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Chapter 1

Intr oduction

Let’s startat theverybeginning,
a veryniceplaceto start,
whenyousing,youbegin with A, B, C,
whenyousimulate,youbegin with thetopology,1

. . .

This document(nsNotesand Documentation) providesreferencedocumentationfor ns. Althoughwe begin with a simple
simulationscript,resourceslikeMarcGreis’s tutorialwebpages(athttp://titan.cs.uni- bonn.de/~greis/ns/
ns.html ) or theslidesfrom oneof thenstutorialsareproblablybetterplacesto begin for thensnovice.

We first begin by showing asimplesimulationscript.Thisscriptis alsoavailablein thesourcesin ~ns/tcl/ex/simple.tcl.

This scriptdefinesa simpletopologyof four nodes,andtwo agents,a UDP agentwith a CBR traffic generator, anda TCP
agent.Thesimulationrunsfor ��� . Theoutputis two tracefiles,out.tr andout.nam . Whenthesimulationcompletesat
theendof ��� , it will attemptto run anamvisualisationof thesimulationon yourscreen.

# Thepreamble
set ns [new Simulator] ;# initialise thesimulation

# Predefinetracing
set f [open out.tr w]
$ns trace-all $f
set nf [open out.nam w]
$ns namtrace-all $nf

1with apologiesto RodgersandHammerstein

10



# so,welied. now,wedefinethetopology
#
# n0
# �
# 5Mb �
# 2ms �
# �
# n2 --------- n3
# / 1.5Mb
# 5Mb / 10ms
# 2ms /
# /
# n1
#
set n0 [$ns node]
set n1 [$ns node]
set n2 [$ns node]
set n3 [$ns node]

$ns duplex-link $n0 $n2 5Mb 2ms DropTail
$ns duplex-link $n1 $n2 5Mb 2ms DropTail
$ns duplex-link $n2 $n3 1.5Mb 10ms DropTail

# Someagents.
set udp0 [new Agent/UDP] ;# A UDP agent
$ns attach-agent $n0 $udp0 ;# on node$n0
set cbr0 [new Application/Traffic/CBR] ;# A CBRtraffic generator agent
$cbr0 attach-agent $udp0 ;# attachedto theUDP agent
$udp0 set class_ 0 ;# actually,thedefault,but.. .

set null0 [new Agent/Null] ;# Its sink
$ns attach-agent $n3 $null0 ;# on node$n3

$ns connect $udp0 $null0
$ns at 1.0 "$cbr0 start"

puts [$cbr0 set packetSize_]
puts [$cbr0 set interval_]

# A FTPover TCP/Tahoefrom$n1to $n3,flowid 2
set tcp [new Agent/TCP]
$tcp set class_ 1
$ns attach-agent $n1 $tcp

set sink [new Agent/TCPSink]
$ns attach-agent $n3 $sink

set ftp [new Application/FTP] ;# TCPdoesnot generateits owntraffic
$ftp attach-agent $tcp
$ns at 1.2 "$ftp start"

$ns connect $tcp $sink
$ns at 1.35 "$ns detach-agent $n0 $tcp ; $ns detach-agent $n3 $sink"
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# Thesimulationrunsfor ��� .
# Thesimulationcomesto anendwhentheschedulerinvokesthefinish{} procedurebelow.
# Thisprocedureclosesall tracefiles,andinvokesnamvisualizationononeof thetracefiles.

$ns at 3.0 "finish"
proc finish {} {

global ns f nf
$ns flush-trace
close $f
close $nf

puts "running nam..."
exec nam out.nam &
exit 0

}

# Finally, start thesimulation.
$ns run
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Chapter 2

UndocumentedFacilities

Ns is oftengrowing to includenew protocols.Unfortunatelythedocumentiondoesn’t grow quiteasoften. This sectionlists
whatremainsto bedocumented,or whatneedsto beimproved.

(Thedocumentationis in thedocsubdirectoryof thenssourcecodeif you wantto addto it. :-)

Interface to the Inter preter � nothingcurrently

Simulator Basics � LANs needto beupdatedfor new wired/wirelesssupport(Yuri updatedthis?)

� wirelesssupportneedsto beadded(done)

� shouldexplicitly list queueingoptionsin thequeuemgt chapter?

Support � shouldpick a singlelist mgt packageanddocumentit

� shoulddocumentthetrace-post-processingutilities in bin

Routing � needto documenthierarchicalrouting/addressing(Padmahasdone)

� needa chapteron supportedad-hocroutingprotocols

Queueing � CBQ needsdocumentation(canmaybebuild off of ftp://ftp.ee.lbl.gov/papers/cbqsims.
ps.Z ?)

Transport � needto documentMFTP

� needto documentRTP (session-rtp.cc,etc.)

� needto documentmulticastbuilding blocks

� shouldrepairanddocumentsnoopandtcp-int

Traffic and scenarios (new section)

� shouldadda descriptionof how to drive thesimulatorfrom traces

� shouldadddiscussionof thescenariogenerator

� shouldadddiscussionof http traffic sources

Application � is thenon-Haobohttpstuff documented?

Scale � shouldadddisucssionof mixedmode(pending)

Emulation � nothingcurrently
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Other � shoulddocumentadmissioncontrolpolicies?

� shouldadda validationchapterandsnarfup thecontentsof ns-tests.html

� shouldsnarfupMarcGreis’ tutorial ratherthanjust referringto it?
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Part I

Interface to the Inter preter
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Chapter 3

OTcl Linkage

ns is an objectorientedsimulator, written in C++, with an OTcl interpreterasa frontend. The simulatorsupportsa class
hierarchyin C++ (alsocalledthecompiledhierarchyin this document),anda similar classhierarchywithin theOTcl inter-
preter(alsocalledtheinterpretedhierarchyin this document).Thetwo hierarchiesarecloselyrelatedto eachother;from the
user’sperspective,thereis a one-to-onecorrespondencebetweena classin theinterpretedhierarchyandonein thecompiled
hierarchy. Theroot of this hierarchyis theclassTclObject.Userscreatenew simulatorobjectsthroughtheinterpreter;these
objectsareinstantiatedwithin the interpreter, andarecloselymirroredby a correspondingobjectin thecompiledhierarchy.
The interpretedclasshierarchyis automaticallyestablishedthroughmethodsdefinedin theclassTclClass.userinstantiated
objectsaremirroredthroughmethodsdefinedin theclassTclObject. Thereareotherhierarchiesin theC++ codeandOTcl
scripts;theseotherhierarchiesarenot mirroredin themannerof TclObject.

3.1 ConceptOverview

Whytwo languages?nsusestwo languagesbecausesimulatorhastwo differentkindsof thingsit needsto do. On onehand,
detailedsimulationsof protocolsrequiresa systemsprogramminglanguagewhich canefficiently manipulatebytes,packet
headers,andimplementalgorithmsthatrun over largedatasets.For thesetasksrun-timespeedis importantandturn-around
time (runsimulation,find bug,fix bug,recompile,re-run)is lessimportant.

Ontheotherhand,alargepartof network researchinvolvesslightly varyingparametersorconfigurations,or quicklyexploring
a numberof scenarios.In thesecases,iterationtime (changethemodelandre-run)is moreimportant. Sinceconfiguration
runsonce(at thebeginningof thesimulation),run-timeof this partof thetaskis lessimportant.

nsmeetsbothof theseneedswith two languages,C++ andOTcl. C++ is fastto run but slower to change,makingit suitable
for detailedprotocolimplementation.OTcl runsmuchslower but canbechangedvery quickly (andinteractively), makingit
idealfor simulationconfiguration.ns(via tclcl ) providesglueto makeobjectsandvariablesappearon bothlangauges.

For moreinformationabouttheideaof scriptinglanguagesandsplit-languageprogramming,seeOusterhout’sarticlein IEEE
Computer[17]. For moreinformationaboutsplit level programmingfor network simulation,seethenspaper[2].

Which languagefor what?Having two languagesraisesthequestionof which languageshouldbeusedfor whatpurpose.

Our basicadviceis to useOTcl:

� for configuration,setup,and“one-time” stuff
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� if youcando whatyouwantby manipulatingexistingC++ objects

anduseC++:

� if youaredoinganythingthatrequiresprocessingeachpacketof aflow

� if youhaveto changethebehavior of anexisting C++ classin waysthatweren’t anticipated

For example,links areOTcl objectsthat assembledelay, queueing,andpossiblylossmodules. If your experimentcanbe
donewith thosepieces,great.If insteadyou wantdo somethingfancier(a specialqueueingdicipline or modelof loss),then
you’ll needa new C++ object.

Therearecertainlygrey areasin thisspectrum:mostroutingis donein OTcl (althoughthecoreDijkstraalgorithmis in C++).
We’vehadHTTPsimulationswhereeachflow wasstartedin OTcl andper-packetprocessingwasall in C++. Thisapproache
workedOK until we had100sof flows startingpersecondof simulatedtime. In general,if you’reever having to invoke Tcl
many timespersecond,youproblablyshouldmovethatcodeto C++.

3.2 CodeOverview

In this document,we usethe term“interpreter” to besynonymouswith theOTcl interpreter. Thecodeto interfacewith the
interpreterresidesin a separatedirectory, tclcl . Therestof thesimulatorcoderesidesin thedirectory, ns-2 . We will use
the notation~tclcl/

�
file � to refer to a particular

�
file � in the Tcl directory. Similarly, we will usethenotation,~ns/

�
file � to

referto a particular
�
file � in thens-2 directory.

Therearea numberof classesdefinedin ~tclcl/. We only focuson thesix thatareusedin ns: TheClassTcl (Section3.3)
containsthemethodsthatC++ codewill useto accesstheinterpreter. TheclassTclObject(Section3.4) is thebaseclassfor
all simulatorobjectsthatarealsomirroredin thecompiledhierarchy. TheclassTclClass(Section3.5)definestheinterpreted
classhierarchy, andthemethodsto permittheuserto instantiateTclObjects.TheclassTclCommand(Section3.6) is usedto
definesimpleglobal interpretercommands.TheclassEmbeddedTcl(Section3.7)containsthemethodsto loadhigherlevel
builtin commandsthatmakeconfiguringsimulationseasier. Finally, theclassInstVar(Section3.8)containsmethodsto access
C++ membervariablesasOTcl instancevariables.

Theproceduresandfunctionsdescribedin this chaptercanbefoundin ~tclcl/Tcl.{cc, h}, ~tclcl/Tcl2.cc,~tclcl/tcl-object.tcl,
and,~tclcl/tracedvar.{cc, h}. Thefile ~tclcl/tcl2c++.cis usedin building ns, andis mentionedbriefly in this chapter.

3.3 ClassTcl

Theclass Tcl encapsulatestheactualinstanceof theOTcl interpreter, andprovidesthemethodsto accessandcommuni-
catewith that interpreter. Themethodsdescribedin this sectionarerelevantto thensprogrammerwho is writing C++ code.
Theclassprovidesmethodsfor thefollowing operations:

� obtaina referenceto theTcl instance;

� invokeOTcl proceduresthroughtheinterpreter;

� retrieve,or passbackresultsto theinterpreter;

� reporterrorsituationsandexit in anuniform manner;and
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� storeandlookup“TclObjects”.

� acquiredirectaccessto theinterpreter.

We describeeachof themethodsin thefollowing subsections.

3.3.1 Obtain a Referenceto the classTcl instance

A singleinstanceof theclassis declaredin ~tclcl/Tcl.ccasastaticmembervariable;theprogrammermustobtaina reference
to this instanceto accessothermethodsdescribedin this section.Thestatementrequiredto accessthis instanceis:

Tcl& tcl = Tcl::instance();

3.3.2 Invoking OTcl Procedures

Thereare four differentmethodsto invoke an OTcl commandthroughthe instance,tcl . They differ essentiallyin their
calling arguments.Eachfunctionpassesa string to the interpreter, that thenevaluatesthestring in a global context. These
methodswill returnto thecallerif theinterpreterreturnsTCL_OK.Ontheotherhand,if theinterpreterreturnsTCL_ERROR,
themethodswill call tkerror {}. Theusercanoverloadthisprocedureto selectively disregardcertaintypesof errors.Such
intricaciesof OTcl programmingareoutsidethescopeof this document.Thenext section(Section3.3.3)describesmethods
to accesstheresultreturnedby theinterpreter.

� tcl.eval (char* � ) invokesTcl_GlobalEval () to execute� throughtheinterpreter.

� tcl.evalc (constchar* � ) preservestheargumentstring � . It copiesthestring � into its internalbuffer; it theninvokes
thepreviouseval (char* � ) on theinternalbuffer.

� tcl.eval () assumesthatthecommandisalreadystoredin theclass’internalbp_ ; it directlyinvokestcl.eval (char*
bp_).A handleto thebuffer itself is availablethroughthemethodtcl.buffer (void).

� tcl.evalf (constchar* � , . . . ) is a Printf (3) like equivalent. It usesvsprintf (3) internally to createthe input
string.

As anexample,herearesomeof thewaysof usingtheabovemethods:

Tcl& tcl = Tcl::instance();
char wrk[128];
strcpy(wrk, "Simulator set NumberInterfaces_ 1");
tcl.eval(wrk);

sprintf( tcl.buffer(), "Agent/SRM set requestFunction_ %s", "Fixed");
tcl.eval();

tcl.evalc("puts stdout hello world");
tcl.evalf("%s request %d %d", name_, sender, msgid);

3.3.3 PassingResultsto/fr o the Inter preter

WhentheinterpreterinvokesaC++method,it expectstheresultbackin theprivatemembervariable,tcl_->result . Two
methodsareavailableto setthisvariable.
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� tcl.result (constchar* � )

Passtheresultstring � backto theinterpreter.

� tcl.resultf (constchar* fmt, . . . )

varargs (3) variantof aboveto formattheresultusingvsprintf (3), passtheresultstringbackto theinterpreter.

if (strcmp(argv[1], "now") == 0) {
tcl.resultf("%.17g", clock());
return TCL_OK;

}
tcl.result("Invalid operation specified");
return TCL_ERROR;

Likewise,whena C++ methodinvokesanOTcl command,theinterpreterreturnstheresultin tcl_->result .

� tcl.result (void) mustbeusedto retrieve theresult.Notethat theresultis a string,thatmustbeconvertedinto an
internalformatappropriateto thetypeof result.

tcl.evalc("Simulator set NumberInterfaces_");
char* ni = tcl.result();
if (atoi(ni) != 1)

tcl.evalc("Simulator set NumberInterfaces_ 1");

3.3.4 Err or Reporting and Exit

This methodprovidesa uniformway to reporterrorsin thecompiledcode.

� tcl.error (constchar* � ) performsthefollowing functions:write � to stdout;write tcl_->result to stdout;exit
with errorcode1.

tcl.resultf("cmd = %s", cmd);
tcl.error("invalid command specified");
/* NOTREACHED*/

Note that thereareminor differencesbetweenreturningTCL_ERROR aswe did in theprevioussubsection(Section3.3.3),
andcalling Tcl::error (). The formergeneratesan exceptionwithin the interpreter;the usercantrap the exceptionand
possiblyrecoverfrom theerror. If theuserhasnotspecifiedany traps,theinterpreterwill print astacktraceandexit. However,
if thecodeinvokeserror (), thenthesimulationusercannottraptheerror;in addition,nswill not print any stacktrace.

3.3.5 Hash Functionswithin the Inter preter

ns storesa referenceto every TclObjectin the compiledhierarchyin a hashtable; this permitsquick accessto the objects.
Thehashtableis internalto the interpreter. nsusesthenameof theTclObject asthekey to enter, lookup,or deletethe
TclObjectin thehashtable.
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� tcl.enter (TclObject* 	 ) will inserta pointerto theTclObject 	 into thehashtable.

It is usedby TclClass::create_shadow () to insertanobjectinto thetable,whenthatobjectis created.

� tcl.lookup (char* � ) will retrieve theTclObjectwith thename� .

It is usedby TclObject::lookup ().

� tcl.remove (TclObject* 	 ) will deletereferencesto theTclObject 	 from thehashtable.

It is usedby TclClass::delete_shadow () to remove anexisting entry from thehashtable,whenthatobjectis
deleted.

Thesefunctionsareusedinternallyby theclassTclObjectandclassTclClass.

3.3.6 Other Operationson the Inter preter

If theabovemethodsarenot sufficient, thenwe mustacquirethehandleto theinterpreter, andwrite our own functions.

� tcl.interp (void) returnsthehandleto theinterpreterthatis storedwithin theclassTcl.

3.4 ClassTclObject

class TclObject is thebaseclassfor mostof theotherclassesin theinterpretedandcompiledhierarchies.Everyobject
in theclassTclObjectis createdby theuserfrom within theinterpreter. An equivalentshadow objectis createdin thecompiled
hierarchy. Thetwo objectsarecloselyassociatedwith eachother. TheclassTclClass,describedin thenext section,contains
themechanismsthatperformthis shadowing.

In therestof this document,we oftenreferto anobjectasa TclObject1. By this, we referto a particularobjectthat is either
in the classTclObject,or in a classthat is derived from the classTclObject. If it is necessary, we will explicitly qualify
whetherthatobjectis anobjectwithin the interpreter, or anobjectwithin thecompiledcode.In suchcases,we will usethe
abbreviations“interpretedobject”,and“compiledobject” to distinguishthetwo. andwithin thecompiledcoderespectively.

Differ encesfr om ns v1 Unlikensv1, theclassTclObjectsubsumestheearlierfunctionsof theNsObjectclass.It therefore
storestheinterfacevariablebindings(Section3.4.2)thattie OTcl instancevariablesin theinterpretedobjectto corresponding
C++ membervariablesin thecompiledobject.Thebindingis strongerthanin nsv1 in thatany changesto theOTcl variables
aretrapped,andthecurrentC++ andOTcl valuesaremadeconsistentaftereachaccessthroughthe interpreter. Theconsis-
tency is donethroughtheclassInstVar (Section3.8). Also unlikensv1, objectsin theclassTclObjectareno longerstoredas
a globallink list. Instead,they arestoredin a hashtablein theclassTcl (Section3.3.5).

Example configuration of a TclObject The following exampleillustratesthe configurationof an SRM agent(class
Agent/SRM/Adaptive ).

set srm [new Agent/SRM/Adaptive]
$srm set packetSize_ 1024
$srm traffic-source $s0

1In thelatestreleaseof nsandns/tclcl, thisobjecthasbeenrenamedto SplitObjefct , whichmoreaccuratelyreflectsits natureof existence.However,
for themoment,wewill continueto usethetermTclObjectto referto theseobjectsandthis class.
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By conventionin ns, the classAgent/SRM/Adaptive is a subclassof Agent/SRM,is a subclassof Agent, is a subclassof
TclObject. Thecorrespondingcompiledclasshierarchyis theASRMAgent,derivedfrom SRMAgent,derivedfrom Agent,
derived from TclObjectrespectively. The first line of the above exampleshows how a TclObject is created(or destroyed)
(Section3.4.1); the next line configuresa boundvariable(Section3.4.2);andfinally, the last line illustratesthe interpreted
objectinvokinga C++ methodasif they wereaninstanceprocedure(Section3.4.4).

3.4.1 Creating and Destroying TclObjects

When the usercreatesa new TclObject, using the proceduresnew{} and delete {}; theseproceduresare definedin
~tclcl/tcl-object.tcl. They canbe usedto createanddestroy objectsin all classes,including TclObjects.2. In this section,
we describetheinternalactionsexecutedwhenaTclObjectis created.

CreatingTclObjects By usingnew{}, theusercreatesaninterpretedTclObject.theinterpreterwill executetheconstructor
for that object, init {}, passingit any argumentsprovided by the user. ns is responsiblefor automaticallycreatingthe
compiledobject. The shadow objectgetscreatedby the baseclassTclObject’s constructor. Therefore,the constructorfor
thenew TclObjectmustcall theparentclassconstructorfirst. new{} returnsa handleto theobject,thatcanthenbeusedfor
furtheroperationsuponthatobject.

Thefollowing exampleillustratestheAgent/SRM/Adaptiveconstructor:

Agent/SRM/Adaptive instproc init args {
eval $self next $args
$self array set closest_ "requestor 0 repairor 0"
$self set eps_ [$class set eps_]

}

The following sequenceof actionsareperformedby the interpreteraspart of instantiatinga new TclObject. For easeof
exposition,wedescribethestepsthatareexecutedto createanAgent/SRM/Adaptiveobject.Thestepsare:

1. Obtainanuniquehandlefor thenew objectfrom theTclObjectnamespace.Thehandleis returnedto theuser. Most
handlesin ns have the form _o

�
NNN� , where

�
NNN � is an integer. This handleis createdby getid {}. It canbe

retrievedfrom C++ with thename() {} method.

2. Executetheconstructorfor thenew object. Any user-specifiedargumentsarepassedasargumentsto theconstructor.
Thisconstructormustinvoketheconstructorassociatedwith its parentclass.

In ourexampleabove,theAgent/SRM/Adaptivecallsits parentclassin theveryfirst line.

Note thateachconstructor, in turn invokesits parentclass’constructorad nauseum. The lastconstructorin ns is the
TclObjectconstructor. This constructoris responsiblefor settingup the shadow object,andperformingotherinitial-
izationsandbindings,aswe explain below. It is preferable to call theparentconstructors first before performingthe
initializationsrequiredin this class.Thisallows theshadow objectsto besetup,andthevariablebindingsestablished.

3. TheTclObjectconstructorinvokestheinstanceprocedurecreate-shadow {} for theclassAgent/SRM/Adaptive.

4. Whentheshadow objectis created,nscallsall of theconstructorsfor thecompiledobject,eachof whichmayestablish
variablebindingsfor objectsin thatclass,andperformothernecessaryinitializations.Henceourearlierinjunctionthat
it is preferableto invoketheparentconstructorsprior to performingtheclassinitializations.

5. After theshadow objectis successfullycreated,create_shadow (void)
2As anexample,theclassesSimulator, Node,Link, or rtObject,areclassesthatarenotderivedfrom theclassTclObject.Objectsin theseclassesarenot,

therefore,TclObjects.However, aSimulator, Node,Link, or routeObjectis alsoinstantiatedusingthenew procedurein ns.
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(a) addsthenew objectto hashtableof TclObjectsdescribedearlier(Section3.3.5).

(b) makescmd{} aninstanceprocedureof thenewly createdinterpretedobject.This instanceprocedureinvokesthe
command() methodof thecompiledobject.In a latersubsection(Section3.4.4),wedescribehow thecommand
methodis defined,andinvoked.

Note thatall of theabove shadowing mechanismsonly work whentheusercreatesa new TclObjectthroughtheinterpreter.
It will not work if theprogrammercreatesa compiledTclObjectunilaterally. Therefore,theprogrammeris enjoinednot to
usetheC++ new methodto createcompiledobjectsdirectly.

Deletion of TclObjects Thedelete operationdestroys theinterpretedobject,andthecorrespondingshadow object.For
example,use-scheduler {

�
scheduler� } usesthedelete procedureto remove thedefault list scheduler, andinstantiate

analternateschedulerin its place.

Simulator instproc use-scheduler type {
$self instvar scheduler_

delete scheduler_ ;# firstdeletetheexistinglist scheduler
set scheduler_ [new Scheduler/$type]

}

As with theconstructor, theobjectdestructormustcall thedestructorfor theparentclassexplicitly asthevery laststatement
of the destructor. The TclObjectdestructorwill invoke the instanceproceduredelete-shadow , that in turn invokesthe
equivalentcompiledmethodto destroy theshadow object.Theinterpreteritself will destroy theinterpretedobject.

3.4.2 Variable Bindings

In mostcases,accessto compiledmembervariablesis restrictedto compiledcode,andaccessto interpretedmembervariables
is likewiseconfinedto accessvia interpretedcode;however, it is possibleto establishbi-directionalbindingssuchthatboth
the interpretedmembervariableandthe compiledmembervariableaccessthe samedata,andchangingthe valueof either
variablechangesthevalueof thecorrespondingpairedvariableto samevalue.

Thebinding is establishedby thecompiledconstructorwhenthatobjectis instantiated;it is automaticallyaccessibleby the
interpretedobjectasaninstancevariable.nssupportsfivedifferentdatatypes:reals,bandwidthvaluedvariables,timevalued
variables,integers,andbooleans.Thesyntaxof how thesevaluescanbespecifiedin OTcl is differentfor eachvariabletype.

