "\n"
<< " number of observations: " << simple_stats.samples () << "\n"
<< " standard deviation: " << simple_stats.stddev( ) << "\n"
<< " variance: " << simple_stats.varianc e( ) << "\n"
<< " coeff. of variation: " << (simple_stats.stddev () /s impl e_sta ts .mean( )) << "\n";

ev << "\n\nHistogram and distribution function of waiting times\n";
int i;
for (i=0; i<psquare_histogram-> cells () ; i++)

{
double count = psquare_histogram->ce ll (i);
double pdf = psquare_histogram->ce ll PDF (i);
ev << "interval [ " << psquare_histogram->ba sepoi nt (i)

<< " , " << psquare_histogram->b asepoin t (i+1) << " ]: "
<< "frequency = " << count << " , "
<< "relative frequency = "
<< ((double) count) / ((double) simple_stats.samples() ) << " , "
<< "density = " << pdf << "\n";

}
}
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// -------------------- -- -- -- -- -- -- --- -- -- -- -- -- -- -- --

void network_interface_ca rd :: timerTask ()
{

ev << "nic_timertask ( clock = " << simTime()
<< " ): dropped = " << dropped
<< " , finished = " << finished
<< " , used_buffers = " << count
<< "\n";

scheduleAt (simTime() + (simtime_t) timertask_period, timer_task);
}

// -------------------- -- -- -- -- -- -- --- -- -- -- -- -- -- -- --

void network_interface_ca rd :: onPacketArrival (videopacket *vidpkt)
{

ev << "nic ( clock = " << simTime() << " ): got packet, seqno = "
<< vidpkt->getSeqno()
<< " , size = "
<< vidpkt->getSize()
<< "\n";
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if (count >= n_buffers)
{

ev << "nic ( clock = " << simTime() << " ): dropping packet\n";

// drop the packet
delete vidpkt;
dropped++;
return;

}

ev << "nic ( clock = " << simTime() << " ): accepting packet\n";

// enqueue packet
buffers.insert (vidpkt);
count++;

if (1 == count)
{

ev << "nic ( clock = " << simTime() << " ): starting transmission\n";
// start packet transmission immediately
send ((videopacket*) (vidpkt->dup()), "to_medium");

}
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}

// -------------------- -- -- -- -- -- -- --- -- -- -- -- -- -- -- --

void network_interface_ca rd :: onPacketDeparture (cMessage *msg)
{

ev << "nic ( clock = " << simTime() << " ): stopping transmission\n";

// a packet is finished: maintain statistics and drop packet
finished++;
count--;

delete msg;

// collect and print statistics
videopacket *vidpkt = (videopacket*) buffers.pop();
ev << "nic ( clock = " << simTime() << " ): time spent in buffer: "

<< simTime() - vidpkt->timestamp()
<< "\n";

simple_stats.collect (simTime() - vidpkt->timestamp());
psquare_histogram->co ll ect (simTime() - vidpkt->timestamp());
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// and drop the packet from the front of the queue
delete vidpkt;

// if there is still a packet in the system, start its transmission
if (count >= 1)

{
ev << "nic ( clock = " << simTime() << " ): starting transmission\n";
send ((videopacket*) (((cMessage*) buffers.tail())->dup () ), "to_medium");

}
}

// -------------------- -- -- -- -- -- -- --- -- -- -- -- -- -- -- --

void network_interface_ca rd :: handleMessage (cMessage *msg)
{

if (msg == timer_task)
{

timerTask();
return;

}
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if (msg->arrivedOn ("from_source"))
{

onPacketArrival ((videopacket *) msg);
return;

}

if (msg->arrivedOn ("from_medium"))
{

onPacketDeparture (msg);
return;

}

abort();
}
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The Medium { Declarations

[[medium.h]]:

#ifndef _MEDIUM_H_
#define _MEDIUM_H_

#include <omnetpp.h>

class medium: public cSimpleModule
{
public:

// this one creates the necessary constructors and specifies that we
// want to use the event-based programming model
Module_Class_Members(medium, cSimpleModule, 0);

// this timer indicates when a packet transmission finished
cMessage *tx_finished;
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// parameter
double bitrate;

// mediumstate
int is_busy;
double tx_start_time;

// standard methods called from the simulation kernel
virtual void initialize ();
virtual void handleMessage (cMessage *msg);

};

#endif

SimulationSoftware, slide115



AndreasWillig Our ExampleSystemin OMNet++

The Medium { Implementation

[[medium.cc]]:

#include <omnetpp.h>
#include "medium.h"
#include "videopacket_m.h"

Define_Module (medium);

void medium:: initialize ()
{

bitrate = par ("bitrate");
is_busy = 0;

tx_finished = new cMessage ("tx_finished_timer" );
if (!tx_finished) abort();

}
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void medium:: handleMessage (cMessage *msg)
{

if (msg == tx_finished)
{

cMessage *finished_msg = new cMessage ("finished");
if (!finished_msg) abort();
is_busy = 0;
ev << "med ( clock = " << simTime() << " ): transmission time: "

<< simTime () - tx_start_time
<< "\n";

send (finished_msg, "to_network_processo r" );
return;

}

if (is_busy) abort();

is_busy = 1;
tx_start_time = simTime();

videopacket *vidpkt = (videopacket*) msg;
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ev << "med ( clock = " << simTime() << " ): start transmission of packet size: "
<< vidpkt->getSize()
<< "\n";

scheduleAt (simTime() + (simtime_t) (((double) vidpkt->getSize()) / ((double) bitrate)), tx_finished);
delete msg;

}
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Example Run: Throughput vs. Time
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Figure1: Throughput over time
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Example Run: Loss Rate vs. Time
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Figure2: LossRate over time
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Example Run: Waiting Time Densities (based on
Histogram)
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Figure3: Density of Waiting Time Distribution
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Example System: Discussion

� we can observea initial transient in the throughput curve, which takes
200-300seconds,correspondingto � 200-300packets

� there are signi�cant di�erences which depend only on the choiceof the
randomseeds
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