� RealandIntegervaluedvariablesarespecifiedin the“normal” form. For example,

$object set realvar 1.2e3
$object set intvar 12

� Bandwidthis specifiedasarealvalue,optionallysuffixedby a ‘k’ or ‘K’ to meankilo-quantities,or ‘m’ or ‘M’ to mean
mega-quantities.A final optionalsuffix of ‘B’ indicatesthatthequantityexpressedis in Bytespersecond.Thedefault
is bandwidthexpressedin bitspersecond.For example,all of thefollowing areequivalent:

$object set bwvar 1.5m
$object set bwvar 1.5mb
$object set bwvar 1500k
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$object set bwvar 1500kb
$object set bwvar .1875MB
$object set bwvar 187.5kB
$object set bwvar 1.5e6

� Time is specifiedasa realvalue,optionallysuffixedby a ‘m’ to expresstime in milli-seconds,‘n’ to expresstime in
nano-seconds,or ‘p’ to expresstime in pico-seconds.Thedefault is time expressedin seconds.For example,all of the
following areequivalent:

$object set timevar 1500m
$object set timevar 1.5
$object set timevar 1.5e9n
$object set timevar 1500e9p

Notethatwe canalsosafelyadda � to reflectthetime unit of seconds.nswill ignoreanything otherthana valid real
numberspecification,or a trailing ‘m’, ‘n’, or ‘p’.

� Booleanscanbeexpressedeitherasan integer, or as‘T’ or ‘t’ for true. Subsequentcharactersafter thefirst letterare
ignored.If thevalueis neitheraninteger, nora truevalue,thenit is assumedto befalse.For example,

$object set boolvar t ;# setto true
$object set boolvar true
$object set boolvar 1 ;# or anynon-zero value

$object set boolvar false ;# setto false
$object set boolvar junk
$object set boolvar 0

Thefollowing exampleshows theconstructorfor theASRMAgent3.

ASRMAgent::ASRMAgent() {
bind("pdistance_", &pdistance_); /* real variable*/
bind("requestor_", &requestor_); /* integer variable*/
bind_time("lastSent_", &lastSessSent_); /* timevariable*/
bind_bw("ctrlLimit_", &ctrlBWLimit_); /* bandwidthvariable*/
bind_bool("running_", &running_); /* booleanvariable*/

}

Notethatall of thefunctionsabove take two arguments,thenameof anOTcl variable,andtheaddressof thecorresponding
compiledmembervariablethat is linked. While it is oftenthecasethat thesebindingsareestablishedby theconstructorof
the object, it neednot alwaysbe donein this manner. We will discusssuchalternatemethodswhenwe describethe class
InstVar (Section3.8) in detail later.

Eachof the variablesthat is boundis automaticallyinitialised with default valueswhenthe object is created.The default
valuesarespecifiedasinterpretedclassvariables.This initialisationis doneby therouting init-instvar {}, invokedby
methodsin theclassInstvar, describedlater(Section3.8). init-instvar {} checkstheclassof theinterpretedobject,and
all of theparentclassof thatobject,to find thefirst classin which thevariableis defined.It usesthevalueof thevariablein
thatclassto initialise theobject.Mostof thebind initialisationvaluesaredefinedin ~ns/tcl/lib/ns-default.tcl.

For example,if thefollowing classvariablesaredefinedfor theASRMAgent:
3Notethatthis constructoris embellishedto illustratethefeaturesof thevariablebindingmechanism.
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Agent/SRM/Adaptive set pdistance_ 15.0
Agent/SRM set pdistance_ 10.0
Agent/SRM set lastSent_ 8.345m
Agent set ctrlLimit_ 1.44M
Agent/SRM/Adaptive set running_ f

Therefore,every new Agent/SRM/Adaptiveobjectwill have pdistance_ setto 15.0; lastSent_ is setto 8.345mfrom
thesettingof theclassvariableof theparentclass;ctrlLimit_ is setto 1.44Musingtheclassvariableof theparentclass
twiceremoved;running is setto false;theinstancevariablepdistance_ is notinitialised,becausenoclassvariableexists
in any of theclasshierarchyof theinterpretedobject.In suchinstance,init-instvar {} will invokewarn-instvar {},
to print out a warningaboutsucha variable. Theusercanselectively overridethis procedurein their simulationscripts,to
elidethiswarning.

Note that the actualbinding is doneby instantiatingobjectsin theclassInstVar. Eachobjectin theclassInstVar bindsone
compiledmembervariableto oneinterpretedmembervariable.A TclObjectstoresa list of InstVarobjectscorrespondingto
eachof its membervariablethatis boundin this fashion.Theheadof this list is storedin its membervariableinstvar_ of
theTclObject.

Onelastpoint to consideris thatnswill guaranteethattheactualvaluesof thevariable,bothin theinterpretedobjectandthe
compiledobject,will beidenticalat all times.However, if therearemethodsandothervariablesof thecompiledobjectthat
track the valueof this variable,they mustbe explicitly invokedor changedwhenever the valueof this variableis changed.
Thisusuallyrequiresadditionalprimitivesthattheusershouldinvoke. Onewayof providing suchprimitivesin ns is through
thecommand() methoddescribedin thenext section.

3.4.3 Variable Tracing

In additionto variablebindings,TclObjectalsosupportstracingof bothC++ andTcl instancevariables.A tracedvariable
canbecreatedandconfiguredeitherin C++ or Tcl. To establishvariabletracingat theTcl level, thevariablemustbevisible
in Tcl, which meansthat it mustbe a boundedC++/Tcl or a pureTcl instancevariable. In addition,the object that owns
thetracedvariableis alsorequiredto establishtracingusingtheTcl trace methodof TclObject.Thefirst argumentto the
trace methodmustbethenameof thevariable.Theoptionalsecondargumentspecifiesthetraceobjectthatis responsible
for tracingthatvariable.If thetraceobjectis notspecified,theobjectthatown thevariableis responsiblefor tracingit.

For a TclObjectto tracevariables,it mustextendtheC++ trace methodthat is virtually definedin TclObject. TheTrace
classimplementsasimpletrace method,thereby, it canactasa generictracerfor variables.

class Trace : public Connector {
...
virtual void trace(TracedVar*);

};

Below is a simpleexamplefor settingup variabletracingin Tcl:

# $tcp tracing its own variable cwnd_
$tcp trace cwnd_

# the variable ssthresh_ of $tcp is traced by a generic $tracer
set tracer [new Trace/Var]
$tcp trace ssthresh_ $tracer
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For a C++ variableto be traceable,it mustbelongto a classthatderivesfrom TracedVar. Thevirtual baseclassTracedVar
keepstrackof thevariable’sname,owner, andtracer. Classesthatderivesfrom TracedVarmustimplementthevirtual method
value , thattakesacharacterbuffer asanargumentandwritesthevalueof thevariableinto thatbuffer.

class TracedVar {
...
virtual char* value(char* buf) = 0;

protected:
TracedVar(const char* name);
const char* name_; // name of the variable
TclObject* owner_; // the object that owns this variable
TclObject* tracer_; // callback when the variable is changed
...

};

The TclCL library exports two classesof TracedVar: TracedInt andTracedDouble . Theseclassescanbe usedin
placeof the basictype int anddoublerespectively. Both TracedIntandTracedDoubleoverloadall the operatorsthat can
changethevalueof thevariablesuchasassignment,increment,anddecrement.Theseoverloadedoperatorsusetheassign
methodto assignthenew valueto thevariableandcall thetracerif thenew valueis differentfrom theold one.TracedIntand
TracedDoublealsoimplementtheirvalue methodsthatoutputthevalueof thevariableinto string.Thewidth andprecision
of theoutputcanbepre-specified.

3.4.4 command Methods: Definition and Invocation

For everyTclObjectthatis created,nsestablishestheinstanceprocedure,cmd{}, asahookto executingmethodsthroughthe
compiledshadow object.Theprocedurecmd{} invokesthemethodcommand() of theshadow objectautomatically, passing
theargumentsto cmd{} asanargumentvectorto thecommand() method.

The usercan invoke the cmd{} methodin oneof two ways: by explicitly invoking the procedure,specifyingthe desired
operationasthefirst argument,or implicitly, asif therewereaninstanceprocedureof thesamenameasthedesiredoperation.
Most simulationscriptswill usethelatterform, hence,wewill describethatmodeof invocationfirst.

Considerthethatthedistancecomputationin SRMis doneby thecompiledobject;however, it is oftenusedby theinterpreted
object.It is usuallyinvokedas:

$srmObject distance?
�
agentAddress �

If thereis no instanceprocedurecalleddistance? , theinterpreterwill invoketheinstanceprocedureunknown {}, defined
in thebaseclassTclObject.Theunknown proceduretheninvokes

$srmObject cmd distance?
�
agentAddress �

to executetheoperationthroughthecompiledobject’scommand() procedure.

Ofcourse,theusercouldexplicitly invoke theoperationdirectly. Onereasonfor this might be to overloadtheoperationby
usinganinstanceprocedureof thesamename.For example,

Agent/SRM/Adaptive instproc distance? addr {
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$self instvar distanceCache_
if ![info exists distanceCache_($addr)] {

set distanceCache_($addr) [ $self cmd distance? $addr]
}
set distanceCache_($addr)

}

We now illustratehow thecommand() methodusingASRMAgent::command () asanexample.

int ASRMAgent::command(int argc, const char*const*argv) {
Tcl& tcl = Tcl::instance();
if (argc == 3) {

if (strcmp(argv[1], "distance?") == 0) {
int sender = atoi(argv[2]);
SRMinfo* sp = get_state(sender);
tcl.tesultf("%f", sp->distance_);
return TCL_OK;

}
}
return (SRMAgent::command(argc, argv));

}

We canmake thefollowing observationsfrom this pieceof code:

� Thefunctionis calledwith two arguments:

Thefirst argument(argc ) indicatesthenumberof argumentsspecifiedin thecommandline to theinterpreter.

Thecommandline argumentsvector(argv ) consistsof

— argv[0] containsthenameof themethod,“cmd”.

— argv[1] specifiesthedesiredoperation.

— If theuserspecifiedany arguments,thenthey areplacedin argv[2...(argc - 1)] .

Theargumentsarepassedasstrings;they mustbeconvertedto theappropriatedatatype.

� If the operationis successfullymatched,the matchshouldreturnthe resultof the operationusingmethodsdescribed
earlier(Section3.3.3).

� command() itself mustreturneitherTCL_OKor TCL_ERRORto indicatesuccessor failureasits returncode.

� If theoperationisnotmatchedin thismethod,it mustinvokeitsparent’scommandmethod,andreturnthecorresponding
result.

This permitsthe userto concieve of operationsashaving the sameinheritancepropertiesas instanceproceduresor
compiledmethods.

In theeventthatthiscommandmethodis definedfor a classwith multiple inheritance,theprogrammerhastheliberty
to chooseoneof two implementations:

1) Eitherthey caninvokeoneof theparent’scommandmethod,andreturntheresultof thatinvocation,or

2) They caneachof theparent’scommandmethodsin somesequence,andreturntheresultof thefirst invocationthat
is successful.If noneof themaresuccessful,thenthey shouldreturnanerror.

In our document,we call operationsexecutedthroughthecommand() instproc-likes. This reflectstheusageof theseopera-
tionsasif they wereOTcl instanceproceduresof anobject,but canbeverysubtlydifferentin their realisationandusage.
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3.5 ClassTclClass

Thiscompiledclass(class TclClass ) is apurevirtual class.Classesderivedfrom thisbaseclassprovidetwo functions:
constructthe interpretedclasshierarchyto mirror the compiledclasshierarchy;and provide methodsto instantiatenew
TclObjects.Eachsuchderivedclassis associatedwith a particularcompiledclassin thecompiledclasshierarchy, andcan
instantiatenew objectsin theassociatedclass.

As anexample,considera classsuchastheclassRenoTcpClass . It is derivedfrom classTclClass , andis associated
with theclassRenoTcpAgent . It will instantiatenew objectsin theclassRenoTcpAgent . Thecompiledclasshierarchy
for RenoTcpAgent is thatit derivesfrom TcpAgent , thatin turnderivesfrom Agent , thatin turnderives(roughly)from
TclObject . RenoTcpClass is definedas

static class RenoTcpClass: public TclClass {
public:

RenoTcpClass() : TclClass("Agent/TCP/Reno") {}
TclObject* create(int argc, const char*const* argv) {

return (new RenoTcpAgent());
}

} class_reno;

We canmake thefollowing observationsfrom this definition:

1. Theclassdefinesonly theconstructor, andoneadditionalmethod,to create instancesof theassociatedTclObject.

2. nswill executetheRenoTcpClass constructorfor thestaticvariableclass_reno , whenit is first started.Thissets
up theappropriatemethodsandtheinterpretedclasshierarchy.

3. The constructorspecifiesthe interpretedclassexplicitly asAgent/TCP/Reno . This alsospecifiesthe interpreted
classhierarchyimplicitly.

Recall that the conventionin ns is to usethe characterslash(’/’) is a separator. For any given classA/B/C/D , the
classA/B/C/D is a sub-classof A/B/C , thatis itself a sub-classof A/B , that,in turn, is a sub-classof A. A itself is a
sub-classof TclObject .

In our caseabove, theTclClassconstructorcreatesthreeclasses,Agent/TCP/Reno sub-classof Agent/TCP sub-
classof Agent sub-classof TclObject .

4. Thisclassis associatedwith theclassRenoTcpAgent ; it creatsnew objectsin thisassociatedclass.

5. TheRenoTcpClass::create methodreturnsTclObjectsin theclassRenoTcpAgent .

6. Whentheuserspecifiesnew Agent/TCP/Reno , theroutineRenoTcpClass::create is invoked.

7. Theargumentsvector(argv ) consistsof

— argv[0] containsthenameof theobject.

— argv[1...3] contain$self , $class , and$proc . Sincecreate is calledthroughthe instanceprocedure
create-shadow , argv[3] containscreate-shadow .

— argv[4] containany additionalarguments(passedasa string)providedby theuser.

Theclass Trace illustratesargumenthandlingby TclClassmethods.

class TraceClass : public TclClass {
public:
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TraceClass() : TclClass("Trace") {}
TclObject* create(int args, const char*const* argv) {

if (args >= 5)
return (new Trace(*argv[4]));

else
return NULL;

}
} trace_class;

A new Traceobjectis createdas

new Trace "X"

Finally, thenitty-gritty detailsof how theinterpretedclasshierarchyis constructed:

1. Theobjectconstructoris executedwhennsfirst starts.

2. ThisconstructorcallstheTclClassconstructorwith thenameof theinterpretedclassasits argument.

3. TheTclClassconstructorstoresthenameof theclass,andinsertsthis objectinto a linkedlist of theTclClassobjects.

4. During initializationof thesimulator, Tcl_AppInit (void) invokesTclClass::bind (void)

5. For eachobjectin the list of TclClassobjects,bind () invokesregister {}, specifyingthenameof the interpreted
classasits argument.

6. register {} establishestheclasshierarchy, creatingtheclassesthatarerequired,andnot yet created.

7. Finally, bind () definesinstanceprocedurescreate-shadow anddelete-shadow for this new class.

3.6 ClassTclCommand

Thisclass(class TclCommand) providesjust themechanismfor nsto exportsimplecommandsto theinterpreter, thatcan
thenbeexecutedwithin aglobalcontext by theinterpreter. Therearetwo functionsdefinedin ~ns/misc.cc:ns-random and
ns-version . Thesetwo functionsareinitializedby thefunctioninit_misc (void),definedin ~ns/misc.cc;init_misc
is invokedby Tcl_AppInit (void) duringstartup.

� class VersionCommand definesthe commandns-version . It takesno argument,andreturnsthe currentns
versionstring.

% ns-version ;# get thecurrentversion
2.0a12

� class RandomCommanddefinesthecommandns-random . With no argument,ns-random returnsan integer,
uniformly distributedin theinterval 
 �
������������� .
Whenspecifiedanargument,it takesthatargumentastheseed.If this seedvalueis 0, thecommandusesa heuristic
seedvalue;otherwise,it setstheseedfor therandomnumbergeneratorto thespecifiedvalue.
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% ns-random ;# returna randomnumber
2078917053
% ns-random 0 ;# settheseedheuristically
858190129
% ns-random 23786 ;# setseedto specifiedvalue
23786

Notethat, it is generally not advisableto constructtop-level commandsthat are availableto theuser. We now describehow
to defineanew commandusingtheexampleclass say_hello . Theexampledefinesthecommandhi , to print thestring
“hello world”, followedby any commandline argumentsspecifiedby theuser. For example,

% hi this is ns [ns-version]
hello world, this is ns 2.0a12

1. Thecommandmustbedefinedwithin aclassderivedfrom theclass TclCommand. Theclassdefinitionis:

class say_hello : public TclCommand {
public:

say_hello();
int command(int argc, const char*const* argv);

};

2. Theconstructorfor theclassmustinvoketheTclCommandconstructorwith thecommandasargument;i.e.,

say_hello() : TclCommand("hi") {}

TheTclCommand constructorsetsup "hi" asa globalprocedurethatinvokesTclCommand::dispatch_cmd ().

3. Themethodcommand() mustperformthedesiredaction.

Themethodis passedtwo arguments.Thefirst argument,argc , containsthenumberof actualargumentspassedby
theuser.

Theactualargumentspassedby theuserarepassedasanargumentvector(argv ) andcontainsthefollowing:

— argv[0] containsthenameof thecommand(hi ).

— argv[1...(argc - 1)] containsadditionalargumentsspecifiedon thecommandline by theuser.

command() is invokedby dispatch_cmd ().

#include <streams.h> /* becauseweareusingstreamI/O */

int say_hello::command(int argc, const char*const* argv) {
cout << "hello world:";
for (int i = 1; i < argc; i++)

cout << ’ ’ << argv[i];
cout << ’ � n’;
return TCL_OK;

}

4. Finally, we requireaninstanceof thisclass.TclCommand instancesarecreatedin theroutineinit_misc (void).

new say_hello;
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Note that thereusedto bemorefunctionssuchasns-at andns-now thatwereaccessiblein this manner. Most of these
functionshave beensubsumedinto existing classes.In particular, ns-at andns-now areaccessiblethroughthescheduler
TclObject.Thesefunctionsaredefinedin ~ns/tcl/lib/ns-lib.tcl.

% set ns [new Simulator] ;# getnew instanceof simulator
_o1
% $ns now ;# querysimulatorfor currenttime
0
% $ns at ... ;# specifyat operationsfor simulator
...

3.7 ClassEmbeddedTcl

nspermitsthedevelopmentof functionalityin eithercompiledcode,or throughinterpretercode,thatis evaluatedat initializa-
tion. For example,thescripts~tclcl/tcl-object.tclor thescriptsin ~ns/tcl/lib. Suchloadingandevaluationof scriptsis done
throughobjectsin theclass EmbeddedTcl .

Theeasiestway to extendns is to addOTcl codeto either~tclcl/tcl-object.tclor throughscriptsin the~ns/tcl/lib directory.
Notethat,in thelattercase,nssources~ns/tcl/lib/ns-lib.tcl automatically, andhencetheprogrammermustaddacoupleof lines
to thisfile sothattheirscriptwill alsogetautomaticallysourcedby nsatstartup.As anexample,thefile ~ns/tcl/mcast/srm.tcl
definessomeof theinstanceproceduresto runSRM.In ~ns/tcl/lib/ns-lib.tcl, wehave thelines:

source tcl/mcast/srm.tcl

to automaticallygetsrm.tclsourcedby nsat startup.

Threepointsto notewith EmbeddedTclcodearethatfirstly, if thecodehasanerrorthatis caughtduringtheeval, thennswill
not run. Secondly, theusercanexplicitly overrideany of thecodein thescripts. In particular, they canre-sourcetheentire
scriptaftermakingtheir own changes.Finally, afteraddingthescriptsto ~ns/tcl/lib/ns-lib.tcl, andevery time thereafterthat
they changetheir script, theusermustrecompilens for their changesto take effect. Of course,in mostcases4, theusercan
sourcetheir scriptto overridetheembeddedcode.

Therestof this subsectionillustratehow to integrateindividualscriptsdirectly into ns. Thefirst stepis convert thescriptinto
anEmbeddedTclobject.Thelinesbelow expandns-lib.tcl andcreatetheEmbeddedTclobjectinstancecalledet_ns_lib :

tclsh bin/tcl-expand.tcl tcl/lib/ns-lib.tcl | �
../Tcl/tcl2c++ et_ns_lib > gen/ns_tcl.cc

Thescript,~ns/bin/tcl-expand.tclexpandsns-lib.tcl by replacingall source lineswith thecorrespondingsourcefiles.
Theprogram,~tclcl/tcl2cc.c,convertstheOTcl codeinto anequivalentEmbeddedTclobject,et_ns_lib .

During initialization, invoking themethodEmbeddedTcl::load explicitly evaluatesthearray.

— ~tclcl/tcl-object.tcl is evaluatedby the methodTcl::init (void); Tcl_AppInit () invokesTcl::Init (). The
exactcommandsyntaxfor theloadis:

4Thefew placeswherethis might not work arewhencertainvariablesmight have to bedefinedor undefined,or otherwisethescriptcontainscodeother
thanprocedureandvariabledefinitionsandexecutesactionsdirectly thatmight notbereversible.
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et_tclobject.load();

— Similarly, ~ns/tcl/lib/ns-lib.tcl is evaluateddirectlyby Tcl_AppInit in ~ns/ns_tclsh.cc.

et_ns_lib.load();

3.8 ClassInstVar

Thissectiondescribestheinternalsof theclass InstVar . Thisclassdefinesthemethodsandmechanismsto bindaC++
membervariablein thecompiledshadow objectto aspecifiedOTcl instancevariablein theequivalentinterpretedobject.The
binding is setup suchthat thevalueof thevariablecanbesetor accessedeitherfrom within the interpreter, or from within
thecompiledcodeat all times.

There are five instancevariableclasses:class InstVarReal , class InstVarTime , class InstVarBand-
width , class InstVarInt , andclass InstVarBool , correspondingto bindingsfor real,time,bandwidth,integer,
andbooleanvaluedvariablesrespectively.

We now describethemechanismby which instancevariablesaresetup. Weusetheclass InstVarReal to illustratethe
concept.However, this mechanismis applicableto all five typesof instancevariables.

Whensettingup an interpretedvariableto accessa membervariable,thememberfunctionsof theclassInstVar assumethat
they areexecutingin theappropriatemethodexecutioncontext; therefore,they do not querytheinterpreterto determinethe
context in which this variablemustexist.

In orderto guaranteethecorrectmethodexecutioncontext, a variablemustonly beboundif its classis alreadyestablished
within the interpreter, andthe interpreteris currentlyoperatingon anobjectin thatclass.Note that theformer requiresthat
when a methodin a given classis going to make its variablesaccessiblevia the interpreter, theremust be an associated
classTclClass(Section3.5)definedthat identifiestheappropriateclasshierarchyto theinterpreter. Theappropriatemethod
executioncontext canthereforebecreatedin oneof two ways.

An implicit solutionoccurswhenever a new TclObjectis createdwithin the interpreter. This setsup the methodexecution
context within theinterpreter. Whenthecompiledshadow objectof theinterpretedTclObjectis created,theconstructorfor
thatcompiledobjectcanbind its membervariablesof thatobjectto interpretedinstancevariablesin thecontext of thenewly
createdinterpretedobject.

An explicit solution is to definea bind-variables operationwithin a command function, that can then be invoked
via the cmd method. The correctmethodexecutioncontext is establishedin order to executethe cmd method. Likewise,
the compiledcodeis now operatingon the appropriateshadow object,andcanthereforesafelybind the requiredmember
variables.

An instancevariableis createdby specifyingthenameof theinterpretedvariable,andtheaddressof themembervariablein
thecompiledobject.Theconstructorfor thebaseclassInstVarcreatesaninstanceof thevariablein theinterpreter, andthen
setsup a traproutineto catchall accessesto thevariablethroughtheinterpreter.

Whenever thevariableis readthroughtheinterpreter, thetraproutineis invokedjust prior to theoccurrenceof theread.The
routineinvokestheappropriateget functionthatreturnsthecurrentvalueof thevariable.This valueis thenusedto setthe
valueof theinterpretedvariablethatis thenreadby theinterpreter.

Likewise,whenever thevariableis setthroughtheinterpreter, thetraproutineis invokedjust afterto thewrite is completed.
The routinegetsthecurrentvaluesetby the interpreter, andinvokestheappropriateset function thatsetsthevalueof the
compiledmemberto thecurrentvaluesetwithin theinterpreter.
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Part II

Simulator Basics
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Chapter 4

The ClassSimulator

Theoverall simulatoris describedby aTcl class Simulator . It providesasetof interfacesfor configuringa simulation
andfor choosingthetypeof eventschedulerusedto drive thesimulation.A simulationscriptgenerallybeginsby creatingan
instanceof this classandcalling variousmethodsto createnodes,topologies,andconfigureotheraspectsof thesimulation.
A subclassof SimulatorcalledOldSim is usedto supportnsv1 backwardcompatibility.

The proceduresand functions describedin this chaptercan be found in ~ns/tcl/lib/ns-lib.tcl, ~ns/scheduler.{cc,h}, and,
~ns/heap.h.

4.1 Simulator Initialization

Whena new simulationobjectis createdin tcl, theinitializationprocedureperformsthefollowing operations:

� initialize thepacket format(callscreate_packetformat )

� createa scheduler(defaultsto a calendarscheduler)

� createa “null agent”(adiscardsinkusedin variousplaces)

Thepacket formatinitializationsetsupfield offsetswithin packetsusedby theentiresimulation.It is describedin moredetail
in the following chapteron packets(Chapter11). Theschedulerrunsthesimulationin anevent-drivenmannerandmaybe
replacedby alternative schedulerswhich provide somewhatdifferentsemantics(seethe following sectionfor moredetail).
Thenull agentis createdwith thefollowing call:

set nullAgent_ [new Agent/Null]

This agentis generallyusefulasasink for droppedpacketsor asadestinationfor packetsthatarenot countedor recorded.

4.2 Schedulersand Events

The simulatoris an event-driven simulator. Therearepresentlyfour schedulersavailable in the simulator, eachof which
is implementedusing a different datastructure: a simple linked-list, heap,calendarqueue(default), and a specialtype
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called“real-time”. Eachof thesearedescribedbelow. The schedulerrunsby selectingthe next earliestevent,executingit
to completion,andreturningto executethe next event. Presently, the simulatoris single-threaded,andonly oneevent in
executionat any giventime. If morethanoneeventarescheduledto executeat thesametime, their executionis performed
on thefirst scheduled– first dispatchedmanner. Simultaneouseventsarenot re-orderedanymoreby schedulers(asit wasin
earlierversions)andall schedulersshouldyeild thesameorderof dispatchinggiventhesameinput.

No partialexecutionof eventsor pre-emptionis supported.

An eventgenerallycomprisesa“firing time” andahandlerfunction.Theactualdefinitionof aneventis foundin ~ns/scheduler.h:

class Event {
public:

Event* next_; /* eventlist */
Handler* handler_; /* handlerto call wheneventready*/
double time_; /* timeat which eventis ready*/
int uid_; /* uniqueID */
Event() : time_(0), uid_(0) {}

};
/*

* Thebaseclassfor all eventhandlers. Whenan event’sscheduled
* timearrives,it is passedto handlewhich mustconsumeit.
* i.e., if it needs to be freed it, it must be freed by the handler.
*/

class Handler {
public:

virtual void handle(Event* event);
};

Two typesof objectsarederivedfrom thebaseclass Event : packetsand“at-events”. Packetsaredescribedin detail in
the next chapter(Chapter11.2.1). An at-event is a tcl procedureexecutionscheduledto occurat a particulartime. This is
frequentlyusedin simulationscripts.A simpleexampleof how it is usedis asfollows:

...
set ns_ [new Simulator]
$ns_ use-scheduler Heap
$ns_ at 300.5 "$self complete_sim"
...

This tcl codefragmentfirst createsa simulationobject,thenchangesthedefault schedulerimplementationto beheap-based
(seebelow), andfinally schedulesthe function$self complete_sim to beexecutedat time 300.5(seconds)(Notethat
this particularcodefragmentexpectsto beencapsulatedin anobjectinstanceprocedure,wheretheappropriatereferenceto
$self is correctlydefined.).At-eventsareimplementedaseventswherethe handleris effectively an executionof the tcl
interpreter.

4.2.1 The List Scheduler

The list scheduler(class Scheduler/List ) implementstheschedulerusinga simplelinked-liststructure.The list is
kept in time-order(earliestto latest),so event insertionanddeletionrequirescanningthe list to find the appropriateentry.
Choosingthenext eventfor executionrequirestrimming thefirst entryoff theheadof thelist. This implementationpreserves
eventexecutionin a FIFOmannerfor simultaneousevents.
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4.2.2 the heapscheduler

The heapscheduler(class Scheduler/Heap ) implementsthe schedulerusinga heapstructure.This structureis su-
perior to the list structurefor a large numberof events,asinsertionanddeletiontimesare in ����� ��!�"$# for " events. This
implementationin nsv2 is borrowedfrom theMaRS-2.0simulator[1]; it is believedthatMaRSitself borrowedthecodefrom
NetSim[10], althoughthis lineagehasnot beencompletelyverified.

4.2.3 The Calendar QueueScheduler

Thecalendarqueuescheduler(class Scheduler/Calendar ) usesa datastructureanalogousto a one-yeardeskcal-
endar, in which eventson thesamemonth/dayof multiple yearscanberecordedin oneday. It is formally describedin [6],
andinformally describedin Jain(p. 410) [11]. The implementationof Calendarqueuesin nsv2 wascontributedby David
Wetherall(presentlyatMIT/LCS).

4.2.4 The Real-Time Scheduler

Thereal-timescheduler(class Scheduler/RealTime ) attemptsto synchronizetheexecutionof eventswith real-time.
It is currently implementedas a subclassof the list scheduler. The real-timecapability in ns is still underdevelopment,
but is usedto introducean ns simulatednetwork into a real-world topologyto experimentwith easily-configurednetwork
topologies,cross-traffic, etc. This only works for relatively slow network traffic datarates,asthesimulatormustbeableto
keeppacewith thereal-world packetarrival rate,andthissynchronizationis not presentlyenforced.

4.3 Other Methods

TheSimulator classprovidesanumberof methodsusedto setupthesimulation.They generallyfall into threecategories:
methodsto createandmanagethetopology(which in turn consistsof managingthenodes(Chapter5) andmanagingt

helinks (Chapter6)), methodsto performtracing(Chapter21),andhelperfunctionsto dealwith thescheduler. Thefollowing
is a list of thenon-topologyrelatedsimulatormethods:

Simulator instproc now ;# returnscheduler’snotionof currenttime
Simulator instproc at args ;# scheduleexecutionof codeat specifiedtime
Simulator instproc cancel args ;# cancelevent
Simulator instproc run args ;# start scheduler
Simulator instproc halt ;# stop(pause)thescheduler
Simulator instproc flush-trace ;# flushall traceobjectwrite buffers
Simulator instproc create-trace type files src dst ;# createtraceobject
Simulator instproc create_packetformat ;# setup thesimulator’spacket format
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4.4 Commandsat a glance

Synopsis:
ns <otclfile> <arg> <arg>..

Description:
Basic command to run a simulation script in ns.
The simulator (ns) is invoked via the ns interpreter, an extension of the
vanilla otclsh command shell. A simulation is defined by a OTcl script
(file). Several examples of OTcl scripts can be found under ns/tcl/ex
directory.

The following is a list of simulator commands commonly used in simulation
scripts:

set ns_ [new Simulator]

This command creates an instance of the simulator object.

set now [$ns_ now]

The scheduler keeps track of time in a simulation. This returns scheduler’s
notion of current time.

$ns_ halt

This stops or pauses the scheduler.

$ns_ run

This starts the scheduler.

$ns_ at <time> <event>

This schedules an <event> (which is normally a piece of code) to be executed
at the specified <time>.
e.g $ns_ at $opt(stop) "puts N̈S EXITING..¨ ; $ns_ halt"
or, $ns_ at 10.0 "$ftp start"
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$ns_ cancel <event>

Cancels the event. In effect, event is removed from scheduler’s list of
ready to run events.

$ns_ create-trace <type> <file> <src> <dst> <optional arg: op>

This creates a trace-object of type <type> between <src> and <dst> objects
and attaches trace-object to <file> for writing trace-outputs. If op is defined
as "nam", this creates nam tracefiles; otherwise if op is not defined, ns
tracefiles are created on default.

$ns_ flush-trace

Flushes all trace object write buffers.

$ns_ gen-map

This dumps information like nodes, node components, links etc created for a
given simulation. This may be broken for some scenarios (like wireless).

$ns_ at-now <args>

This is in effect like command "$ns_ at $now $args". Note that this function
may not work because of tcl’s string number resolution.

These are additional simulator (internal) helper functions (normally used
for developing/changing the ns core code) :

$ns_ use-scheduler <type>

Used to specify the type of scheduler to be used for simulation. The different
types of scheduler available are List, Calendar, Heap and RealTime. Currently
Calendar is used as default.

$ns_ after <delay> <event>

Scheduling an <event> to be executed after the lapse of time <delay>.

$ns_ clearMemTrace

Used for memory debugging purposes.

$ns_ is-started

This returns true if simulator has started to run and false if not.
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$ns_ dumpq

Command for dumping events queued in scheduler while scheduler is halted.

$ns_ create_packetformat

This sets up simulator’s packet format.
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Chapter 5

Nodesand Packet Forwarding

Thischapterdescribesoneaspectof creatingatopologyin ns, i.e., creatingthenodes.In thenext chapter(Chapter6), wewill
describesecondaspectof creatingthetopology, i.e., connectingthenodesto form links. Recallthateachsimulationrequires
a singleinstanceof theclass Simulator to controlandoperatethatsimulation.Theclassprovidesinstanceprocedures
to createandmanagethetopology, andinternallystoresreferencesto eachelementof thetopology. We begin by describing
theproceduresin theclassSimulator(Section5.1). We thendescribetheinstanceproceduresin theclassNode(Section5.2)
to accessandoperateon individualnodes.We concludewith detaileddescriptionsof theClassifier(Section5.3) from which
themorecomplex nodeobjectsareformed.

Theproceduresandfunctionsdescribedin this chaptercanbefoundin ~ns/tcl/lib/ns-lib.tcl, ~ns/tcl/lib/ns-nodes.tcl,
~ns/classifier.{cc, h}, ~ns/classifier-addr.cc,~ns/classifier-mcast.cc,~ns/classifier-mpath.cc,and,~ns/replicator.cc.

5.1 Simulator Methods: Creating the Topology

Thebasicprimitive for acquiringa nodeis

set ns [new Simulator]
$ns node

The instanceprocedurenode constructsa nodeout of moresimpleclassifierobjects(Section5.3). The Node itself is a
standaloneclassin OTcl. However, mostof thecomponentsof thenodearethemselvesTclObjects.Thetypical structureof
a nodeis asshown in Figure5.1.

Theaddressof anagentin anodeis 16bitswide: thehigher8 bitsdefinethenodeid_ , thelower8 bits identify theindividual
agentat thenode.This limits thenumberof nodesin a simulationto 256nodes.If theuserneedsto createa topologylarger
than256nodes,thenthey shouldfirst expandtheaddressspacebeforecreatingany nodes,as

$ns set-address-format expanded

This expandsthe addressspaceto 30 bits, the higher22 of which areusedto assignnodenumbers.NOTE: Startingfrom
release2.1b6,the above is no longernecessary;nsis using32-bit integersfor both addressandport. Therefore,the above
restrictionof 256nodesis no longerapplicable.
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Figure5.1: Structureof anUnicastNode

By default,nodesin nsareconstructedfor unicastsimulations.In orderto enablemulticastsimulation,thesimulationshould
becreatedwith anoption“-multicaston”, e.g.:

set ns [new Simulator -multicast on]

«««< nodes.tex NOTE: the old way of enablingmulticast, e.g., Simulator set EnableMcast_ 1, is no longer
needed.======= NOTE: the old way of enablingmulticast,e.g.,Simulator set EnableMcast_ 1, is no longer
needed.»»»>1.8Theinternalstructureof a typicalmulticastnodeis shown in Figure5.2.

Whenasimulationusesmulticastrouting,thehighestbit of theaddressindicateswhethertheparticularaddressis amulticast
addressor anunicastaddress.If thebit is 0, theaddressrepresentsa unicastaddress,elsetheaddressrepresentsa multicast
address.This impliesthat,by default,amulticastsimulationis restrictedto 128nodes.

5.2 NodeMethods: Configuring the Node

Proceduresto configureanindividualnodecanbeclassifiedinto:
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— Controlfunctions

— AddressandPortnumbermanagement,unicastroutingfunctions

— Agentmanagement

— Addingneighbors

We describeeachof thefunctionsin thefollowing paragraphs.

Control functions

1. $node entry returnstheentrypoint for a node.This is thefirst elementwhich will handlepacketsarriving at that
node.

TheNodeinstancevariable,entry_ , storesthereferencethiselement.For unicastnodes,this is theaddressclassifier
that looksat thehigherbits of the destinationaddress.The instancevariable,classifier_ containsthe reference
to this classifier. However, for multicastnodes,theentrypoint is theswitch_ which looksat the first bit to decide
whetherit shouldforwardthepacket to theunicastclassifier, or themulticastclassifierasappropriate.
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2. $node reset will resetall agentsat thenode.

3. $node enable-mcast is aninternalprocedureusedby theclasssimulatorwhencreatinga node.This procedure
installstheadditionalclassifiersneededto convertaunicastnodeto amulticastnode.

Addr essand Port number management Theprocedure$node id returnsthenodenumberof thenode. This number
is automaticallyincrementedandassignedto eachnodeat creationby the classSimulatormethod,$ns node . The class
Simulatoralsostoresan instancevariablearray1, Node_, indexedby thenodeid, andcontainsa referenceto thenodewith
thatid.

Theprocedure$node agent
�
port � returnsthehandleof theagentat thespecifiedport. If noagentat thespecifiedport

numberis available,theprocedurereturnsthenull string.

The procedurealloc-port returnsthe next availableport number. It usesan instancevariable,np_ , to track the next
unallocatedportnumber.

The procedures,add-route andadd-routes , areusedby unicastrouting (Chapter23) to addroutesto populatethe
classifier_ The usagesyntaxis $node add-route

�
destination id � �

TclObject � ; TclObject is the
entryof dmux_, theport demultiplexerat thenode,if thedestinationid is thesameasthis node’s id, it is oftentheheadof a
link to sendpacketsfor thatdestinationto, but couldalsobethetheentryfor otherclassifiersor typesof classifiers.

$node add-routes
�
destination id � �

TclObjects � is usedto addmultiple routesto thesamedestinationthat
mustbe usedsimultaneouslyin roundrobin mannerto spreadthe bandwidthusedto reachthatdestinationacrossall links
equally. It is usedonly if theinstancevariablemultiPath_ is setto 1, anddetaileddynamicroutingstrategiesarein effect,
andrequirestheuseof a multiPathclassifier. We describetheimplementationof themultiPathclassifierlater in this chapter
(Section5.3);however, wedeferthediscussionof multipathrouting(Chapter23) to thechapteron unicastrouting.

Thedualof add-routes {} is delete-routes {}. It takestheid, a list of TclObjects , anda referenceto thesimula-
tor’snullagent . It removestheTclObjectsin thelist from theinstalledroutesin themultipathclassifier. If therouteentry
in theclassifierdoesnot point to a multipathclassifier, theroutinesimply clearstheentryfrom classifier_ , andinstalls
thenullagent in its place.

Detaileddynamicrouting alsousestwo additionalmethods:the instanceprocedureinit-routing {} setsthe instance
variablemultiPath_ to be equalto the classvariableof the samename. It alsoaddsa referenceto the routecontroller
objectat that nodein the instancevariable,rtObject_ . The procedurertObject? {} returnsthe handlefor the route
objectat thenode.

Finally, theprocedureintf-changed {} is invokedby thenetwork dynamicscodeif a link incidenton thenodechanges
state.Additionaldetailsonhow this procedureis usedarediscussedlaterin thechapteron network dynamics(Chapter25).

Agent management Givenan
�
agent� , theprocedureattach {} will addtheagentto its list of agents_ , assigna port

numbertheagentandsetits sourceaddress,setthetargetof theagentto beits (i.e., thenode’s)entry {}, andadda pointer
to theport demultiplexerat thenode(dmux_) to theagentat thecorrespondingslot in thedmux_ classifier.

Conversely, detach {}will removetheagentfrom agents_ , andpoint theagent’s target,andtheentryin thenodedmux_
to nullagent .

Tracking Neighbors Eachnodekeepsa list of its adjacentneighborsin its instancevariable,neighbor_ . Theprocedure
add-neighbor {} addsaneighborto thelist. Theprocedureneighbors {} returnsthis list.

1i.e., aninstancevariableof aclassthatis alsoanarrayvariable
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5.3 The Classifier

The function of a nodewhenit receivesa packet is to examinethe packet’s fields, usually its destinationaddress,andon
occasion,its sourceaddress. It shouldthen map the valuesto an outgoing interfaceobject that is the next downstream
recipientof thispacket.

In ns, this taskis performedby a simpleclassifierobject.Multiple classifierobjects,eachlooking at a specificportionof the
packet forwardthepacket throughthenode.A nodein nsusesmany differenttypesof classifiersfor differentpurposes.This
sectiondescribessomeof themorecommon,or simpler, classifierobjectsin ns.

We begin with a descriptionof the baseclassin this section. The next subsectionsdescribethe addressclassifier(Sec-
tion 5.3.1), the multicastclassifier(Section5.3.2), the multipathclassifier(Section5.3.3),andfinally, the replicator(Sec-
tion 5.3.5).

A classifierprovidesa way to matcha packet againstsomelogical criteria andretrieve a referenceto anothersimulation
objectbasedon thematchresults.Eachclassifiercontainsa tableof simulationobjectsindexedby slot number. The job of
a classifieris to determinetheslot numberassociatedwith a receivedpacketandforwardthatpacket to theobjectreferenced
by thatparticularslot. TheC++ class Classifier (definedin ~ns/classifier.h) providesa baseclassfrom which other
classifiersarederived.

class Classifier : public NsObject {
public:

~Classifier();
void recv(Packet*, Handler* h = 0);

protected:
Classifier();
void install(int slot, NsObject*);
void clear(int slot);
virtual int command(int argc, const char*const* argv);
virtual int classify(Packet *const) = 0;
void alloc(int);
NsObject** slot_; /* tablethatmapsslot numberto a NsObject*/
int nslot_;
int maxslot_;

};

Theclassify () methodis purevirtual, indicatingtheclassClassifier is to beusedonly asabaseclass.Thealloc ()
methoddynamicallyallocatesenoughspacein thetableto hold thespecifiednumberof slots.The install () andclear ()
methodsaddor remove objectsfrom the table. The recv () methodandthe OTcl interfaceareimplementedasfollows in
~ns/classifier.cc:

/*
* objectsonly eversee"packet" events,which comeeither
* froman incominglink or a local agent(i.e., packetsource).
*/

void Classifier::recv(Packet* p, Handler*)
{

NsObject* node;
int cl = classify(p);
if (cl < 0 || cl >= nslot_ || (node = slot_[cl]) == 0) {

Tcl::instance().evalf("%s no-slot %d", name(), cl);
Packet::free(p);
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return;
}
node->recv(p);

}

int Classifier::command(int argc, const char*const* argv)
{

Tcl& tcl = Tcl::instance();
if (argc == 3) {

/*
* $classifier clear $slot
*/

if (strcmp(argv[1], "clear") == 0) {
int slot = atoi(argv[2]);
clear(slot);
return (TCL_OK);

}
/*

* $classifier installNext $node
*/

if (strcmp(argv[1], "installNext") == 0) {
int slot = maxslot_ + 1;
NsObject* node = (NsObject*)TclObject::lookup(argv[2]) ;
install(slot, node);
tcl.resultf("%u", slot);
return TCL_OK;

}
if (strcmp(argv[1], "slot") == 0) {

int slot = atoi(argv[2]);
if ((slot >= 0) || (slot < nslot_)) {

tcl.resultf("%s", slot_[slot]->name());
return TCL_OK;

}
tcl.resultf("Classifier: no object at slot %d", slot);
return (TCL_ERROR);

}
} else if (argc == 4) {

/*
* $classifier install $slot $node
*/

if (strcmp(argv[1], "install") == 0) {
int slot = atoi(argv[2]);
NsObject* node = (NsObject*)TclObject::lookup(argv[3]) ;
install(slot, node);
return (TCL_OK);

}
}
return (NsObject::command(argc, argv));

}

When a classifierrecv ()’s a packet, it handsit to the classify () method. This is defineddifferently in eachtype of
classifierderivedfrom thebaseclass.Theusualformat is for theclassify () methodto determineandreturna slot index
into thetableof slots. If the index is valid, andpointsto a valid TclObject,theclassifierwill handthepacket to thatobject
usingthatobject’s recv () method.If theindex is not valid, theclassifierwill invoke theinstanceprocedureno-slot {} to
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attemptto populatethe tablecorrectly. However, in the baseclassClassifier::no-slot {} prints anderror message
andterminatesexecution.

Thecommand() methodprovidesthefollowing instproc-likesto theinterpreter:

� clear {
�
slot� } clearstheentryin a particularslot.

� installNext {
�
object� } installstheobjectin thenext availableslot,andreturnstheslot number.

Notethatthis instproc-likeis overloadedby aninstanceprocedureof thesamenamethatstoresareferenceto theobject
stored.This thenhelpsquickqueryof theobjectsinstalledin theclassifierfrom OTcl.

� slot {
�
index � } returnstheobjectstoredin thespecifiedslot.

� install {
�
index � , �

object� } installsthespecified
�
object� at theslot

�
index � .

Note that this instproc-like too is overloadedby an instanceprocedureof thesamenamethatstoresa referenceto the
objectstored.This is alsoto quickly queryof theobjectsinstalledin theclassifierfrom OTcl.

5.3.1 AddressClassifiers

An addressclassifieris usedin supportingunicastpacket forwarding. It appliesa bitwise shift andmaskoperationto a
packet’s destinationaddressto producea slot number. The slot numberis returnedfrom the classify () method. The
class AddressClassifier (definedin ~ns/classifier-addr.cc) idedefinedasfollows:

class AddressClassifier : public Classifier {
public:

AddressClassifier() : mask_(~0), shift_(0) {
bind("mask_", (int*)&mask_);
bind("shift_", &shift_);

}
protected:

int classify(Packet *const p) {
IPHeader *h = IPHeader::access(p->bits());
return ((h->dst() >> shift_) & mask_);

}
nsaddr_t mask_;
int shift_;

};

Theclassimposesno directsemanticmeaningon a packet’sdestinationaddressfield. Rather, it returnssomenumberof bits
from the packet’s dst_ field asthe slot numberusedin the Classifier::recv () method. The mask_ andshift_
valuesaresetthroughOTcl.

5.3.2 Multicast Classifiers

Themulticastclassifierclassifiespacketsaccordingto bothsourceanddestination(group)addresses.It maintainsa (chained
hash)tablemappingsource/grouppairsto slot numbers.Whena packet arrivescontaininga source/groupunknown to the
classifier, it invokesanOtcl procedureNode::new-group {} to addanentryto its table.ThisOTcl proceduremayusethe
methodset-hash to addnew (source,group,slot) 3-tuplesto the classifier’s table. The multicastclassifieris definedin
~ns/classifier-mcast.ccasfollows:
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static class MCastClassifierClass : public TclClass {
public:

MCastClassifierClass() : TclClass("Classifier/Multicast") {}
TclObject* create(int argc, const char*const* argv) {

return (new MCastClassifier());
}

} class_mcast_classifier;

class MCastClassifier : public Classifier {
public:

MCastClassifier();
~MCastClassifier();

protected:
int command(int argc, const char*const* argv);
int classify(Packet *const p);
int findslot();
void set_hash(nsaddr_t src, nsaddr_t dst, int slot);
int hash(nsaddr_t src, nsaddr_t dst) const {

u_int32_t s = src ^ dst;
s ^= s >> 16;
s ^= s >> 8;
return (s & 0xff);

}
struct hashnode {

int slot;
nsaddr_t src;
nsaddr_t dst;
hashnode* next;

};
hashnode* ht_[256];
const hashnode* lookup(nsaddr_t src, nsaddr_t dst) const;

};

int MCastClassifier::classify(Packet *const pkt)
{

IPHeader *h = IPHeader::access(pkt->bits());
nsaddr_t src = h->src() >> 8; /*XXX*/
nsaddr_t dst = h->dst();
const hashnode* p = lookup(src, dst);
if (p == 0) {

/*
* Didn’t find an entry.
* Call tcl exactly once to install one.
* If tcl doesn’t come through then fail.
*/

Tcl::instance().evalf("%s new-group %u %u", name(), src, dst);
p = lookup(src, dst);
if (p == 0)

return (-1);
}
return (p->slot);

}

The class MCastClassifier mplementsa chainedhashtableandappliesa hashfunction on both the packet source
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anddestinationaddresses.Thehashfunctionreturnstheslot numberto index theslot_ tablein theunderlyingobject. A
hashmissimpliespacket delivery to a previously-unknown group;OTcl is calledto handlethesituation. TheOTcl codeis
expectedto insertanappropriateentryinto thehashtable.

5.3.3 MultiP ath Classifier

This objectis devisedto supportequalcostmultipathforwarding,wherethenodehasmultiple equalcostroutesto thesame
destination,andwould like to useall of themsimultaneously. This objectdoesnot look at any field in the packet. With
every succeedingpacket, it simply returnsthenext filled slot in roundrobin fashion.Thedefinitionsfor this classifierarein
~ns/classifier-mpath.cc,andareshown below:

class MultiPathForwarder : public Classifier {
public:

MultiPathForwarder() : ns_(0), Classifier() {}
virtual int classify(Packet* const) {

int cl;
int fail = ns_;
do {

cl = ns_++;
ns_ %= (maxslot_ + 1);

} while (slot_[cl] == 0 && ns_ != fail);
return cl;

}
private:

int ns_; /* next slot to beused. Probablya misnomer?*/
};

5.3.4 Hash Classifier

This object is usedto classify a packet asa memberof a particularflow. As their nameindicates,hashclassifiersusea
hashtable internally to assignpackets to flows. Theseobjectsareusedwhereflow-level information is required(e.g. in
flow-specificqueuingdisciplinesandstatisticscollection). Several “flow granularities”areavailable. In particular, pack-
ets may be assignedto flows basedon flow ID, destinationaddress,source/destinationaddresses,or the combinationof
source/destinationaddressesplusflow ID. Thefieldsaccessedby thehashclassifierarelimited to the ip header:src(),
dst(), flowid() (seeip.h ).

The hashclassifieris createdwith an integer argumentspecifyingthe initial sizeof its hashtable. The currenthashtable
sizemaybesubsequentlyalteredwith the resize method(seebelow). Whencreated,the instancevariablesshift_ and
mask_ areinitializedwith thesimulator’scurrentNodeShift andNodeMask values,respectively. Thesevaluesareretrieved
from theAddrParams objectwhenthehashclassifieris instantiated.Thehashclassifierwill fail to operateproperlyif the
AddrParams structureis not initialized. Thefollowing constructorsareusedfor thevarioushashclassifiers:

Classifier/Hash/SrcDest
Classifier/Hash/Dest
Classifier/Hash/Fid
Classifier/Hash/SrcDestFid

Thehashclassifierreceivespackets,classifiesthemaccordingto their flow criteria,andretrievestheclassifierslot indicating
thenext nodethatshouldreceivethepacket. In severalcircumstanceswith hashclassifiers,mostpacketsshouldbeassociated
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with a singleslot, while only a few flows shouldbedirectedelsewhere.Thehashclassifierincludesa default_ instance
variableindicatingwhichslot is to beusedfor packetsthatdonotmatchany of theper-flow criteria.Thedefault_ maybe
setoptionally.

Themethodsfor a hashclassifierareasfollows:

$hashcl set-hash buck src dst fid slot
$hashcl lookup buck src dst fid
$hashcl del-hash src dst fid
$hashcl resize nbuck

Theset-hash () methodinsertsa new entryinto thehashtablewithin thehashclassifier. Thebuck argumentspecifiesthe
hashtablebucketnumberto usefor theinsertionof thisentry. Whenthebucketnumberis notknown,buck maybespecified
as auto . The src, dst and fid argumentsspecify the IP source,destination,and flow IDs to be matchedfor flow
classification.Fieldsnot usedby a particularclassifier(e.g. specifyingsrc flor a flow-id classifier)is ignored. Theslot
argumentindicatestheindex into theunderlyingslot tablein thebaseClassifier objectfrom which thehashclassifieris
derived. The lookup functionreturnsthenameof theobjectassociatedwith thegivenbuck/src/dst/fid tuple. The
buck argumentmaybeauto , asfor set-hash . Thedel-hash functionremovesthespecifiedentryfrom thehashtable.
Currently, this is doneby simplymarkingtheentryasinactive,soit is possibleto populatethehashtablewith unusedentries.
Theresize functionresizesthehashtableto includethenumberof bucketsspecifiedby theargumentnbuck .

Providednodefault is defined,ahashclassifierwill performacall into OTcl whenit receivesapacketwhichmatchesnoflow
criteria.Thecall takesthefollowing form:

$obj unknown-flow src dst flowid buck

Thus,whena packet matchingno flow criteria is received, the methodunknown-flow of the instantiatedhashclassifier
objectis invokedwith thesource,destination,andflow id fieldsfrom thepacket. In addition,thebuck field indicatesthehash
bucket which shouldcontainthis flow if it wereinsertedusingset-hash . This arrangementavoids anotherhashlookup
whenperforminginsertionsinto theclassifierwhenthebucket is alreadyknown.

5.3.5 Replicator

The replicatoris differentfrom the otherclassifierswe have describedearlier, in that it doesnot usethe classifyfunction.
Rather, it simplyusestheclassifierasa tableof " slots;it overloadstherecv () methodto produce" copiesof a packet,that
aredeliveredto all " objectsreferencedin thetable.

To supportmulticastpacketforwarding,aclassifierreceiving amulticastpacketfrom source% destinedfor group & computes
ahashfunction '(�)%*�+&,# giving a“slot number”in theclassifier’sobjecttable.In multicastdelivery, thepacketmustbecopied
oncefor eachlink leadingto nodessubscribedto & minusone.Productionof additionalcopiesof thepacket is performedby
a Replicator class,definedin replicator.cc :

/*
* A replicatoris not really a packetclassifierbut
* wesimplyfindconveniencein leveraging its slot table.
* (this objectusedto implementfan-outona multicast
* routeraswell asbroadcastLANs)
*/

class Replicator : public Classifier {
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public:
Replicator();
void recv(Packet*, Handler* h = 0);
virtual int classify(Packet* const) {};

protected:
int ignore_;

};

void Replicator::recv(Packet* p, Handler*)
{

IPHeader *iph = IPHeader::access(p->bits());
if (maxslot_ < 0) {

if (!ignore_)
Tcl::instance().evalf("%s drop %u %u", name(),

iph->src(), iph->dst());
Packet::free(p);
return;

}
for (int i = 0; i < maxslot_; ++i) {

NsObject* o = slot_[i];
if (o != 0)

o->recv(p->copy());
}
/* weknowthatmaxslotis non-null */
slot_[maxslot_]->recv(p);

}

As we canseefrom thecode,this classdoesnot really classifypackets. Rather, it replicatesa packet, onefor eachentry in
its table,anddeliversthecopiesto eachof thenodeslistedin thetable.Thelastentryin thetablegetsthe“original” packet.
Sincetheclassify () methodis purevirtual in thebaseclass,thereplicatordefinesanemptyclassify () method.
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5.4 Commandsat a glance

Following is a list of commonnodecommandsusedin simulationscripts:

$ns_ node
Commandto createa simplenode.This returnsahandleto thenodeinstancecreated.

$ns_ node <hierarchical address>
Commandto createa nodewith hierarchicaladdressing/routing.This too returnsa handleto thehier-nodeinstance.

$ns_ node-config <-option> <value>
This commandis a partof thenew NodeAPIs andsetsup configurationfor a givennodetype.Notethatthis commandhas
to becalledbeforecreationof thenodes.Thedefaultvalue(i.e if node-configis notcalled)setsupconfigurationfor asimple
nodewith flat addressing/routing.Thedetailsondifferent<options>andtheiravailable<values>thatcanbeusedto
configureanodecanbefoundin chaptertitled "Restructuringnsnodeandnew NodeAPIs" in nsNotesandDocumentation.

$node id
Returnstheid numberof thenode.

$node node-addr
Returnstheaddressof thenode.In caseof flat addressing,thenodeaddressis sameasits node-id.In caseof hierarchical
addressing,thenodeaddressin theform of astring(viz. "1.4.3") is returned.

$node reset
Resetsall agentattachedto this node.

$node agent <port_num>
Returnsthehandleof theagentat thespecifiedport. If noagentis foundat thegivenport,anull stringis returned.

$node entry
Returnstheentrypoint for thenode.This is first objectthathandlespacket receiving at this node.

$node attach <agent> <optional:port_num>
Attachesthe<agent>to this node.Incaseno specificport numberis passed,thenodeallocatesaport numberandbindsthe
agentto this port. Thusoncetheagentis attached,it receivespacketsdestinedfor this host(node)andport.

$node detach <agent> <null_agent>
This is thedualof "attach"describedabove. It detachestheagentfrom thisnodeandinstallsa null-agentto theport this
agentwasattached.This is doneto handletransitpacketsthatmaybedestinedto thedetachedagent.Theseon-the-flypkts
arethensinkedat thenull-agent.

$node neighbors
This returnsthelist of neighborsfor thenode.

$node add-neighbor <neighbor_node>
This is a commandto add<neighbor_node> to thelist of neighborsmaintainedby thenode.

Following is a list of internalnodemethods:

$node enable-mcast
This is aninternalprocedureusedby ClassSimulatorwhile creatinga nodeandis usedto install additionalmulticast
classifierswithin thenodethatconvertsanunicastnodeinto a multicastone.
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$node add-route <destination_id> <target>
This is usedin unicastroutingto populatetheclassifier. Thetargetis a Tcl object,whichmaybetheentryof dmux_ (port
demultiplexer in thenode)incasethe<destination_id> is sameasthis node-id.Otherwiseit is usuallytheheadof the
link for thatdestination.It couldalsobetheentryfor otherclassifiers.

$node alloc-port <null_agent>
This returnsthenext availableportnumber. Usesinstancevariablenp_ to trackthenext unallocatedport number.

$node incr-rtgtable-size
Theinstancevariablertsize_ is usedto keeptrackof sizeof routing-tablein eachnode.Thiscommandis usedto
increasetherouting-tablesizeevery timeanrouting-entryis addedto theclassifiers.

$node getNode
Returnstheinstanceof self (thenode).

$node attachInterfaces <ifaces>
Attachesthenodeto eachof the<ifaces>.

$node addInterface <iface>
Addsthe<iface>to thelist of interfacesfor thenode.

$node createInterface <num>
Createsa new network interfaceandlabelsit with <num>.

$node getInterfaces
Returnsthelist of interfacesfor thenode.

Thereareothernodecommandsthatsupportshierarchicalrouting,PIM, IntTCP, detaileddynamicrouting,equalcost
multipathrouting,PGM router, manualroutingandpowermodelfor mobilenodes.Theseandothermethodsdescribed
earliercanbefoundin ns/tcl/lib/ns-node.tcl.
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Chapter 6

Links: SimpleLinks

This is thesecondaspectof definingthe topology. In thepreviouschapter(Chapter5), we haddescribedhow to createthe
nodesin thetopologyin ns. We now describehow to createthelinks to connectthenodesandcompletethetopology. In this
chapter, we restrictourselvesto describingthesimplepoint to point links. nssupportsa varietyof othermedia,includingan
emulationof a multi-accessLAN usinga meshof simplelinks, andothertruesimulationof wirelessandbroadcastmedia.
They will bedescribedin a separatechapter. TheCBQlink is derivedfrom simplelinks andis a considerablymorecomplex
form of link thatis alsonot describedin this chapter.

Webegin by describingthecommandsto createalink in thissection.As with thenodebeingcomposedof classifiers,asimple
link is built up from a sequenceof connectors.We alsobriefly describesomeof the connectorsin a simplelink. We then
describetheinstanceproceduresthatoperateonthevariouscomponentsof definedby someof theseconnectors(Section6.1).
We concludethe chapterwith a descriptionthe connectorobject(Section6.2), includingbrief descriptionsof the common
link connectors.

Theclass Link is astandaloneclassin OTcl, thatprovidesafew simpleprimitives.Theclass SimpleLink provides
theability to connecttwo nodeswith a point to point link. nsprovidestheinstanceproceduresimplex-link {} to form a
unidirectionallink from onenodeto another. Thelink is in theclassSimpleLink. Thefollowing describesthesyntaxof the
simplex link:

set ns [new Simulator]
$ns simplex-link

�
node0 � �

node1 � �
bandwidth � �

delay � �
queue_type �

The commandcreatesa link from
�
node0 � to

�
node1 � , with specified

�
bandwidth � and

�
delay � characteristics.The

link usesaqueueof type
�
queue_type � . TheprocedurealsoaddsaTTL checker to thelink. Five instancevariablesdefine

thelink:
head_ Entry point to thelink, it pointsto thefirst objectin thelink.

queue_ Referenceto the main queueelementof the link. Simplelinks usually
have onequeueper link. Othermorecomplex typesof links may have
multiple queueelementsin thelink.

link_ A referenceto theelementthatactuallymodelsthe link, in termsof the
delayandbandwidthcharacteristicsof thelink.

ttl_ Referenceto theelementthatmanipulatesthettl in everypacket.

drophead_ Referenceto anobjectthatis theheadof aqueueof elementsthatprocess
link drops.

In addition, if the simulatorinstancevariable,$traceAllFile_ , is defined,the procedurewill addtraceelementsthat
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head_
enqT_

drophead_

deqT_queue_ link_ ttl_

Link

drpT_

rcvT_

Figure6.1: CompositeConstructionof a UnidirectionalLink

trackwhenapacket is enqueuedanddequeuedfrom queue_ . Furthermore,tracinginterposesadroptraceelementafterthe
drophead_ . Thefollowing instancevariablestrackthetraceelements:

enqT_ Referenceto theelementthattracespacketsenteringqueue_ .

deqT_ Referenceto theelementthattracespacketsleaving queue_ .

drpT_ Referenceto theelementthattracespacketsdroppedfrom queue_ .

rcvT_ Referenceto theelementthattracespacketsreceivedby thenext node.

Notehowever, thatif theuserenabletracingmultiple timeson thelink, theseinstancevariableswill only storea referenceto
thelastelementsinserted.

Otherconfigurationmechanismsthat addcomponentsto a simple link arenetwork interfaces(usedin multicastrouting),
link dynamicsmodels,andtracingandmonitors. We give a brief overview of the relatedobjectsat the endof this chapter
(Section6.2),anddiscusstheir functionality/implementationin otherchapters.

Theinstanceprocedureduplex-link {} constructsabi-directionallink from two simplex links.

6.1 InstanceProceduresfor Links and SimpleLinks

Link procedures The class Link is implementedentirely in Otcl. The OTcl SimpleLink classusesthe C++
LinkDelay classto simulatepacketdeliverydelays.Theinstanceproceduresin theclassLink are:
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head {} returnsthehandlefor head_ .

queue {} returnsthehandlefor queue_ .

link {} returnsthehandlefor thedelayelement,link_ .

up{} set link statusto “up” in the dynamics_ element. Also, writes out a traceline to eachfile
specifiedthroughtheproceduretrace-dynamics {}.

down{} As with up{}, setlink statusto “down” in thedynamics_ element.Also, writesout a trace
line to eachfile specifiedthroughtheproceduretrace-dynamics {}.

up? {} returnsstatusof thelink. Statusis “up” or “down”; statusis “up” if link dynamicsis notenabled.

all-connectors {} Apply specifiedoperationto all connectorson the link.p An exampleof suchusageis link
all-connectors reset .

cost {} setlink costto valuespecified.

cost? {} returnsthecostof thelink. Default costof link is 1, if nocosthasbeenspecifiedearlier.

SimpleLink Procedures The Otcl class SimpleLink implementsa simple point-to-point link with an associated
queueanddelay1. It is derivedfrom thebaseOtcl classLink asfollows:

Class SimpleLink -superclass Link
SimpleLink instproc init { src dst bw delay q { lltype "DelayLink" } } {

$self next $src $dst
$self instvar link_ queue_ head_ toNode_ ttl_
...
set queue_ $q
set link_ [new Delay/Link]
$link_ set bandwidth_ $bw
$link_ set delay_ $delay

$queue_ target $link_
$link_ target [$toNode_ entry]

...
# XXX
# put the ttl checker after the delay
# so we don’t have to worry about accounting
# for ttl-drops within the trace and/or monitor
# fabric
#
set ttl_ [new TTLChecker]
$ttl_ target [$link_ target]
$link_ target $ttl_

}

Notice thatwhena SimpleLink objectis created,new Delay/Link andTTLChecker objectsarealsocreated.Note
alsothat,theQueue objectmusthavealreadybeencreated.

Therearetwo additionalmethodsimplemented(in OTcl) aspartof theSimpleLink class:trace andinit-monitor .
Thesefunctionsaredescribedin furtherdetail in thesectionon tracing(Chapter21).

1Thecurrentversionalsoincludesanobjectto examinethenetwork layer“ttl” field anddiscardpacketsif thefield reacheszero.
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6.2 Connectors

Connectors,unlink classifiers,only generatedatafor onerecipient;eitherthepacket is deliveredto the target_ neighbor,
or it is sentto hedrop-target_ .

A connectorwill receive a packet, performsomefunction,anddeliver thepacket to its neighbor, or dropthepacket. There
areanumberof differenttypesof connectorsin ns. Eachconnectorperformsa differentfunction.

networkinterface labelspacketswith incominginterfaceidentifier—it is usedby somemulticastroutingprotocols.The
classvariable“Simulator NumberInterfaces_1” tells ns to addtheseinterfaces,andthen,it is added
to either end of the simplex link. Multicast routing protocolsare discussedin a separatechapter
(Chapter24).

DynaLink Objectthatgatestraffic dependingonwhetherthelink is upor down. It expectsto beat theheadof the
link, andis insertedon the link just prior to simulationstart. It’ s status_ variablecontrolwhether
the link is up or down. The descriptionof how the DynaLink objectis usedis in a separatechapter
(Chapter25).

DelayLink Objectthatmodelsthelink’sdelayandbandwidthcharacteristics.If thelink is not dynamic,thenthis
objectsimply schedulesreceive eventsfor the downstreamobject for eachpacket it receivesat the
appropriatetime for thatpacket. However, if thelink is dynamic,thenit queuesthepacketsinternally,
andschedulesonereceivesevent for itself for the next packet that mustbe delivered. Thus, if the
link goesdown at somepoint, this object’s reset () methodis invoked,andthe objectwill drop all
packetsin transitat theinstantof link failure. We discussthespecificsof this classin anotherchapter
(Chapter8).

Queues modeltheoutputbuffersattachedto a link in a “real” routerin a network. In ns, they areattachedto,
andareconsideredaspartof the link. We discussthedetailsof queuesanddifferenttypesof queues
in nsin anotherchapter(Chapter7).

TTLChecker will decrementthettl in eachpacket that it receives. If that ttl thenhasa positive value,thepacket is
forwardedto thenext elementon thelink. In thesimplelinks, TTLCheckersareautomaticallyadded,
andareplacedasthe last elementon the link, betweenthe delayelement,andthe entry for the next
node.

6.3 Object hierarchy

Thebaseclassusedto representlinks is calledLink. Methodsfor this classarelisted in thenext section.Otherlink objects
derivedfrom thebaseclassaregivenasfollows:

� SimpleLinkObjectA SimpleLinkobjectis usedto representa simpleunidirectionallink. Thereareno statevariables
or configurationparametersassociatedwith thisobject.Methodsfor thisclassare:$simplelink enable-mcast
<src> <dst>
This turnson multicastfor thelink by creatinganincomingnetwork interfacefor thedestinationandaddsanoutgoing
interfacefor thesource.

$simplelink trace <ns> <file> <optional:op>
Build traceobjectsfor this link andupdateobjectlinkage.If op is specifiedas"nam"createnamtracefiles.

$simplelink nam-trace <ns> <file>
Setsup namtracingin thelink.

$simplelink trace-dynamics <ns> <file> <optional:op>
Thissetsup tracingspeciallyfor dynamiclinks. <op>allowssettingup of namtracingaswell.
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$simplelink init-monitor <ns> <qtrace> <sampleInterval>
Insertobjectsthatallow usto monitorthequeuesizeof this link. Returnthenameof theobjectthatcanbequeriedto
determinetheaveragequeuesize.

$simplelink attach-monitors <insnoop> <outsnoop> <dropsnoop> <qmon>
This is similar to init-monitor, but allows for specificationof moreof theitems.

$simplelink dynamic
Setsup thedynamicflag for this link.

$simplelink errormodule <args>
Insertsanerrormodulebeforethequeue.

$simpleilnk insert-linkloss <args>
Insertstheerrormoduleafterthequeue.

//Otherlink objectsderivedfrom classSimpleLinkareFQLink, CBQLink andIntServLink.

Configurationparametersfor FQLink are:

queueManagement_Thetypeof queuemanagementusedin thelink. Default valueis DropTail.

No configurationparametersarespecifiedfor CBQLink andIntServLinkobjects.

� DelayLinkObjectTheDelayLinkObjectsdeterminetheamountof timerequiredfor apacket to traversea link. This is
definedto besize/bw+ delaywheresizeis thepacket size,bw is thelink bandwidthanddelayis thelink propagation
delay. Thereareno methodsor statevariablesassociatedwith this object.

ConfigurationParametersare:

bandwidth_ Link bandwidthin bits persecond.

delay_ Link propagationdelayin seconds.

6.4 Commandsat a glance

Following is a list of commonlink commandsusedin simulationscripts:

$ns_ simplex-link <node1> <node2> <bw> <delay> <qtype> <args>
This commandcreatesanunidirectionallink betweennode1andnode2with specifiedbandwidth(BW) anddelay
characteristics.Thelink usesa queuetypeof <qtype>anddependingon thequeuetypedifferentargumentsarepassed
through<args>.

$ns_ duplex-link <node1> <node2> <bw> <delay> <qtype> <args>
This createsa bi-directionallink betweennode1andnode2.Thisprocedureessentiallycreatesa duplex-link from two
simplex links, onefrom node1to node2andtheotherfrom node2to node1.Thesyntaxfor duplex-link is sameasthatof
simplex-link describedabove.

$ns_ duplex-intserv-link <n1> <n2> <bw> <dly> <sched> <signal> <adc> <args>
This createsa duplex-link betweenn1 andn2 with queuetypeof intserv, with specifiedBW anddelay. This typeof queue
implementsaschedulerwith two level servicespriority. Thetypeof intservqueueis givenby <sched>,with admission
controlunit typeof <adc>andsignalmoduleof type<signal>.

$ns_ simplex-link-op <n1> <n2> <op> <args>
This is usedto setattributesfor a simplex link. Theattributesmaybetheorientation,coloror queue-position.

$ns_ duplex-link-op <n1> <n2> <op> <args>
This commandis usedto setlink attributes(like orientationof thelinks, color or queue-position)for duplex links.
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$ns_ link-lossmodel <lossobj> <from> <to>
This functiongenerateslosses(usingthelossmodel<lossobj>insertedin thelink between<from> nodeand<to> node)in
thelink thatcanbevisualizedby nam.

$ns_ lossmodel <lossobj> <from> <to>
This is usedto inserta lossmodulein regularlinks.

Following is a list of internallink-relatedprocedures:

$ns_ register-nam-linkconfig <link>
This is aninternalprocedureusedby "$link orient" to register/updatetheorderin which links shouldbecreatedin
nam.

$ns_ remove-nam-linkconfig <id1> <id2>
This procedureis usedto removeany duplicatelinks (duplicatelinks maybecreatedby GT-ITM topologygenerator).

$link head
Returnstheinstancevariablehead_ for thelink. Thehead_ is theentrypontto thelink andit pointsto thefirst objectin
thelink.

$link add-to-head <connector>
This allows the<connector>objectto benow pointedby thehead_ elementin thelink, i.e, <connector>now becomesthe
first objectin thelink.

$link link
Returnstheinstancevariablelink_ . The link_ is theelementin thelink thatactuallymodelsthelink in termsof delay
andbandwidthcharacteristicsof thelink.

$link queue
Returnstheinstancevariablequeue_ . queue_ is queueelementin thelink. Theremaybeoneor morequeueelementsin
a particularlink.

$link cost <c>
This setsa link costof <c>.

$link cost?
Returnsthecostvaluefor thelink. Default costof link is setto 1.

$link if-label?
Returnsthenetwork interfacesassociatedwith thelink (for multicastrouting).

$link up
This setsthelink statusto "up". Thiscommandis a partof network dynamicssupportin ns.

$link down
Similar to up, thiscommandmarksthelink statusas"down".

$link up?
Returnsthelink status.Thestatusis always"up" asdefault, if link dynamicsis not enabled.

$link all-connectors op
This commandappliesthespecifiedoperation<op>to all connectorsin thelink. Like,$link all-connectors
reset or $link all-connectors isDynamic .
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$link install-error <errmodel>
This installsanerrormoduleafterthe link_ element.

In additionto theLink andlink-relatedcommandslistedabove,thereareotherproceduresto supportthespecific
requirementsof differenttypesof links derivedfrom thebaseclass"Link" likesimple-link(SimpleLink),integratedservice
(IntServLink),class-basedqueue(CBQLink), fair queue(FQLink) andproceduresto supportmulticastrouting,sessionsim,
nametc.Theseandtheaboveproceduresmaybefoundin ns/tcl/lib(ns-lib.tcl, ns-link.tcl,ns-intserv.tcl, ns-namsupp.tcl,
ns-queue.tcl),ns/tcl/mcast/(McastMonitor.tcl, ns-mcast.tcl),ns/tcl/session/session.tcl.
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Chapter 7

QueueManagementand Packet Scheduling

Queuesrepresentlocationswherepacketsmaybeheld (or dropped).Packet schedulingrefersto the decisionprocessused
to choosewhich packets shouldbe servicedor dropped. Buffer managementrefersto any particulardiscipline usedto
regulatethe occupancy of a particularqueue. At present,supportis includedfor drop-tail (FIFO) queueing,RED buffer
management,CBQ (includinga priority andround-robinscheduler),andvariantsof Fair Queueingincluding,Fair Queueing
(FQ), StochasticFair Queueing(SFQ),and Deficit Round-Robin(DRR). In the commoncasewherea delay elementis
downstreamfrom aqueue,thequeuemaybeblockeduntil it is re-enabledby its downstreamneighbor. This is themechanism
by which transmissiondelayis simulated.In addition,queuesmay be forcibly blockedor unblockedat arbitrarytimesby
their neighbors(which is usedto implementmulti-queueaggregatequeueswith inter-queueflow control). Packet dropsare
implementedin sucha way thatqueuescontaina “drop destination”;that is, anobjectthatreceivesall packetsdroppedby a
queue.This canbeusefulto (for example)keepstatisticson droppedpackets.

7.1 The C++ QueueClass

The Queue classis derived from a Connector baseclass. It providesa baseclassusedby particulartypesof (derived)
queueclasses,aswell asacall-backfunctionto implementblocking(seenext section).Thefollowingdefinitionsareprovided
in queue.h :

class Queue : public Connector {
public:

virtual void enque(Packet*) = 0;
virtual Packet* deque() = 0;
void recv(Packet*, Handler*);
void resume();
int blocked();
void unblock();
void block();

protected:
Queue();
int command(int argc, const char*const* argv);
int qlim_; /* maximumallowedpktsin queue*/
int blocked_;
int unblock_on_resume_; /* unblock q on idle? */
QueueHandler qh_;
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};

Theenque anddeque functionsarepurevirtual, indicatingtheQueue classis to beusedasabaseclass;particularqueues
arederivedfrom Queue andimplementthesetwo functionsasnecessary. Particularqueuesdo not, in general,overridethe
recv functionbecauseit invokesthetheparticularenque anddeque .

TheQueue classdoesnot containmuchinternalstate.Oftenthesearespecialmonitoringobjects(Chapter21). Theqlim_
memberis constructedto dictatea boundon the maximumqueueoccupancy, but this is not enforcedby the Queue class
itself; it must be usedby the particularqueuesubclassesif they needthis value. The blocked_ memberis a boolean
indicatingwhetherthequeueis ableto senda packet immediatelyto its downstreamneighbor. Whenaqueueis blocked,it is
ableto enqueuepacketsbut not sendthem.

7.1.1 Queueblocking

A queuemay be eitherblocked or unblockedat any given time. Generally, a queueis blocked whena packet is in transit
betweenit andits downstreamneighbor(mostof thetime if thequeueis occupied).A blockedqueuewill remainblockedas
long asit downstreamlink is busyandthequeuehasat leastonepacket to send.A queuebecomesunblockedonly whenits
resume functionis invoked(by meansof a downstreamneighborschedulingit via acallback),usuallywhenno packetsare
queued.Thecallbackis implementedby usingthefollowing classandmethods:

class QueueHandler : public Handler {
public:

inline QueueHandler(Queue& q) : queue_(q) {}
void handle(Event*); /* calls queue_.resume() */

private:
Queue& queue_;

};
void QueueHandler::handle(Event*)
{

queue_.resume();
}

Queue::Queue() : drop_(0), blocked_(0), qh_(*this)
{

Tcl& tcl = Tcl::instance();
bind("limit_", &qlim_);

}
void Queue::recv(Packet* p, Handler*)
{

enque(p);
if (!blocked_) {

/*
* We’re not block. Get a packet and send it on.
* We perform an extra check because the queue
* might drop the packet even if it was
* previously empty! (e.g., RED can do this.)
*/

p = deque();
if (p != 0) {

blocked_ = 1;
target_->recv(p, &qh_);
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}
}

}
void Queue::resume()
{

Packet* p = deque();
if (p != 0)

target_->recv(p, &qh_);
else {

if (unblock_on_resume_)
blocked_ = 0;

else
blocked_ = 1;

}
}

The handlermanagementhereis somewhat subtle. Whena new Queue object is created,it includesa QueueHandler
object(qh_ ) which is initialized to containa referenceto thenew Queue object(Queue& QueueHandler::queue_ ).
This is performedby theQueue constructorusingtheexpressionqh_(*this) . Whena Queuereceivesa packet it calls
the subclass(i.e. queueingdiscipline-specific)versionof theenque functionwith thepacket. If the queueis not blocked,
it is allowed to senda packet and calls the specificdeque function which determineswhich packet to send,blocks the
queue(becausea packet is now in transit),andsendsthe packet to the queue’s downstreamneighbor. Note thatany future
packetsreceived from upstreamneighborswill arrive to a blocked queue. Whena downstreamneighborwishesto cause
thequeueto becomeunblockedit schedulestheQueueHandler’shandle functionby passing&qh_ to thesimulatorsched-
uler. Thehandle function invokesresume , which will sendthenext-scheduledpacket downstream(andleave thequeue
blocked),or unblockthequeuewhenno packet is readyto besent.This processis mademoreclearby alsoreferringto the
LinkDelay::recv () method(Section8.1).

7.1.2 PacketQueueClass

The Queue classmay implementbuffer managementandschedulingbut do not implementthe low-level operationson a
particularqueue.ThePacketQueue classis usedfor this purpose,andis definedasfollows(seequeue.h ):

class PacketQueue {
public:

PacketQueue();
int length(); /* queue length in packets */
void enque(Packet* p);
Packet* deque();
Packet* lookup(int n);
/* remove a specific packet, which must be in the queue */
void remove(Packet*);

protected:
Packet* head_;
Packet** tail_;
int len_; // packet count

};

This classmaintainsa linked-list of packets,and is commonlyusedby particularschedulingandbuffer managementdis-
ciplines to hold an orderedsetof packets. Particularschedulingor buffer managementschemesmay make useof several
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PacketQueue objects. The PacketQueue classmaintainscurrentcountsof the numberof packetsheld in the queue
which is returnedby the length () method. The enque function placesthe specifiedpacket at the endof the queueand
updatesthe len_ membervariable. The deque function returnsthe packet at the headof the queueandremovesit from
thequeue(andupdatesthecounters),or returnsNULL if thequeueis empty. The lookup functionreturnsthe " th packet
from theheadof thequeue,or NULL otherwise.The remove functiondeletesthepacket storedin thegivenaddressfrom
thequeue(andupdatesthecounters).It causesanabnormalprogramterminationif thepacketdoesnot exist.

7.2 Example: Drop Tail

Thefollowing exampleillustratestheimplementationof theQueue/DropTail object,whichimplementsFIFOscheduling
anddrop-on-overflow buffer managementtypical of mostpresent-dayInternetrouters.Thefollowing definitionsdeclarethe
classandits OTcl linkage:

/*
* A bounded,drop-tail queue
*/

class DropTail : public Queue {
protected:

void enque(Packet*);
Packet* deque();
PacketQueue q_;

};

The baseclassQueue, from which DropTail is derived,providesmostof theneededfunctionality. Thedrop-tail queue
maintainsexactly oneFIFO queue,implementedby includinganobjectof thePacketQueue class.Drop-tail implements
its own versionsof enque anddeque asfollows:

/*
* drop-tail
*/

void DropTail::enque(Packet* p)
{

q_.enque(p);
if (q_.length() >= qlim_) {

q_.remove(p);
drop(p);

}
}

Packet* DropTail::deque()
{

return (q_.deque());
}

Here,theenque functionfirst storesthepacket in theinternalpacketqueue(whichhasnosizerestrictions),andthenchecks
thesizeof thepacket queueversusqlim_ . Drop-on-overflow is implementedby droppingthepacket mostrecentlyadded
to thepacket queueif the limit is reachedor exceeded.SimpleFIFO schedulingis implementedin thedeque functionby
alwaysreturningthefirst packet in thepacketqueue.

63



7.3 Differ ent typesof Queueobjects

A queueobject is a generalclassof object capableof holding andpossiblymarking or discardingpacketsas they travel
throughthesimulatedtopology. ConfigurationParametersusedfor queueobjectsare:

limit_ Thequeuesizein packets.

blocked_ Setto falseby default, this is trueif thequeueis blocked(unableto sendapacket to its downstreamneighbor).

unblock_on_resume_Setto trueby default, indicatesa queueshouldunblockitself at thetime the lastpacket packet sent
hasbeentransmitted(but not necessarilyreceived).

Otherqueueobjectsderivedfrom thebaseclassQueuearedrop-tail,FQ,SFQ,DRR,REDandCBQqueueobjects.Eachare
describedasfollows:

� Drop-tail objects:Drop-tail objectsarea subclassof Queueobjectsthat implementsimpleFIFO queue.Thereareno
methods,configurationparameter, or statevariablesthatarespecificto drop-tailobjects.

� FQ objects:FQ objectsarea subclassof Queueobjectsthat implementFair queuing.Thereareno methodsthatare
specificto FQ objects.ConfigurationParametersare:

secsPerByte_

Therearenostatevariablesassociatedwith this object.

� SFQ objects: SFQ objectsare a subclassof Queueobjectsthat implementStochasticFair queuing. Thereare no
methodsthatarespecificto SFQobjects.ConfigurationParametersare:

maxqueue_

buckets_

Therearenostatevariablesassociatedwith this object.

� DRR objects: DRR objectsare a subclassof Queueobjectsthat implementdeficit round robin scheduling. These
objectsimplementdeficit roundrobin schedulingamongstdifferentflows ( A particularflow is onewhich haspackets
with thesamenodeandport id ORpacketswhichhavethesamenodeid alone).Also unlikeothermulti-queueobjects,
this queueobjectimplementsasinglesharedbuffer spacefor its differentflows. ConfigurationParametersare:

buckets_ Indicatesthetotal numberof bucketsto beusedfor hashingeachof theflows.

blimit_ Indicatesthesharedbuffer sizein bytes.

quantum_ Indicates(in bytes)how mucheachflow cansendduringits turn.

mask_ mask_,whensetto 1, meansthata particularflow consistsof packetshaving thesamenodeid (andpossibly
differentport ids),otherwisea flow consistsof packetshaving thesamenodeandport ids.

� RED objects: RED objectsarea subclassof Queueobjectsthat implementrandomearly-detectiongateways. The
objectcanbe configuredto eitherdrop or “mark” packets. Thereareno methodsthat arespecificto RED objects.
ConfigurationParametersare:

bytes_ Setto "true" to enable“byte-mode”RED, wherethesizeof arriving packetsaffect the likelihoodof marking
(dropping)packets.

queue-in-bytes_Setto "true" to measuretheaveragequeuesizein bytesratherthanpackets.Enablingthisoptionalso
causesthresh_andmaxthresh_to beautomaticallyscaledby mean_pktsize_(seebelow).

thr esh_ Theminimumthresholdfor theaveragequeuesizein packets.
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maxthresh_ Themaximumthresholdfor theaveragequeuesizein packets.

mean_pktsize_A roughestimateof theaveragepacket sizein bytes.Usedin updatingthecalculatedaveragequeue
sizeafteranidle period.

q_weight_ Thequeueweight,usedin theexponential-weightedmoving averagefor calculatingtheaveragequeuesize.

wait_ Setto trueto maintainaninterval betweendroppedpackets.

linterm_ As theaveragequeuesizevariesbetween"thresh_"and"maxthresh_",thepacketdroppingprobabilityvaries
between0 and"1/linterm".

setbit_ Setto "true" to markpacketsby settingthecongestionindicationbit in packetheadersratherthandroppackets.

drop-tail_ Set to true to usedrop-tail ratherthanrandomdropwhenthe queueoverflows or the averagequeuesize
exceeds"maxthresh_".For a furtherexplanationof thesevariables,see[2].

Noneof thestatevariablesof theRED implementationareaccessible.

� CBQobjects:CBQ objectsarea subclassof Queueobjectsthatimplementclass-basedqueueing.

$cbq insert <class>
Inserttraffic classclassinto thelink-sharingstructureassociatedwith link objectcbq.

$cbq bind <cbqclass> <id1> [$id2]
Causepacketscontainingflow id id1 (or thosein therangeid1 to id2 inclusive) to beassociatedwith thetraffic class
cbqclass.

$cbq algorithm <alg>
SelecttheCBQinternalalgorithm.<alg>maybesetto oneof: "ancestor-only", "top-level", or "formal".

� CBQ/WRRobjects:CBQ/WRRobjectsareasubclassof CBQobjectsthatimplementweightedround-robinscheduling
amongclassesof thesamepriority level. In contrast,CBQobjectsimplementpacket-by-packetround-robinscheduling
amongclassesof thesamepriority level. ConfigurationParametersare:

maxpkt_ Themaximumsizeof a packet in bytes. This is usedonly by CBQ/WRRobjectsin computingmaximum
bandwidthallocationsfor theweightedround-robinscheduler.

CBQCLASS OBJECTS

CBQClassobjectsimplementthetraffic classesassociatedwith CBQ objects.

$cbqclass setparams <parent> <okborrow> <allot> <maxidle> <prio> <level>
Setsseveralof theconfigurationparametersfor theCBQtraffic class(seebelow).

$cbqclass parent <cbqcl|none>
specifytheparentof this classin thelink-sharingtree.Theparentmaybespecifiedas“none” to indicatethis classis a root.

$cbqclass newallot <a>
Changethe link allocationof this classto the specifiedamount(in range0.0 to 1.0). Note that only the specifiedclassis
affected.

$cbqclass install-queue <q>
Install a Queueobject into the compoundCBQ or CBQ/WRR link structure. Whena CBQ object is initially created,it
includesno internalqueue(only a packetclassifierandscheduler).

ConfigurationParametersare:

okborr ow_ is abooleanindicatingtheclassis permittedto borrow bandwidthfrom its parent.

allot_ is themaximumfractionof link bandwidthallocatedto theclassexpressedasa realnumberbetween0.0and1.0.
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maxidle_ is themaximumamountof timeaclassmayberequiredto have its packetsqueuedbeforethey arepermittedto be
forwarded

priority_ is theclass’priority level with respectto otherclasses.Thisvaluemayrangefrom 0 to 10,andmorethanoneclass
mayexist at thesamepriority. Priority 0 is thehighestpriority.

level_ is thelevel of this classin thelink-sharingtree.Leafnodesin thetreeareconsideredto beat level 1; their parentsare
at level 2, etc.

extradelay_ increasethedelayexperiencedby a delayedclassby thespecifiedtime

QUEUE-MONITOR OBJECTS

QueueMonitorObjectsareusedto monitor a setof packet andbyte arrival, departureanddrop counters. It also includes
supportfor aggregatestatisticssuchasaveragequeuesize,etc.

$queuemonitor
resetall the cumulative countersdescribedbelow (arrivals, departures,anddrops)to zero. Also, resetthe integratorsand
delaysampler, if defined.

$queuemonitor set-delay-samples <delaySamp_>
Setup theSamplesobjectdelaySamp_to recordstatisticsaboutqueuedelays.delaySamp_is a handleto a Samplesobject
i.e theSamplesobjectshouldhavealreadybeencreated.

$queuemonitor get-bytes-integrator
ReturnsanIntegratorobjectthatcanbeusedto find theintegralof thequeuesizein bytes.

$queuemonitor get-pkts-integrator
ReturnsanIntegratorobjectthatcanbeusedto find theintegralof thequeuesizein packets.

$queuemonitor get-delay-samples
ReturnsaSamplesobjectdelaySamp_to recordstatisticsaboutqueuedelays.
Thereareno configurationparametersspecificto this object.
StateVariablesare:

size_ Instantaneousqueuesizein bytes.

pkts_ Instantaneousqueuesizein packets.

parri vals_ Runningtotal of packetsthathavearrived.

barri vals_ Runningtotal of bytescontainedin packetsthathavearrived.

pdepartures_ Runningtotal of packetsthathavedeparted(notdropped).

bdepartures_ Runningtotal of bytescontainedin packetsthathavedeparted(notdropped).

pdrops_ Total numberof packetsdropped.

bdrops_ Total numberof bytesdropped.

bytesInt_ Integratorobjectthat computesthe integral of the queuesizein bytes. The sum_variableof this objecthasthe
runningsum(integral)of thequeuesizein bytes.

pktsInt_ Integratorobjectthatcomputesthe integral of thequeuesizein packets. Thesum_variableof this objecthasthe
runningsum(integral)of thequeuesizein packets.
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QUEUEMONITOR/ED OBJECTS

Thisderivedobjectis capableof differentiatingregularpacketdropsfrom earlydrops.Somequeuesdistinguishregulardrops
(e.g. dropsdueto buffer exhaustion)from otherdrops(e.g. randomdropsin RED queues).Undersomecircumstances,it is
usefulto distinguishthesetwo typesof drops.
StateVariablesare:

epdrops_ Thenumberof packetsthathavebeendropped“early”.

ebdrops_ Thenumberof bytescomprisingpacketsthathavebeendropped“early”.

Note: becausethis classis a subclassof QueueMonitor, objectsof this type alsohave fields suchaspdrops_andbdrops_.
Thesefieldsdescribethetotalnumberof droppedpacketsandbytes,includingbothearlyandnon-earlydrops.

QUEUEMONITOR/ED/FLOWMON OBJECTS

Theseobjectsmaybeusedin theplaceof a conventionalQueueMonitorobjectwhenwishingto collectper-flow countsand
statisticsin additionto theaggregatecountsandstatisticsprovidedby thebasicQueueMonitor.

$fmon classifier <cl>
This inserts(read)thespecifiedclassifierinto (from) theflow monitorobject.This is usedto mapincomingpacketsto which
flows they areassociatedwith.

$fmon dump
Dumpthecurrentper-flow countersandstatisticsto theI/O channelspecifiedin apreviousattachoperation.

$fmon flows
Returna characterstringcontainingthenamesof all flow objectsknown by this flow monitor. Eachof theseobjectsareof
typeQueueMonitor/ED/Flow.

$fmon attach <chan>
Attacha tcl I/O channelto theflow monitor. Flow statisticsarewritten to thechannelwhenthedumpoperationis executed.

ConfigurationParametersare:

enable_in_ Setto trueby default, indicatesthatper-flow arrival stateshouldbekeptby theflow monitor. If setto false,only
theaggregatearrival informationis kept.

enable_out_ Setto trueby default, indicatesthatper-flow departurestateshouldbekeptby theflow monitor. If setto false,
only theaggregatedepartureinformationis kept.

enable_drop_ Setto true by default, indicatesthatper-flow drop stateshouldbe kept by the flow monitor. If setto false,
only theaggregatedropinformationis kept.

enable_edrop_ Setto true by default, indicatesthatper-flow earlydrop stateshouldbe keptby theflow monitor. If setto
false,only theaggregateearlydropinformationis kept.

QUEUEMONITOR/ED/FLOW OBJECTS

Theseobjectscontainper-flow countsandstatisticsmanagedby a QueueMonitor/ED/Flowmonobject. They aregenerally
createdin anOTcl callbackprocedurewhena flow monitoris givena packet it cannotmapon to a known flow. Notethatthe
flow monitor’s classifieris responsiblefor mappingpacketsto flows in somearbitraryway. Thus,dependingon thetypeof
classifierused,not all of thestatevariablesmayberelevant(e.g. onemayclassifypacketsbasedonly on flow id, in which
casethesourceanddestinationaddressesmaynot besignificant).StateVariablesare:

src_ Thesourceaddressof packetsbelongingto this flow.
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dst_ Thedestinationaddressof packetsbelongingto this flow.

flowid_ Theflow id of packetsbelongingto this flow.

7.4 Commandsat a glance

Following is a list of queuecommandsusedin simulationscripts:

$ns_ queue-limit <n1> <n2> <limit>
This setsa limit on themaximumbuffer sizeof thequeuein thelink betweennodes<n1>and<n2>.

$ns_ trace-queue <n1> <n2> <optional:file>
This setsup traceobjectsto log eventsin thequeue.If tracefileis not passed,it usestraceAllFile_ to write theevents.

$ns_ namtrace-queue <n1> <n2> <optional:file>
Similar to trace-queueabove,this setsup nam-tracingin thequeue.

$ns_ monitor-queue <n1> <n2> <optional:qtrace> <optional:sampleinterval>
This commandinsertsobjectsthatallowsusto monitorthequeuesize.This returnsa handleto theobjectthatmaybe
queriedto determinetheaveragequeuesize.Thedefaultvaluefor sampleinterval is 0.1.
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Chapter 8

Delaysand Links

Delaysrepresentthetimerequiredfor apacket to traversea link. A specialform of thisobject(“dynamiclink”) alsocaptures
thepossibilityof a link failure. Theamountof time requiredfor a packet to traversea link is definedto be �.-0/21�3 where �
is thepacket size(asrecordedin its IP header),/ is thespeedof the link in bits/sec,and 3 is thelink delayin seconds.The
implementationof link delaysis closelyassociatedwith theblockingproceduresdescribedfor Queuesin Section7.1.1.

8.1 The LinkDelay Class

The class LinkDelay is derived from the baseclass Connector . Its definition is in ~ns/delay.cc, andis briefly
excerptedbelow:

class LinkDelay : public Connector {
public:

LinkDelay();
void recv(Packet* p, Handler*);
void send(Packet* p, Handler*);
void handle(Event* e);
double delay(); /* line latencyon this link */
double bandwidth(); /* bandwidthon this link */
inline double txtime(Packet* p) { /* timeto sendpktp on this link */

hdr_cmn* hdr = (hdr_cmn*) p->access(off_cmn_);
return (hdr->size() * 8. / bandwidth_);

}

protected:
double bandwidth_; /* bandwidthof underlyinglink (bits/sec)*/
double delay_; /* line latency*/
int dynamic_; /* indicateswhetheror not link is ~ */
Event inTransit_;
PacketQueue* itq_; /* internal packetqueuefor dynamiclinks */
Packet* nextPacket_; /* to bedeliveredfor a dynamiclink. */
Event intr_;

};
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Therecv () methodoverridesthebaseclassConnectorversion.It is definedasfollows:

void LinkDelay::recv(Packet* p, Handler* h)
{

double txt = txtime(p);
Scheduler& s = Scheduler::instance();
if (dynamic_) {

Event* e = (Event*)p;
e->time_ = s.clock() + txt + delay_;
itq_->enque(p);
schedule_next();

} else {
s.schedule(target_, p, txt + delay_);

}
/* XXXonly needoneintr_ sinceupstreamobjectshould

* block until it’ shandleris called
*
* Thisonly holdsif thelink is not dynamic. If it is, then
* thelink itselfwill hold thepacket,andcall theupstream
* objectat theappropriatetime. Thissecondinterrupt is
* calledinTransit_, andis invokedthroughschedule_next()
*/

s.schedule(h, &intr_, txt);
}

This object supportsone instproc-like, $object dynamic , to set its variable,dynamic_ . This variabledetermines
whetherthelink is dynamicor not (i.e., proneto fail/recoverat appropriatetimes). Theinternalbehavior of thelink in each
caseis different.

For “non-dynamic”links, thismethodoperatesby receiving apacket, 4 , andschedulingtwo events.Assumethesetwo events
arecalled 5 � and 576 , andthatevent 5 � is scheduledto occurbefore 576 . 5 � is scheduledto occurwhentheupstreamnode
attachedto this delayelementhascompletedsendingthecurrentpacket (which takestime equalto the packet sizedivided
by thelink bandwidth).5 � is usuallyassociatedwith a Queue object,andwill causeit to (possibly)becomeunblocked(see
section7.1.1). 5 6 representsthe packet arrival eventat the downstreamneighborof the delayelement.Event 5 6 occursa
numberof secondslaterthan 5 � equalto thelink delay.

Alternately, whenthelink is dynamic,andreceives4 , thenit will schedule5 � to possiblyunblockthequeueattheappropriate
time. However, 5 6 is scheduledonly if 4 is the only packet currently in transit. Otherwise,thereis at leastonepacket in
transiton the link thatmustbedeliveredbefore4 at 5 6 . Therefore,packet 4 is held in theobject’s inTransitqueue,itq_ .
Whenthepacket just before4 in transiton the link is deliveredat theneighbornode,theDelayLink objectwill schedulean
eventfor itself to fire at 576 . At thatappropriatetimethen,it’shandle () methodwill directlysend4 to its target.Theobject’s
internalschedule_next () methodwill scheduletheseeventsfor packetsin transitat theappropriatetime.

8.2 Commandsat a glance

The LinkDelay objectrepresentsthe time requiredby a packet to transversethe link andis usedinternally within a Link.
Hencewe donotlist any linkdelayrelatedcommandssuitablefor simulationscriptshere.

70



%

71



Chapter 9

Agents

Agentsrepresentendpointswherenetwork-layerpacketsareconstructedor consumed,andareusedin the implementation
of protocolsat variouslayers. The class Agent hasan implementationpartly in OTcl and partly in C++. The C++
implementationis containedin ~ns/agent.ccand~ns/agent.h,andtheOTcl supportis in ~ns/tcl/lib/ns-agent.tcl.

9.1 Agent state

TheC++ class Agent includesenoughinternalstateto assignvariousfieldsto a simulatedpacket beforeit is sent.This
stateincludesthefollowing:

addr_ nodeaddressof myself(sourceaddressin packets)

dst_ whereI amsendingpacketsto

size_ packetsizein bytes(placedinto thecommonpacketheader)

type_ typeof packet (in thecommonheader, seepacket.h)

fid_ theIP flow identifier(formerlyclassin ns-1)

prio_ theIP priority field

flags_ packetflags(similar to ns-1)

defttl_ default IP ttl value

Thesevariablesmaybemodifiedby any classderivedfrom Agent , althoughnotall of themmaybeneededby any particular
agent.

9.2 Agent methods

The class Agent supportspacket generationandreception. The following memberfunctionsare implementedby the
C++ Agentclass,andaregenerallynot over-riddenby derivedclasses:

Packet* allocpkt () allocatenew packetandassignits fields

Packet* allocpkt (int) allocatenew packetwith adatapayloadof n bytesandassignits fields
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Thefollowing memberfunctionsarealsodefinedby theclassAgent,but are intendedto beover-riddenby classesderiving
from Agent:

void timeout (timeoutnumber) subclass-specifictimeout method

void recv (Packet*, Handler*) receiving agentmainreceivepath

The allocpkt () methodis usedby derivedclassesto createpacketsto send.The function fills in the following fields in
the commonpacket header(Section11): uid, ptype, size , andthe following fields in the IP header:src, dst,
flowid, prio, ttl . It alsozero-fills in the following fieldsof the Flagsheader:ecn, pri, usr1, usr2 . Any
packetheaderinformationnot includedin theselists mustbemustbehandledin theclassesderivedfrom Agent .

The recv () methodis the main entry point for an Agent which receivespackets,andis invokedby upstreamnodeswhen
sendingapacket. In mostcases,Agentsmakeno useof thesecondargument(thehandlerdefinedby upstreamnodes).

9.3 Protocol Agents

Thereareseveralagentssupportedin thesimulator. Thesearetheir namesin OTcl:

TCP a“Tahoe”TCPsender(cwnd= 1 on any loss)

TCP/Reno a“Reno” TCPsender(with fastrecovery)

TCP/NewReno amodifiedRenoTCPsender(changesfastrecovery)

TCP/Sack1 aSACK TCPsender

TCP/Fack a “forward” SACK senderTCP

TCP/FullTcp amorefull-functionedTCPwith 2-way traffic

TCP/Vegas a“Vegas”TCPsender

TCP/Vegas/RBP aVegasTCPwith “ratebasedpacing”

TCP/Vegas/RBP aRenoTCPwith “ratebasedpacing”

TCP/Asym anexperimentalTahoeTCPfor asymmetriclinks

TCP/Reno/Asym anexperimentalRenoTCPfor asymmetriclinks

TCP/Newreno/Asym anexperimentalNewRenoTCPfor asymmetriclinks

TCPSink aRenoor TahoeTCPreceiver (notusedfor FullTcp)

TCPSink/DelAck aTCPdelayed-ACK receiver

TCPSink/Asym anexperimentalTCPsink for asymmetriclinks

TCPSink/Sack1 aSACK TCPreceiver

TCPSink/Sack1/DelAck adelayed-ACK SACK TCPreceiver

UDP abasicUDPagent

RTP anRTP senderandreceiver

RTCP anRTCPsenderandreceiver

LossMonitor apacketsinkwhich checksfor losses

IVS/Source anIVS source

IVS/Receiver anIVS receiver
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CtrMcast/Encap a“centralisedmulticast”encapsulator

CtrMcast/Decap a“centralisedmulticast”de-encapsulator

Message aprotocolto carrytextual messages

Message/Prune processesmulticastroutingprunemessages

SRM anSRMagentwith non-adaptivetimers

SRM/Adaptive anSRMagentwith adaptive timers

Tap interfacesthesimulatorto a livenetwork

Null adegenerateagentwhich discardspackets

rtProto/DV distance-vectorroutingprotocolagent

Agentsareusedin the implementationof protocolsat variouslayers. Thus, for sometransportprotocols(e.g. UDP) the
distribution of packet sizesand/orinter-departuretimesmaybe dictatedby someseparateobjectrepresentingthedemands
of anapplication.To this end,agentsexposeanapplicationprogramminginterface(API) to theapplication.For agentsused
in the implementationof lower-layerprotocols(e.g. routing agents),sizeanddeparturetiming is generallydictatedby the
agent’sown processingof protocolmessages.

9.4 OTcl Linkage

Agentsmaybecreatedwithin OTcl andanagent’s internalstatecanbemodifiedby useof Tcl’s set functionandany Tcl
functionsanAgent(or its baseclasses)implements.Notethatsomeof anAgent’s internalstatemayexist only within OTcl,
andis thusis notdirectly accessiblefrom C++.

9.4.1 Creating and Manipulating Agents

Thefollowing exampleillustratesthecreationandmodificationof anAgentin OTcl:

set newtcp [new Agent/TCP] ;# createnew object(andC++ shadowobject)
$newtcp set window_ 20 ;# setsthetcpagent’swindowto 20
$newtcp target $dest ;# target is implementedin Connectorclass
$newtcp set portID_ 1 ;# existsonly in OTcl, not in C++

9.4.2 Default Values

Default valuesfor membervariables,thosevisible in OTcl only and thoselinked betweenOTcl andC++ with bind are
initialized in the~ns/tcl/lib/ns-default.tclfile. For example,Agent is initializedasfollows:

Agent set fid_ 0
Agent set prio_ 0
Agent set addr_ 0
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Agent set dst_ 0
Agent set flags_ 0

Generallytheseinitializationsareplacedin theOTcl namespacebeforeany objectsof thesetypesarecreated.Thus,whenan
Agent objectis created,thecallsto bind in theobjects’constructorswill causesthecorrespondingmembervariablesto be
setto thesespecifieddefaults.

9.4.3 OTcl Methods

Theinstanceproceduresdefinedfor theOTcl Agent classarecurrentlyfoundin ~ns/tcl/lib/ns-agent.tcl.They areasfollows:
port theagent’sport identifier

dst-port thedestination’sport identifier

attach-source 8 stype 9 createandattachaSourceobjectto anagent

9.5 Examples: Tcp, TCP Sink Agents

Theclass TCPrepresentsasimplifiedTCPsender. It sendsdatato aTCPSink agentandprocessesits acknowledgments.
It hasa separateobjectassociatedwith it which representsanapplication’sdemand.By looking at theclass TCPAgent
andclass TCPSinkAgent , wemayseehow relatively complex agentsareconstructed.An examplefrom theTahoeTCP
agentTCPAgent is alsogivento illustratetheuseof timers.

9.5.1 Creating the Agent

Thefollowing OTcl codefragmentcreatesa TCPagentandsetsit up:

set tcp [new Agent/TCP] ;# createsenderagent
$tcp set fid_ 2 ;# setIP-layer flow ID
set sink [new Agent/TCPSink] ;# createreceiveragent
$ns attach-agent $n0 $tcp ;# put senderon node$n0
$ns attach-agent $n3 $sink ;# put receiveron node$n3
$ns connect $tcp $sink ;# establishTCPconnection
set ftp [new Application/FTP] ;# createan FTPsource"application"
$ftp attach-agent $tcp ;# associateFTPwith theTCPsender
$ns at 1.2 "$ftp start" ;# arrangefor FTP to start at time1.2sec

TheOTcl instructionnew Agent/TCP resultsin thecreationof a C++ TcpAgent classobject. It’ s constructorperforms
first invokestheconstructorof theAgent baseclassandthenperformsits own bindings.Thesetwo constructorsappearas
follows:

TheTcpSimpleAgentconstructor(~ns/tcp.cc):

TcpAgent::TcpAgent() : Agent(PT_TCP), rtt_active_(0), rtt_seq_(-1),
rtx_timer_(this), delsnd_timer_(this)

{
bind("window_", &wnd_);
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bind("windowInit_", &wnd_init_);
bind("windowOption_", &wnd_option_);
bind("windowConstant_", &wnd_const_);
...
bind("off_ip_", &off_ip_);
bind("off_tcp_", &off_tcp_);
...

}

TheAgentconstructor(~ns/agent.cc):

Agent::Agent(int pkttype) :
addr_(-1), dst_(-1), size_(0), type_(pkttype), fid_(-1),
prio_(-1), flags_(0)

{
memset(pending_, 0, sizeof(pending_)); /* timers */
// this is reallyan IP agent,sosetup
// for generating theappropriateIP fields.. .
bind("addr_", (int*)&addr_);
bind("dst_", (int*)&dst_);
bind("fid_", (int*)&fid_);
bind("prio_", (int*)&prio_);
bind("flags_", (int*)&flags_);
...

}

Thesecodefragmentsillustratethecommoncasewhereanagent’s constructorpassesa packet typeidentifier to theAgent
constructor. Thevaluesfor thevariouspacket typesareusedby thepacket tracingfacility (Section21.5)andaredefinedin
~ns/trace.h. The variableswhich areboundin the TcpAgent constructorareordinary instance/membervariablesfor the
classwith theexceptionof thespecialintegervaluesoff_tcp_ andoff_ip_ . Theseareneededin orderto accessa TCP
headerandIP header, respectively. Additionaldetailsarein thesectionon packetheaders(Section11.1).

NotethattheTcpAgent constructorcontainsinitializationsfor two timers,rtx_timer_ anddelsnd_timer_ .

TimerHandler objectsareinitializedby providing a pointer(thethis pointer)to therelevantagent.

9.5.2 Starting the Agent

TheTcpAgent agentis startedin theexamplewhenits FTPsourcereceivesthestart directive at time 1.2. Thestart
operationis aninstanceproceduredefinedontheclassApplication/FTP(Section31.4).It is definedin ~ns/tcl/lib/ns-source.tcl
asfollows:

Application/FTP instproc start {} {
[$self agent] send -1

}

In this case,agent refersto our simpleTCPagentandsend -1 is analogousto sendinganarbitrarily largefile.

Thecall to send eventuallyresultsin thesimpleTCPsendergeneratingpackets.Thefollowing functionoutput performs
this:
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void TcpAgent::output(int seqno, int reason)
{

Packet* p = allocpkt();
hdr_tcp *tcph = (hdr_tcp*)p->access(off_tcp_);
double now = Scheduler::instance().clock();
tcph->seqno() = seqno;
tcph->ts() = now;
tcph->reason() = reason;
Connector::send(p, 0);
...
if (!(rtx_timer_.status() == TIMER_PENDING))

/* No timerpending. Scheduleone. */
set_rtx_timer();

}

Herewe seeanillustrationof theuseof theAgent::allocpkt () method.This outputroutinefirst allocatesa new packet
(with its commonand IP headersalreadyfilled in), but thenmustfill in the appropriateTCP-layerheaderfields. To find
theTCPheaderin a packet (assumingit hasbeenenabled(Section11.2.4))theoff_tcp_ mustbeproperlyinitialized, as
illustratedin the constructor. The packet access () methodreturnsa pointerto the TCP header, its sequencenumberand
timestampfieldsarefilled in, andthesend () methodof theclassConnectoris calledto sendthepacketdownstreamonehop.
Notethat theC++ :: scopingoperatoris usedhereto avoid calling TcpSimpleAgent::send () (which is alsodefined).
Thecheckfor a pendingtimer usesthetimer methodstatus () which is definedin thebaseclassTimerHandler. It is used
hereto seta retransmissiontimer if oneis not alreadyset(a TCPsenderonly setsonetimer perwindow of packetson each
connection).

9.5.3 ProcessingInput at Receiver

Many of the TCP agentscanbe usedwith the class TCPSink as the peer. This classdefinesthe recv () andack ()
methodsasfollows:

void TcpSink::recv(Packet* pkt, Handler*)
{

hdr_tcp *th = (hdr_tcp*)pkt->access(off_tcp_);
acker_->update(th->seqno());
ack(pkt);
Packet::free(pkt);

}

void TcpSink::ack(Packet* opkt)
{

Packet* npkt = allocpkt();

hdr_tcp *otcp = (hdr_tcp*)opkt->access(off_tcp_);
hdr_tcp *ntcp = (hdr_tcp*)npkt->access(off_tcp_);
ntcp->seqno() = acker_->Seqno();
ntcp->ts() = otcp->ts();

hdr_ip* oip = (hdr_ip*)opkt->access(off_ip_);
hdr_ip* nip = (hdr_ip*)npkt->access(off_ip_);
nip->flowid() = oip->flowid();
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hdr_flags* of = (hdr_flags*)opkt->access(off_flags_);
hdr_flags* nf = (hdr_flags*)npkt->access(off_flags_);
nf->ecn_ = of->ecn_;

acker_->append_ack((hdr_cmn*)npkt->acc ess(o ff_cmn _),
ntcp, otcp->seqno());

send(npkt, 0);
}

The recv () methodoverridesthe Agent::recv () method(which merelydiscardsthe receivedpacket). It updatessome
internalstatewith thesequencenumberof thereceivedpacket (andthereforerequirestheoff_tcp_ variableto beproperly
initialized. It thengeneratesanacknowledgmentfor thereceivedpacket. Theack () methodmakesliberal useof accessto
packetheaderfieldsincludingseparateaccessesto theTCPheader, IP header, Flagsheader, andcommonheader. Thecall to
send () invokestheConnector::send () method.

9.5.4 ProcessingResponsesat the Sender

OncethesimpleTCP’s peerreceivesdataandgeneratesanACK, thesendermust(usually)processtheACK. In theTcpA-
gent agent,this is doneasfollows:

/*
* mainreceptionpath- shouldonly seeacks,otherwisethe
* networkconnectionsaremisconfigured
*/

void TcpAgent::recv(Packet *pkt, Handler*)
{

hdr_tcp *tcph = (hdr_tcp*)pkt->access(off_tcp_);
hdr_ip* iph = (hdr_ip*)pkt->access(off_ip_);
...
if (((hdr_flags*)pkt->access(off_flags _))-> ecn_)

quench(1);
if (tcph->seqno() > last_ack_) {

newack(pkt);
opencwnd();

} else if (tcph->seqno() == last_ack_) {
if (++dupacks_ == NUMDUPACKS){

...
}

}
Packet::free(pkt);
send(0, 0, maxburst_);

}

This routineis invokedwhenanACK arrivesat thesender. In this case,oncethe informationin theACK is processed(by
newack ) thepacket is no longerneededandis returnedto thepacketmemoryallocator. In addition,thereceiptof theACK
indicatesthepossibilityof sendingadditionaldata,sotheTcpSimpleAgent::send () methodis invokedwhich attempts
to sendmoredataif theTCPwindow allows.
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9.5.5 Implementing Timers

As describedin the following chapter(Chapter10), specifictimer classesmust be derived from an abstractbaseclass
TimerHandler definedin ~ns/timer-handler.h. Instancesof thesesubclassescanthenbeusedasvariousagenttimers.An
agentmay wish to overridethe Agent::timeout () method(which doesnothing). In the caseof the TahoeTCP agent,
two timersareused:a delayedsendtimer delsnd_timer_ anda retransmissiontimer rtx_timer_ . We describethe
retransmissiontimer in TCP(Section10.1.2)asanexampleof timerusage.

9.6 Creating a New Agent

To createanew agent,onehasto do thefollowing:

1. decideits inheritancestructure(Section9.6.1),andcreatetheappropriateclassdefinitions,

2. definetherecv () andtimeout () methods(Section9.6.2),

3. defineany necessarytimerclasses,

4. defineOTcl linkagefunctions(Section9.6.3),

5. write thenecessaryOTcl codeto accesstheagent(Section9.6.4).

Theactionrequiredto createandagentcanbeillustratedby meansof a very simpleexample.Supposewe wish to construct
anagentwhich performstheICMP ECHOREQUEST/REPLY (or “ping”) operations.

9.6.1 Example: A “ping” requestor(Inheritance Structure)

Decidingon theinheritancestructureis a matterof personalchoice,but is likely to berelatedto thelayerat which theagent
will operateandits assumptionson lower layerfunctionality. Thesimplesttypeof Agent,connectionlessdatagram-oriented
transport,is theAgent/UDP baseclass.Traffic generatorscaneasilybeconnectedto UDPAgents.For protocolswishingto
usea connection-orientedstreamtransport(like TCP),thevariousTCPAgentscouldbeused.Finally, if a new transportor
“sub-transport”protocolis to bedeveloped,usingAgent asthebaseclasswould likely bethebestchoice.In our example,
we’ll useAgentasthebaseclass,giventhatweareconstructinganagentlogically belongingto theIP layer(or justaboveit).

We mayusethefollowing classdefinitions:

class ECHO_Timer;

class ECHO_Agent : public Agent {
public:

ECHO_Agent();
int command(int argc, const char*const* argv);

protected:
void timeout(int);
void sendit();
double interval_;
ECHO_Timer echo_timer_;

};

class ECHO_Timer : public TimerHandler {
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public:
ECHO_Timer(ECHO_Agent *a) : TimerHandler() { a_ = a; }

protected:
virtual void expire(Event *e);
ECHO_Agent *a_;

};

9.6.2 The recv() and timeout() Methods

Therecv () methodis not definedhere,asthis agentrepresentsa requestfunctionandwill generallynot bereceiving events
or packets1. By notdefiningtherecv () method,thebaseclassversionof recv () (i.e., Connector::recv ()) is used.The
timeout () methodis usedto periodicallysendrequestpackets. The following timeout () methodis used,alongwith a
helpermethod,sendit ():

void ECHO_Agent::timeout(int)
{

sendit();
echo_timer_.resched(interval_);

}

void ECHO_Agent::sendit()
{

Packet* p = allocpkt();
ECHOHeader *eh = ECHOHeader::access(p->bits());
eh->timestamp() = Scheduler::instance().clock();
send(p, 0); // Connector::send()

}

void ECHO_Timer::expire(Event *e)
{

a_->timeout(0);
}

The timeout () methodsimply arrangesfor sendit () to beexecutedevery interval_ seconds.Thesendit () method
createsa new packetwith mostof its headerfieldsalreadysetup by allocpkt (). Thepacket is only lacksthecurrenttime
stamp.Thecall to access () providesfor a structuredinterfaceto thepacket headerfields,andis usedto setthetimestamp
field. Notethatthis agentusesits own specialheader(“ECHOHeader”).Thecreationanduseof packetheadersis described
in laterchapter(Chapter11); to sendthepacket to thenext downstreamnode,Connector::send () is invokedwithout a
handler.

9.6.3 Linking the “ping” Agent with OTcl

We havethemethodsandmechanismsfor establishingOTcl Linkageearlier(Chapter3). Thissectionis abrief review of the
essentialfeaturesof thatearlierchapter, anddescribestheminimumfunctionalityrequiredto createtheping agent.

Therearethreeitemswe musthandleto properlylink our agentwith Otcl. First we needto establisha mappingbetweenthe
OTcl namefor our classandtheactualobjectcreatedwhenaninstantiationof theclassis requestedin OTcl. This is doneas
follows:

1This is perhapsunrealisticallysimple.An ICMP ECHOREQUESTagentwould likely wish to processECHOREPLY messages.
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static class ECHOClass : public TclClass {
public:

ECHOClass() : TclClass("Agent/ECHO") {}
TclObject* create(int argc, const char*const* argv) {

return (new ECHO_Agent());
}

} class_echo;

Here,a staticobject“class_echo”is created.It’s constructor(executedimmediatelywhenthesimulatoris executed)places
theclassname“Agent/ECHO”into theOTcl namespace.Themixing of caseis by convention;recallfrom Section3.5in the
earlierchaptersthat the “/” characteris a hierarchydelimiter for the interpretedhierarchy. Thedefinitionof thecreate ()
methodspecifieshow a C++ shadow objectshouldbe createdwhen the OTcl interpreteris instructedto createan object
of class“Agent/ECHO”.In this case,a dynamically-allocatedobjectis returned.This is thenormalway new C++ shadow
objectsarecreated.

Oncewehavetheobjectcreationsetup,wewill wantto link C++membervariableswith correspondingvariablesin theOTcl
nnamespace,so that accessesto OTcl variablesareactuallybacked by membervariablesin C++. Assumewe would like
OTcl to beableto adjustthesendinginterval andthepacketsize.This is accomplishedin theclass’s constructor:

ECHO_Agent::ECHO_Agent() : Agent(PT_ECHO)
{

bind_time("interval_", &interval_);
bind("packetSize_", &size_);

}

Here, the C++ variablesinterval_ andsize_ are linked to the OTcl instancevariablesinterval_ andpacket-
Size_ , respectively. Any reador modify operationto the Otcl variableswill result in a correspondingaccessto the un-
derlying C++ variables.The detailsof the bind () methodsaredescribedelsewhere(Section3.4.2). The definedconstant
PT_ECHOis passedto theAgent () constuctorsothattheAgent::allocpkt () methodmaysetthepacket typefield used
by thetracesupport(Section21.5). In this case,PT_ECHOrepresentsa new packet typeandmustbedefinedin ~ns/trace.h
(Section21.4).

Onceobjectcreationandvariablebinding is setup, we maywant to createmethodsimplementedin C++ but which canbe
invokedfrom OTcl (Section3.4.4).Theseareoftencontrolfunctionsthatinitiate,terminateor modifybehavior. In ourpresent
example,we maywish to beableto starttheping queryagentfrom OTcl usinga “start” directive. Thismaybeimplemented
asfollows:

int ECHO_Agent::command(int argc, const char*const* argv)
{

if (argc == 2) {
if (strcmp(argv[1], "start") == 0) {

timeout(0);
return (TCL_OK);

}
}
return (Agent::command(argc, argv));

}

Here, the start () methodavailable to OTcl simply calls the C++ memberfunction timeout () which initiates the first
packetgenerationandschedulesthenext. Notethis classis sosimpleit doesnotevenincludeaway to bestopped.
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9.6.4 Using the agentthrough OTcl

The agentwe have createdwill have to be instantiatedandattachedto a node. Note that a nodeandsimulatorobject is
assumedto havealreadybeencreated.Thefollowing OTcl codeperformsthesefunctions:

set echoagent [new Agent/ECHO]
$simulator attach-agent $node $echoagent

To settheinterval andpacketsize,andstartpacketgeneration,thefollowing OTcl codeis executed:

$echoagent set dst_ $dest
$echoagent set fid_ 0
$echoagent set prio_ 0
$echoagent set flags_ 0
$echoagent set interval_ 1.5
$echoagent set packetSize_ 1024
$echoagent start

This will causeouragentto generateone1024-bytepacketdestinedfor node$dest every1.5seconds.

9.7 The Agent API

Simulatedapplicationsmaybeimplementedon top of protocolagents.Chapter31 describestheAPI usedby applicationsto
accesstheservicesprovidedby theprotocolagent.

9.8 Differ ent agentobjects

ClassAgentformsthebaseclassfrom whichdifferenttypesof objectslikeNullobject,TCPetcarederived.Themethodsfor
Agentclassaredescribedin thenext section.Configurationparametersfor:

fid_ Flowid.

prio_ Priority.

agent_addr_ Addressof this agent.

agent_port_ Portadressof this agent.

dst_addr_ Destinationaddressfor theagent.

dst_port_ Destinationportaddressfor theagent.

flags_

ttl_ TTL defaultsto 32.

Thereareno statevariablesspecificto thegenericagentclass.Otherobjectsderivedfrom Agentaregivenbelow:
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Null Objects Null objectsarea subclassof agentobjectsthat implementa traffic sink. They inherit all of thegenericagent
objectfunctionality. Therearenomethodsspecificto this object.Thestatevariablesare:

: sport_
: dport_

LossMonitor Objects LossMonitorobjectsareasubclassof agentobjectsthatimplementatraffic sinkwhichalsomaintains
somestatisticsaboutthe receiveddatae.g.,numberof bytesreceived,numberof packetslost etc. They inherit all of
thegenericagentobjectfunctionality.

$lossmonitor clear
Resetstheexpectedsequencenumberto -1.

StateVariablesare:

nlost_ Numberof packetslost.

npkts_ Numberof packetsreceived.

bytes_ Numberof bytesreceived.

lastPktTime_ Timeat which thelastpacketwasreceived.

expected_Theexpectedsequencenumberof thenext packet.

TCP objects TCP objectsare a subclassof agentobjectsthat implementthe BSD TahoeTCP transportprotocol as de-
scribedin paper:"Fall, K., andFloyd, S. Comparisonsof Tahoe,Reno,andSackTCP. December1995."URL ftp://
ftp.ee.lbl.gov/papers/sacks.ps.Z.They inherit all of thegenericagentfunctionality. ConfigurationParametersare:

window_ Theupperboundon theadvertisedwindow for theTCPconnection.

maxcwnd_ The upperboundon the congestionwindow for the TCP connection.Setto zeroto ignore. (This is the
default.)

windowInit_ Theinitial sizeof thecongestionwindow on slow-start.

windowOption_ Thealgorithmto usefor managingthecongestionwindow.

windowThr esh_ Gainconstantto exponentialaveragingfilter usedto computeawnd (seebelow). For investigations
of differentwindow-increasealgorithms.

overhead_ The rangeof a uniform randomvariableusedto delayeachoutputpacket. The ideais to insertrandom
delaysatthesourcein orderto avoid phaseeffects,whendesired[seeFloyd,S.,andJacobson,V. OnTraffic Phase
Effectsin Packet-SwitchedGateways.Internetworking: ResearchandExperience,V.3 N.3, September1992.pp.
115-156]. This hasonly beenimplementedfor the Tahoe("tcp") versionof tcp, not for tcp-reno. This is not
intendedto bearealisticmodelof CPUprocessingoverhead.

ecn_ Setto trueto useexplicit congestionnotificationin additionto packet dropsto signalcongestion.This allows a
FastRetransmitafteraquench()dueto anECN (explicit congestionnotification)bit.

packetSize_ Thesizein bytesto usefor all packetsfrom thissource.

tcpTick_ TheTCPclock granularityfor measuringroundtriptimes. Note that it is setby default to thenon-standard
valueof 100ms.

bugFix_ Setto trueto removeabugwhenmultiplefastretransmitsareallowedfor packetsdroppedin asinglewindow
of data.

maxburst_ Setto zeroto ignore.Otherwise,themaximumnumberof packetsthatthesourcecansendin responseto
asingleincomingACK.

slow_start_restart_ Setto 1 to slow-startaftertheconnectiongoesidle. Onby default.

DefinedConstantsare:

MWS The Maximum Window Sizein packetsfor a TCP connection.MWS determinesthe sizeof an arrayin tcp-
sink.cc. The default for MWS is 1024packets. For TahoeTCP, the "window" parameter, representingthe re-
ceiver’sadvertisedwindow, shouldbe lessthanMWS-1. For RenoTCP, the"window" parametershouldbeless
than(MWS-1)/2.
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StateVariablesare:

dupacks_ Numberof duplicateacksseensinceany new datawasacknowledged.

seqno_ Highestsequencenumberfor datafrom datasourceto TCP.

t_seqno_ Currenttransmitsequencenumber.

ack_ Highestacknowledgmentseenfrom receiver. cwnd_Currentvalueof thecongestionwindow.

awnd_ Currentvalueof a low-passfilteredversionof thecongestionwindow. For investigationsof differentwindow-
increasealgorithms.

ssthresh_ Currentvalueof theslow-startthreshold.

rtt_ Round-triptime estimate.

srtt_ Smoothedround-triptime estimate.

rttv ar_ Round-triptime meandeviationestimate.

backoff_ Round-triptime exponentialbackoff constant.

TCP/RenoObjects TCP/Renoobjectsarea subclassof TCP objectsthat implementthe RenoTCP transportprotocolde-
scribedin paper:"Fall, K., andFloyd, S. Comparisonsof Tahoe,Reno,andSackTCP. December1995."URL ftp://
ftp.ee.lbl.gov/papers/sacks.ps.Z.Thereareno methods,configurationparametersor statevariablesspecificto this ob-
ject.

TCP/NewrenoObjects TCP/Newrenoobjectsarea subclassof TCPobjectsthat implementa modifiedversionof theBSD
RenoTCPtransportprotocol.Therearenomethodsor statevariablesspecificto this object.

ConfigurationParametersare:

newreno_changes_Setto zerofor thedefaultNewRenodescribedin "Fall, K., andFloyd, S.Comparisonsof Tahoe,
Reno,andSackTCP. December1995". Setto 1 for additionalNewRenoalgorithms[seeHoe,J., Improving the
Start-upBehavior of a CongestionControlSchemefor TCP. in SIGCOMM 96,August1996,pp. 270-280.URL
http://www.acm.org/sigcomm/sigcomm96/papers/hoe.html.]; this includestheestimationof thessthreshparame-
terduringslow-start.

TCP/VegasObjects Thereareno methodsor configurationparametersspecificto this object.Statevariablesare:

: v_alpha_
: v_beta_
: v_gamma_
: v_rtt_

TCP/Sack1Objects TCP/Sack1objectsareasubclassof TCPobjectsthatimplementtheBSDRenoTCPtransportprotocol
with Selective AcknowledgementExtensionsdescribedin "Fall, K., andFloyd, S. Comparisonsof Tahoe,Reno,and
SackTCP. December1995".URL ftp:// ftp.ee.lbl.gov/papers/sacks.ps.Z.They inherit all of theTCPobjectfunctional-
ity. Thereareno methods,configurationparametersor statevariablesspecificto this object.

TCP/FACK Objects TCP/Fackobjectsareasubclassof TCPobjectsthatimplementtheBSDRenoTCPtransportprotocol
with Forward Acknowledgementcongestioncontrol. They inherit all of the TCP object functionality. Thereareno
methodsor statevariablesspecificto this object.

ConfigurationParametersare:

ss-div4 Overdampingalgorithm. Divides ssthreshby 4 (insteadof 2) if congestionis detectedwithin 1/2 RTT of
slow-start.(1=Enable,0=Disable)

rampdown Rampdown datasmoothingalgorithm.Slowly reducescongestionwindow ratherthaninstantlyhalvingit.
(1=Enable,0=Disable)

TCP/FULLTCP Objects This sectionhasnot yet beenaddedhere. The implementationandtheconfigurationparameters
aredescribedin paper:"Fall, K., Floyd, S.,andHenderson,T., NsSimulatorTestsfor RenoFullTCP. July, 1997."URL
ftp://ftp.ee.lbl.gov/papers/fulltcp.ps.
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TCPSINK Objects TCPSinkobjectsarea subclassof agentobjectsthat implementa receiver for TCPpackets.Thesimu-
lator only implements"one-way" TCPconnections,wheretheTCPsourcesendsdatapacketsandtheTCPsink sends
ACK packets. TCPSinkobjectsinherit all of thegenericagentfunctionality. Thereareno methodsor statevariables
specificto theTCPSinkobject.ConfigurationParametersare

packetSize_ Thesizein bytesto usefor all acknowledgmentpackets.

maxSackBlocks_Themaximumnumberof blocksof datathatcanbeacknowledgedin aSACK option.For areceiver
thatis alsousingthetimestampoption[RFC1323],theSACK optionspecifiedin RFC2018hasroomto include
threeSACK blocks. This is only usedby theTCPSink/Sack1subclass.This valuemaynot be increasedwithin
any particularTCPSinkobjectafter thatobjecthasbeenallocated.(Oncea TCPSinkobjecthasbeenallocated,
thevalueof this parametermaybedecreasedbut not increased).

TCPSINK/DELA CK Objects DelAck objectsarea subclassof TCPSinkthat implementa delayed-ACK receiver for TCP
packets. They inherit all of the TCPSinkobjectfunctionality. Thereareno methodsor statevariablesspecificto the
DelAck object.ConfigurationParametersare:

interval_ The amountof time to delaybeforegeneratingan acknowledgmentfor a singlepacket. If anotherpacket
arrivesbeforethis timeexpires,generateanacknowledgmentimmediately.

TCPSINK/SACK1 Objects TCPSink/Sack1objectsarea subclassof TCPSinkthat implementa SACK receiver for TCP
packets.They inherit all of theTCPSinkobjectfunctionality. Thereareno methods,configurationparametersor state
variablesspecificto this object.

TCPSINK/SACK1/DELA CK Objects TCPSink/Sack1/DelAckobjectsarea subclassof TCPSink/Sack1thatimplementa
delayed-SACK receiver for TCP packets. They inherit all of the TCPSink/Sack1object functionality. Thereareno
methodsor statevariablesspecificto this object.ConfigurationParametersare:

interval_ The amountof time to delaybeforegeneratingan acknowledgmentfor a singlepacket. If anotherpacket
arrivesbeforethis timeexpires,generateanacknowledgmentimmediately.

9.9 Commandsat a glance

Following aretheagentrelatedcommandsusedin simulationscripts:

ns_ attach-agent <node> <agent>
This commandattachesthe<agent>to the<node>.We assumeherethatthe<agent>hasalreadybeencreated.An agentis
typically createdby set agent [new Agent/AgentType] whereAgent/AgentTypedefinestheclassdefinitonof the
specifiedagenttype.

$agent port
This returnstheport numberto which theagentis attached.

$agent dst-port
This returnstheport numberof thedestination.Whenany connectionis setupbetween2 nodes,eachagentstoresthe
destinationport in its instancevariablecalleddst_port_ .

$agent attach-app <s_type>
This commandsattachesanapplicationof type<s_type> to theagent.A handleto theapplicationobjectis returned.Also
notethattheapplicationtypemustbedefinedasapacket typein packet.h.

$agent attach-source <s_type>
This usedto betheprocedureto attachsourceof type<s_type> to theagent.But this is obsoletenow. Useattach-app
(describedabove) instead.
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$agent attach-tbf <tbf>
Attachesa tokenbucketfilter (tbf) to theagent.

$ns_ connect <src> <dst>
Setsupa connectionbetweenthesrcanddstagents.

$ns_ create-connection <srctype> <src> <dsttype> <dst> <pktclass>
This setsup a completeconnectionbetweentwo agents.First createsa sourceof type<srctype>andbindsit to <src>.Then
createsadestinationof type<dsttype>andbindsit to <dst>.Finally connectsthesrcanddstagentsandreturnsa handleto
thesourceagent.

$ns_ create-connection-list <srctype> <src> <dsttype> <dst> <pktclass>
This commandis exactlysimilar to create-connectiondescribedabove. But insteadof returningonly thesource-agent,this
returnsa list of sourceanddestinationagents.

Internalprocedures:

$ns_ simplex-connect <src> <dst>
This is aninternalmethodthatactuallysetsup anunidirectionalconnectionbetweenthe<src>agentand<dst>agent.It
simply setsthedestinationaddressanddestinationport of the<src>as<dst>’sagent-addressandagent-port.The"connect"
describedabovecallsthis methodtwice to setup a bi-directionalconnectionbetweenthesrcanddst.

$agent set <args>
This is aninternalprocedureusedto inform usersof thebackwardcompatibilityissuesresultingfrom theupgradeto 32-bit
addressingspacecurrentlyusedin ns.

$agent attach-trace <file>
This attachesthe<file> to theagentto allow nam-tracingof theagentevents.

In additionto theagentrelatedproceduresdescribedhere,thereareadditionalmethodsthatsupportdifferenttypeof agents
like Agent/Null,Agent/TCP, Agent/CBR,Agent/TORA, Agent/mcastetc.Theseadditionalmethodsalongwith the
proceduresdescribedherecanbefoundin ns/tcl/lib/(ns-agent.tcl,ns-lib.tcl, ns-mip.tcl,ns-mobilenode.tcl,ns-namsupp.tcl,
ns-queue.tcl,ns-route.tcl,ns-sat.tcl,ns-source.tcl).They arealsodescribedin theprevioussection.
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Chapter 10

Timers

Timersmaybeimplementedin C++orOTcl. In C++,timersarebasedonanabstractbaseclassdefinedin ~ns/timer-handler.h.
They aremostoftenusedin agents,but theframework is generalenoughto beusedby otherobjects.Thediscussionbelow is
orientedtowardstheuseof timersin agents.

Theproceduresandfunctionsdescribedin this chaptercanbefoundin ~ns/tcl/ex/timer.tcl, and~ns/timer-handler.{cc, h}.

In OTcl, a simpletimer classis definedin ~ns/tcl/ex/timer.tcl. Subclassescanbederivedto providea simplemechanismfor
schedulingeventsat theOTcl level.

10.1 C++ abstract baseclassTimerHandler

TheabstractbaseclassTimerHandler containsthefollowing public memberfunctions:

void sched (doubledelay) schedulea timer to expiredelaysecondsin thefuture

void resched (doubledelay) reschedulea timer (similar to sched (), but timermaybepending)

void cancel () cancela pendingtimer

int status () returns timer status (either TIMER_IDLE, TIMER_PENDING, or
TIMER_HANDLING)

TheabstractbaseclassTimerHandler containsthefollowing protectedmembers:

virtual void expire (Event* e) =0 this methodmustbefilled in by thetimerclient

virtual void handle (Event* e) =0 consumesanevent

int status_ keepstrackof thecurrenttimerstatus

Event event_ eventto beconsumedupontimerexpiration

Thepurevirtual functionsmustbedefinedby thetimerclassesderiving from this abstractbaseclass.

Finally, two privateinline functionsaredefined:

inline void _sched(double delay) {
(void)Scheduler::instance().schedule( this, &event_, delay);
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}
inline void _cancel() {

(void)Scheduler::instance().cancel(&e vent_ );
}

Fromthis codewe canseethattimersmakeuseof methodsof theScheduler class.

10.1.1 Definition of a new timer

To definea new timer, subclassthis functionanddefinehandle () if needed(handle () is not alwaysrequired):

class MyTimer : public TimerHandler {
public:

MyTimer(MyAgentClass *a) : TimerHandler() { a_ = a; }
virtual double expire(Event *e);

protected:
MyAgentClass *a_;

};

Thendefineexpire:

double
MyTimer::expire(Event *e)
{

// do thework
// return TIMER_HANDLED; // => do not rescheduletimer
// return delay; // => rescheduletimerafter delay

}

Notethatexpire () canreturneithertheflag TIMER_HANDLED or a delayvalue,dependingon therequirementsfor this
timer.

OftenMyTimer will bea friendof MyAgentClass , or expire () will only call a public functionof MyAgentClass .

Timersarenotdirectly accessiblefrom theOTcl level, althoughusersarefreeto establishmethodbindingsif they sodesire.

10.1.2 Example: Tcp retransmissiontimer

TCPis anexampleof anagentwhich requirestimers.Therearethreetimersdefinedin thebasicTahoeTCPagentdefinedin
tcp.cc :

rtx_timer_; /* Retransmissiontimer */
delsnd_timer_; /* Delayssendingof packetsbya smallrandomamountof time,*/

/* to avoidphaseeffects*/
burstsnd_timer_; /* HelpsTCPto stagger thetransmissionof a largewindow*/

/* into several smallerbursts*/

88



In ~ns/tcp.h,threeclassesarederivedfrom thebaseclassclass TimerHandler :

class RtxTimer : public TimerHandler {
public:

RtxTimer(TcpAgent *a) : TimerHandler() { a_ = a; }
protected:

virtual void expire(Event *e);
TcpAgent *a_;

};

class DelSndTimer : public TimerHandler {
public:

DelSndTimer(TcpAgent *a) : TimerHandler() { a_ = a; }
protected:

virtual void expire(Event *e);
TcpAgent *a_;

};

class BurstSndTimer : public TimerHandler {
public:

BurstSndTimer(TcpAgent *a) : TimerHandler() { a_ = a; }
protected:

virtual void expire(Event *e);
TcpAgent *a_;

};

In theconstructorfor TcpAgent in tcp.cc , eachof thesetimersis initializedwith the this pointer, which is assignedto
thepointera_ .

TcpAgent::TcpAgent() : Agent(PT_TCP), rtt_active_(0), rtt_seq_(-1),
...
rtx_timer_(this), delsnd_timer_(this), burstsnd_timer_(this)

{
...

}

In the following, we will focusonly on theretransmissiontimer. Varioushelpermethodsmaybedefinedto scheduletimer
events;e.g.,

/*
* Setretransmittimerusingcurrentrtt estimate. Bycalling resched()
* it doesnot matterwhetherthetimerwasalreadyrunning.
*/

void TcpAgent::set_rtx_timer()
{

rtx_timer_.resched(rtt_timeout());
}

/*
* Setnew retransmissiontimer if notall outstanding
* datahasbeenacked. Otherwise,if a timer is still
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* outstanding,cancelit.
*/

void TcpAgent::newtimer(Packet* pkt)
{

hdr_tcp *tcph = (hdr_tcp*)pkt->access(off_tcp_);
if (t_seqno_ > tcph->seqno())

set_rtx_timer();
else if (rtx_timer_.status() == TIMER_PENDING)

rtx_timer_.cancel();
}

In theabovecode,theset_rtx_timer () methodreschedulestheretransmissiontimerbycallingrtx_timer_.resched ().
Notethatif it is unclearwhetherornotthetimeris alreadyrunning,callingresched () eliminatestheneedto explicitly cancel
thetimer. In thesecondfunction,examplesaregivenof theuseof thestatus () andcancel (void) methods.

Finally, the expire (void) methodfor classRtxTimer must be defined. In this case,expire (void) calls the time-
out (void) methodfor TcpAgent . This is possiblebecausetimeout () is a public memberfunction; if it werenot, then
RtxTimer wouldhavehadto havebeendeclareda friendclassof TcpAgent .

void TcpAgent::timeout(int tno)
{

/* retransmit timer */
if (tno == TCP_TIMER_RTX) {

if (highest_ack_ == maxseq_ && !slow_start_restart_) {
/*

* TCPoption:
* If no outstandingdata,thendon’t do anything.
*/

return;
};
recover_ = maxseq_;
recover_cause_ = 2;
closecwnd(0);
reset_rtx_timer(0,1);
send_much(0, TCP_REASON_TIMEOUT,maxburst_);

} else {
/*

* delayed-sendtimer,with randomoverhead
* to avoidphaseeffects
*/

send_much(1, TCP_REASON_TIMEOUT,maxburst_);
}

}

void RtxTimer::expire(Event *e) {
a_->timeout(TCP_TIMER_RTX);

}

ThevariousTCPagentscontainadditionalexamplesof timers.
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10.2 OTcl Timer class

A simpletimer classis definedin ~ns/tcl/mcast/timer.tcl. Subclassesof Timer canbe definedasneeded.Unlike theC++
timerAPI, whereasched () abortsif thetimer is alreadyset,sched () andresched () arethesame;i.e.,nostateis keptfor
theOTcl timers.Thefollowing methodsaredefinedin theTimer baseclass:

$self sched $delay ;# causes"$selftimeout"to becalled$delaysecondsin thefuture
$self resched $delay ;# sameas"$selfsched$delay"
$self cancel ;# cancelsanypendingscheduledcallback
$self destroy ;# sameas"$selfcancel"
$self expire ;# calls "$selftimeout"immediately

10.3 Commandsat a glance

Following is a list of methodsfor theclassTimer. Notethatmany differenttypesof timershave beenderivedfrom this base
class(viz. LogTimer, Timer/Iface,Timer/Iface/Prune,CacheTimer, Timer/Scubaetc).

$timer sched <delay>
This commandcancelsany othereventthatmayhavebeenscheduledandre-schedulesanothereventaftertime <delay>.

$timer resched <delay>
Similar to "sched"describedabove. Addedto havesimilarAPIs asthatof theC++ timers.

$timer cancel
This cancelsany scheduledevent.

$timer destroy
This is similar to cancel.Cancelsany scheduledevent.

$timer expire
This commandcallsfor a time-out.However thetime-outprocedureneedsto bedefinedin thesub-classes.

All theseprocedurescanbefoundin ns/tcl/mcast/timer.tcl.
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Chapter 11

Packet Headersand Formats

The proceduresand functionsdescribedin this chaptercan be found in ~ns/tcl/lib/ns-lib.tcl, ~ns/tcl/lib/ns-packet.tcl, and
~ns/packet.{cc,h}.

Objectsin theclass Packet arethefundamentalunit of exchangebetweenobjectsin thesimulation.TheclassPacket
providesenoughinformationto link apacketonto alist (i.e., in aPacketQueue or onafreelist of packets),referto abuffer
containingpacketheadersthataredefinedona per-protocolbasis,andto referto a buffer of packetdata.New protocolsmay
definetheir own packetheadersor mayextendexisting headerswith additionalfields.

New packet headersareintroducedinto the simulatorby defininga C++ structurewith the neededfields, defininga static
classto provide OTcl linkage,andthenmodifying someof the simulatorinitialization codeto assigna byte offset in each
packetwherethenew headeris to belocatedrelative to others.

Whenthesimulatoris initialized throughOTcl, ausermaychooseto enableonly a subsetof thecompiled-inpacket formats,
resultingin amodestsavingsof memoryduringtheexecutionof thesimulation.Presently, mostconfigured-inpacket formats
areenabled.Themanagementof which packet formatsarecurrentlyenabledin a simulationis handledby a specialpacket
headermanagerobjectdescribedbelow. This objectsupportsanOTcl methodusedto specifywhich packet headerswill be
usedin a simulation. If an objectin the simulatormakesuseof a field in a headerwhich hasnot beenenabled,a run-time
fatalprogramabortoccurs.

11.1 A Protocol-SpecificPacket Header

Protocoldeveloperswill oftenwish to provide a specificheadertypeto beusedin packets.Doing soallows a new protocol
implementationto avoid overloadingalready-existingheaderfields. We considera simplifiedversionof RTP asanexample.
TheRTP headerwill requirea sequencenumberfieldsanda sourceidentifierfield. Thefollowing classescreatetheneeded
header(see~ns/rtp.hand~ns/rtp.cc):

Fromrtp.h:
/* rtp packet. For now,justhavesrcid + seqno. */
struct hdr_rtp {

u_int32_t srcid_;
int seqno_;
/* per-fieldmemberfunctions */
u_int32_t& srcid() { return (srcid_); }
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int& seqno() { return (seqno_); }

/* Packetheaderaccessfunctions */
static int offset_;
inline static int& offset() { return offset_; }
inline static hdr_rtp* access(Packet* p) {

return (hdr_rtp*) p->access(offset_);
}

};

Fromrtp.cc:

class RTPAgent: public Agent {
...
int off_rtp_;

};

class RTPHeaderClass : public PacketHeaderClass {
public:

RTPHeaderClass() : PacketHeaderClass("PacketHeader/RTP ",
sizeof(hdr_rtp)) {

bind_offset(&hdr_rtp::offset_);
}

} class_rtphdr;

void RTPAgent::sendpkt()
{

Packet* p = allocpkt();
hdr_rtp *rh = hdr_rtp::access(p);
lastpkttime_ = Scheduler::instance().clock();

/* Fill in srcid_ andseqno */
rh->seqno() = seqno_++;
rh->srcid() = session_->srcid();
target_->recv(p, 0);

}

RTPAgent::RTPAgent()
: session_(0), lastpkttime_(-1e6)

{
type_ = PT_RTP;
bind("seqno_", &seqno_);

}

The first structure,hdr_rtp , definesthe layoutof the RTP packet header(in termsof wordsandtheir placement):which
fields areneededandhow big they are. This structuredefinition is only usedby the compiler to computebyte offsetsof
fields; no objectsof this structuretype areever directly allocated.The structurealsoprovidesmemberfunctionswhich in
turn provide a layerof datahiding for objectswishing to reador modify headerfieldsof packets. Note that thestaticclass
variableoffset_ is usedto find the byte offsetat which the rtp headeris locatedin an arbitrarynspacket. Two methods
areprovided to utilize this variableto accessthis headerin any packet: offset() andaccess() . The latter is what
mostusersshouldchooseto accessthis particularheaderin a packet; the former is usedby thepacket headermanagement
classandshouldseldombeused.For example,to accesstheRTP packet headerin a packet pointedby p, onesimply says
hdr_rtp::access(p) . The actualbinding of offset_ to the positionof this headerin a packet is doneby routines
inside~ns/tcl/lib/ns-packet.tcland~ns/packet.cc.
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IMPORTANT : Noticethatthisis completelydifferentfrom theoriginalmethodto accessapacketheader, whichrequiresthat
an integervariable,off_ 8 hdrname 9 _, bedefinedfor any packet headerthatoneneedsto access.This is now anobsolete
method;its usageis tricky andits misusecanbeverydifficult to detect.

Thestaticobjectclass_rtphdr of class RTPHeaderClass is usedto provide linkageto OTcl whentheRTPheader
is enabledatconfigurationtime. Whenthesimulatorexecutes,thisstaticobjectcallsthePacketHeaderClass constructor
with arguments"PacketHeader/RTP" andsizeof(hdr_rtp) . Thiscausesthesizeof theRTPheadertobestoredand
madeavailableto thepacketheadermanageratconfigurationtime(seebelow, Section11.2.4).Noticethatbind_offset()
MUST becalledin theconstructorof this class,so that thepacket headermanagerknows whereto storetheoffset for this
particularpacketheader.

The samplememberfunction sendpkt () methodof RTPAgent createsa new packet to sendby calling allocpkt (),
which handlesassignmentof all thenetwork-layerpacket headerfields (in this case,IP). HeadersotherthanIP arehandled
separately. In this case,the agentusesthe RTPHeader definedabove. The Packet::access (void) memberfunction
returnstheaddressof thefirst bytein abuffer usedto holdheaderinformation(seebelow). Its returnvalueis castasapointer
to theheaderof interest,afterwhichmemberfunctionsof theRTPHeader objectareusedto accessindividualfields.

11.1.1 Adding a NewPacket HeaderType

Assumingwe wish to createa new headercallednewhdr thefollowing stepsareperformed:

1. createa new structuredefiningtheraw fields(calledhdr_newhdr ), defineoffset_ andaccessmethods.

2. definememberfunctionsfor neededfields.

3. createa staticclassto performOTcl linkage(definesPacketHeader/Newhdr ), do bind_offset() in its con-
structor.

4. edit ~ns/tcl/lib/ns-packet.tcl to enablenew packet format (see11.2.2,11.2.4). Alternatively, onemaycall create-
packet-header in one’sown code(see~ns/tcl/lib/ns-packet.tcl for exampleof usingthisTcl function.

11.2 Packet Classes

Therearefour C++ classesrelevant to the handlingof packetsandpacket headersin general:Packet , p_info Pack-
etHeader , andPacketHeaderManager . Theclass Packet definesthetypefor all packetsin thesimulation;it is
a subclassof Event so thatpacketsmaybescheduled(e.g.for laterarrival at somequeue).Theclass packet_info
holdsall text representationsfor packet names.Theclass PacketHeader providesa baseclassfor any packet header
configuredinto the simulation. It essentiallyprovidesenoughinternal stateto locateany particularpacket headerin the
collectionof packet headerspresentin any givenpacket. The class PacketHeaderManager definesa classusedto
collectandmanagecurrently-configuredheaders.It is invokedby amethodavailableto OTcl atsimulationconfigurationtime
to enablesomesubsetof thecompiled-inpacketheaders.

11.2.1 The Packet Class

TheclassPacketdefinesthestructureof a packetandprovidesmemberfunctionsto handlea freelist for objectsof this type.
It is illustratedin Figure11.1anddefinedasfollows in packet.h :

class Packet : public Event {

94



Size Determined

ip header body

tcp header body

rtp header body

trace header body

next_
Packet

hdrsize_

at compile time

at compile time

size determined
at compile time

size determined
at compile time

size determined

size determined

Time, stored in hdrsize_
at Simulator Config

points to next packet in either
free list or in a PacketQueue

bits()

accessdata() packet data

Figure11.1:A PacketObject

private:
friend class PacketQueue;
u_char* bits_;
u_char* data_; /* variablesizebuffer for ’data’ */
u_int datalen_; /* lengthof variablesizebuffer */

protected:
static Packet* free_;

public:
Packet* next_; /* for queuesandthefreelist */
static int hdrlen_;
Packet() : bits_(0), datalen_(0), next_(0) {}
u_char* const bits() { return (bits_); }
Packet* copy() const;
static Packet* alloc();
static Packet* alloc(int);
inline void allocdata(int);
static void free(Packet*);
inline u_char* access(int off) {

if (off < 0)
abort();

return (&bits_[off]);
}
inline u_char* accessdata() { return data_; }

};

Thisclassholdsapointerto agenericarrayof unsignedcharacters(commonlycalledthe“bagof bits” or BOB for short)where
packet headerfieldsarestored.It alsoholdsa pointerto packet “data” (which is oftennot usedin simulations).Thebits_
variablecontainstheaddressof thefirst byteof theBOB. Effectively BOB is (currentlyimplementedas)a concatenationof
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all thestructuresdefinedfor eachpacket header(by convention,thestructureswith namesbeginninghdr_ 8 something 9 )
that have beenconfiguredin. BOB generallyremainsa fixed sizethroughouta simulation,andthe sizeis recordedin the
Packet::hdrlen_ membervariable.Thissizeis updatedduringsimulatorconfigurationby OTcl1.

Theothermethodsof theclassPacket arefor creatingnew packetsandstoringold (unused)oneson a privatefreelist. Such
allocationanddeallocationis performedby thefollowing code(in ~ns/packet.h):

inline Packet* Packet::alloc()
{

Packet* p = free_;
if (p != 0)

free_ = p->next_;
else {

p = new Packet;
p->bits_ = new u_char[hdrsize_];
if (p == 0 || p->bits_ == 0)

abort();
}
return (p);

}

/* allocatea packetwith an n bytedatabuffer */
inline Packet* Packet::alloc(int n)
{

Packet* p = alloc();
if (n > 0)

p->allocdata(n);
return (p);

}

/* allocatean n bytedatabuffer to an existingpacket */
inline void Packet::allocdata(int n)
{

datalen_ = n;
data_ = new u_char[n];
if (data_ == 0)

abort();

}

inline void Packet::free(Packet* p)
{

p->next_ = free_;
free_ = p;
if (p->datalen_) {

delete p->data_;
p->datalen_ = 0;

}
}

inline Packet* Packet::copy() const
{

1It is not intendedto beupdatedafterconfigurationtime. Doingsoshouldbepossible,but is currentlyuntested.
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Packet* p = alloc();
memcpy(p->bits(), bits_, hdrlen_);
if (datalen_) {

p->datalen_ = datalen_;
p->data_ = new u_char[datalen_];
memcpy(p->data_, data_, datalen_);

}
return (p);

}

The alloc () methodis a supportfunction commonlyusedto createnew packets. It is calledby Agent::allocpkt ()
methodon behalfof agentsandis thusnot normallyinvokeddirectlyby mostobjects.It first attemptsto locateanold packet
onthefreelist andif this failsallocatesanew oneusingtheC++new operator. NotethatPacket classobjectsandBOBsare
allocatedseparately. Thefree () methodfreesapacketby returningit to thefreelist. Notethatpacketsarenever returnedto
thesystem’smemoryallocator. Instead,they arestoredonafreelist whenPacket::free () is called.Thecopy () member
createsa new, identicalcopy of a packet with the exceptionof the uid_ field, which is unique. This function is usedby
Replicator objectsto supportmulticastdistributionandLANs.

11.2.2 p_info Class

This classis usedasa “glue” to bind numericpacket type valueswith their symbolicnames.Whena new packet type is
defined,its numericcodeshouldbeaddedto theenumerationpacket_t (see~ns/packet.h)2 andits symbolicnameshould
beaddedto theconstructorof p_info :

enum packet_t {
PT_TCP,
...
PT_NTYPE // This MUST be the LAST one

};

class p_info {
public:

p_info() {
name_[PT_TCP]= "tcp";
...

}
}

11.2.3 The hdr_cmn Class

Everypacket in thesimulatorhasa “common”headerwhich is definedin ~ns/packet.hasfollows:

struct hdr_cmn {
double ts_; /* timestamp:for q-delaymeasurement*/
packet_t ptype_; /* packet type(seeabove)*/
int uid_; /* uniqueid */
int size_; /* simulatedpacketsize*/

2Note: PT_NTYPEshouldremainthelastelementof thisenumeration.
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int iface_; /* receivinginterface(label) */

/* Packetheaderaccessfunctions */
static int offset_;
inline static int& offset() { return offset_; }
inline static hdr_cmn* access(Packet* p) {

return (hdr_cmn*) p->access(offset_);
}

/* per-fieldmemberfunctions */
int& ptype() { return (ptype_); }
int& uid() { return (uid_); }
int& size() { return (size_); }
int& iface() { return (iface_); }
double& timestamp() { return (ts_); }

};

Thisstructureprimarily definesfieldsusedfor tracingtheflow of packetsor measuringotherquantities.Thetimestampfield
is usedto measurequeuingdelayat switchnodes.The ptype_ field is usedto identify the type of packets,which makes
readingtracessimpler. Theuid_ field is usedby theschedulerin schedulingpacket arrivals.Thesize_ field is of general
useandgivesthesimulatedpacket’s sizein bytes.Notethat theactualnumberof bytesconsumedin thesimulationmaynot
relateto the valueof this field (i.e., size_ hasno relationshipto sizeof(struct hdr_cmn) or otherns structures).
Rather, it is usedmostoften in computingthe time requiredfor a packet to be deliveredalonga network link. As suchit
shouldbesetto thesumof theapplicationdatasizeandIP-, transport-,andapplication-levelheadersfor thesimulatedpacket.
The iface_ field is usedby thesimulatorwhenperformingmulticastdistribution treecomputations.It is a labelindicating
(typically) on which link a packetwasreceived.

11.2.4 The PacketHeaderManagerClass

An objectof theclass PacketHeaderManager is usedto managethesetof currently-activepacket headertypesand
assigneachof themuniqueoffsetsin theBOB. It is definedin boththeC++ andOTcl code:

Fromtcl/lib/ns-packet.tcl:

PacketHeaderManager set hdrlen_ 0

#XXX could potentially get rid of this by searching having a more
# uniform offset concept...
foreach pair {

{ Commonoff_cmn_ }
{ Mac off_mac_ }
{ LL off_ll_ }
{ Snoop off_snoop_ }
{ IP off_ip_ }
{ TCP off_tcp_ }
{ TCPA off_tcpasym_ }
{ Flags off_flags_ }
{ RTP off_rtp_ }
{ Message off_msg_ }
{ IVS off_ivs_ }
{ rtProtoDV off_DV_ }
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{ CtrMcast off_CtrMcast_ }
{ Prune off_prune_ }
{ Tap off_tap_ }
{ aSRM off_asrm_ }
{ SRM off_srm_ }} {

set cl [lindex $pair 0]
set var [lindex $pair 1]
PacketHeaderManager set vartab_($cl) $var

}

Simulator instproc create_packetformat { } {
set pm [new PacketHeaderManager]
foreach oclass [PacketHeader info subclass] {

set L [split $oclass /]
set cl [lindex $L 1]
set var [PacketHeaderManager set vartab_($cl)]
set off [$pm allochdr $cl]
TclObject set $var $off

}
$self set packetManager_ $pm

}
PacketHeaderManager instproc allochdr cl {

set size [PacketHeader/$cl set hdrlen_]

$self instvar hdrlen_
set NS_ALIGN 8
# round up to nearest NS_ALIGN bytes
set incr [expr ($size + ($NS_ALIGN-1)) & ~($NS_ALIGN-1)]
set base $hdrlen_
incr hdrlen_ $incr

return $base
}

Frompacket.cc:

/* managesactivepacketheadertypes */
class PacketHeaderManager : public TclObject {
public:

PacketHeaderManager() {
bind("hdrlen_", &Packet::hdrlen_);

}
};

The codein ~ns/tcl/lib/ns-packet.tcl is executedwhenthe simulatorinitializes. Thus,the foreach statementis executed
beforethesimulationbegins,andinitializestheOTcl classarrayvartab_ to containthemappingbetweenclassthename
andthe nameof the variableusedto containthat class’s headerin a packet (which is initialized later). For example,the
valueof vartab_(IP) is setto off_ip_ . Notice thatherethe off_ 8 hdrname 9 _ stuff is only providedfor backward
compatibilityreasons;asdiscussedabove(11.1),packetheadersshouldbeaccessedusinghdr_ 8 hdrname 9 ::access() .

Thecreate_packetformat {} instanceprocedureis partof thebasicSimulatorclassandis calledonetime duringsim-
ulatorconfiguration.It first createsasinglePacketHeaderManager object.TheC++ constructorlinks theOTcl instance
variablehdrlen_ (of classPacketHeaderManager ) to theC++ variablePacket::hdrlen_ (astaticmemberof the
Packet class). This hasthe effect of settingPacket::hdrlen_ to zero. Note that binding acrossclasstypesin this
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fashionis unusual.

After creatingthe packet manager, the foreach loop enableseachof the packet headersof interest. This loop iterates
throughthelist of definedpacketheadersof theform ;)<>=@?�A.=CB where <>= is thenameof the D th headerand A.= is thenameof the
variablecontainingthelocationof the <E= headerin BOB. Theplacementof headersis performedby theallochdr instproc
of thePacketHeaderManager OTcl class.Theprocedurekeepsa runningvariablehdrlen_ with thecurrentlengthof
BOB asnew packet headersareenabled.It alsoarrangesfor 8-bytealignmentfor any newly-enabledpacket header. This
is neededto ensurethat whendouble-world lengthquantitiesareusedin packet headerson machineswheredouble-word
alignmentis required,accessfaultsarenot produced.3.

11.3 Commandsat a glance

Following is a list of packet-headerrelatedprocedures:

$ns_ create_packetformat
This is aninternalsimulatorprocedureandis calledonceduringthesimulatorconfigurationto setupa
packetHeaderManagerobject.

$pktHdrManager allochdr
This is anotherinternalprocedureof ClassPacketHeaderManagerthatkeepstrackof a variablecalledhdrlen_ asnew
packet-headersareenabled.It alsoallows8-byteallignmentfor any newly-enabledpkt header.

3In someprocesserarchitectures,including the SparcandHP-PA, double-word accessmustbeperformedon a double-word boundary(i.e. addresses
endingin 0 mod8). Attemptingto performunalignedaccessesresultin anabnormalprogramtermination.
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Chapter 12

Err or Model

Thischapterdescribestheimplementationandconfigurationof errormodels,whichintroducespacketlossesinto asimulation.

12.1 Implementation

Theproceduresandfunctionsdescribedin this sectioncanbefoundin ~ns/errmodel.{cc,h}.

Error model simulateslink-level errorsor lossby eithermarking the packet’s error flag or dumpingthe packet to a drop
target. In simulations,errorscanbegeneratedfrom a simplemodelsuchasthepacket errorrate,or from morecomplicated
statisticalandempiricalmodels.To supportawidevarietyof models,theunit of errorcanbespecifiedin termof packet,bits,
or time-based.

TheErrorModel classis derivedfrom theConnector baseclass.As theresult,it inheritssomemethodsfor hookingup
objectssuchastarget anddrop-target . If thedroptargetexists,it will receivedcorruptedpacketsfrom ErrorModel .
Otherwise,ErrorModel just marksthe error_ flag of the packet’s commonheader, thereby, allowing agentsto handle
theloss.TheErrorModel alsodefinesadditionalTcl methodunit to specifytheunit of errorandranvar to specifythe
randomvariablefor generatingerrors. If not specified,theunit of errorwill be in packets,andtherandomvariablewill be
uniform distributedfrom 0 to 1. Below is a simpleexampleof creatinganerrormodelwith thepacketerrorrateof 1 percent
(0.01):

# create a loss_module and set its packet error rate to 1 percent
set loss_module [new ErrorModel]
$loss_module set rate_ 0.01

# optional: settheunit andrandomvariable
$loss_module unit pkt ;# error unit: packets(thedefault)
$loss_module ranvar [new RandomVariable/Uniform]

# settarget for droppedpackets
$loss_module drop-target [new Agent/Null]

In C++, theErrorModel containsboththemechanismandpolicy for droppingpackets.Thepacket droppingmechanism
is handledby therecv method,andpacketcorruptingpolicy is handledby thecorrupt method.
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enum ErrorUnit { EU_PKT=0, EU_BIT, EU_TIME };

class ErrorModel : public Connector {
public:

ErrorModel();
void recv(Packet*, Handler*);
virtual int corrupt(Packet*);
inline double rate() { return rate_; }

protected:
int command(int argc, const char*const* argv);
ErrorUnit eu_; /* error unit in pkt,bit, or time*/
RandomVariable* ranvar_;
double rate_;

};

TheErrorModel only implementsasimplepolicy basedonasingleerrorrate,eitherin packetsof bits. Moresophisticated
droppingpolicy canbeimplementedin C++ by deriving from ErrorModel andredefiningits corrupt method.

12.2 Configuration

Theprevioussectiontalkedabouterrormodel,in this sectionwe discusshow to useerrormodelsin ns.

To useanerrormodel,it hasto beinsertedinto a SimpleLinkobject. Becausea SimpleLink is a compositeobject(Chapter
6), anerrormodelcanbeinsertedto many places.Currentlyweprovidethefollowing methodsto insertanerrormoduleinto
threedifferentplaces.

: Insert an error modulein a SimpleLink BEFOREthe queuemodule. This is provided by the following two OTcl
methods:

SimpleLink::errormoduleargs When an error model is given as a parameter, it insertsthe error moduleinto
the simple link, right after the queuemodule,andset the drop-targetof the er-
ror modelto be the drop traceobjectof the simplelink. Note that this requires
the following configurationorder: ns namtrace-all followedby link con-
figurations,followed by error model insertion. Whenno argumentis given, it
returnsthecurrenterrormodelin thelink, if there’s any. This methodis defined
in ns/tcl/lib/ns-link.tcl

Simulator::lossmodel8 em9F8 src9�8 dst9 Call SimpleLink::errormoduleto insert the given error moduleinto the simple
link (src,dst). It’ ssimplyawrapperfor theabovemethod.Thismethodis defined
in ns/tcl/lib/ns-lib.tcl.

: Insertanerrormodulein aSimpleLinkAFTERthequeuebut BEFOREthedelaylink. Thisis providedby thefollowing
two methods:

SimpleLink::insert-linklossargs This method’s behavior is identical to that of Sim-
pleLink::errormodule , except that it inserts an error module
immediatelyafterthequeueobject.It’ sdefinedin ns/tcl/lib/ns-link.tcl

Simulator::link-lossmodel8 em9�8 src9�8 dst9 This is a wrapperfor SimpleLink::insert-linkloss . It’ s defined
in ns/tcl/lib/ns-lib.tcl

Thenamtracesgeneratedby errormodelsinsertedusingthesetwo methodsdo not requirespecialtreatmentandcan
bevisualizedusinganolderversionof nam.
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: Insertan error modulein a Link AFTER the delay link module. This canbe doneby Link::install-error .
Currentlythis API doesn’t produceany trace.It only servesasa placeholderfor possiblefutureextensions.

12.3 Multi-state error model

Contributedby JianpingPan(jpan@bbcr.uwaterloo.ca).

Themulti-stateerrormodelimplementstime-basederrorstatetransitions.Transitionsto thenext errorstateoccurat theend
of thedurationof thecurrentstate.Thenext errorstateis thenselectedusingthetransitionstatematrix.

To createamulti-stateerrormodel,thefollowing parametersshouldbesupplied(asdefinedin ns/tcl/lib/ns-errmodel.tcl):

: states : anarrayof states(errormodels).

: periods : anarrayof statedurations.

: trans : thetransitionstatemodelmatrix.

: transunit : oneof [pkt|byte|time] .

: sttype : typeof statetransitionsto use:eithertime or pkt .

: nstates : numberof states.

: start : thestartstate.

Hereis asimpleexamplescriptto createamulti-stateerrormodel:

set tmp [new ErrorModel/Uniform 0 pkt]
set tmp1 [new ErrorModel/Uniform .9 pkt]
set tmp2 [new ErrorModel/Uniform .5 pkt]

# Array of states(error models)
set m_states [list $tmp $tmp1 $tmp2]
# Durationsfor each of thestates,tmp,tmp1andtmp2,respectively
set m_periods [list 0 .0075 .00375]
# Transitionstatemodelmatrix
set m_transmx { {0.95 0.05 0}

{0 0 1}
{1 0 0} }

set m_trunit pkt
# Usetime-basedtransition
set m_sttype time
set m_nstates 3
set m_nstart [lindex $m_states 0]

set em [new ErrorModel/MultiState $m_states $m_periods $m_transmx

$m_trunit $m_sttype $m_nstates $m_nstart]
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12.4 Commandsat a glance

Thefollowing is a list of error-modelrelatedcommandscommonlyusedin simulationscripts:

set em [new ErrorModel]
$em unit pkt
$em set rate_ 0.02
$em ranvar [new RandomVariable/Uniform]
$em drop-target [new Agent/Null]

This is a simpleexampleof how to createandconfigureanerrormodel.Thecommandsto placetheerror-modelin a simple
link will beshown next.

$simplelink errormodule <args>
This commandsinsertstheerror-modelbeforethequeueobjectin simplelink. However in this casetheerror-model’s
drop-targetpointsto thelink’sdrophead_ element.

$ns_ lossmodel <em> <src> <dst>
This commandplacestheerror-modelbeforethequeuein a simplelinkdefinedby the<src>and<dst>nodes.This is
basicallya wrapperfor theabovemethod.

$simplelink insert-linkloss <args>
This insertsa loss-moduleafterthequeue,but right beforethedelaylink_ elementin thesimplelink. This is becausenam
canvisualizea packetdroponly if thepacket is on thelink or in thequeue.Theerror-module’sdrop-targetpointsto the
link’sdrophead_ element.

$ns_ link-lossmodel <em> <src> <dst>
This too is awrappermethodfor insert-linklossmethoddescribedabove. Thatis this insertstheerror-moduleright afterthe
queueelementin a simplelink (src-dst).

In additionto themethodsdescribedabovefor theclassErrorModel,thereareseveralothertypesof errormodulesderived
from thisbaseclasslikeSRMErrorModel,ErrorModel/Trace,ErrorModel/Periodicetc.Thesedefinitionscanbefoundin
ns/tcl/lib/(ns-errmodel.tclandns-default.tcl).
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Chapter 13

Local Ar eaNetworks

Thecharacteristicsof thewirelessandlocal areanetworks(LAN) areinherentlydifferentfrom thoseof point-to-pointlinks.
A network consistingof multiple point-to-pointlinks cannotcapturethe sharingandcontentionpropertiesof a LAN. To
simulatetheseproperties,we createda new type of a Node,calledLanNode . The OTcl configurationsandinterfacesfor
LanNode residein thefollowing two files in themainnsdirectory:

tcl/lan/vlan.tcl
tcl/lan/ns-ll.tcl
tcl/lan/ns-mac.tcl

13.1 Tcl configuration

The interfacefor creatingandconfiguringa LAN slightly differs from thoseof point-to-pointlink. At the top level, the
OTcl classSimulator exportsa new methodcalledmake-lan . Theparametersto this methodaresimilar to themethod
duplex-link , except that make-lan only acceptsa list of nodesasa singleparameterinsteadof 2 parametersas in
duplex-link :

Simulator instproc make-lan {nodes bw delay lltype ifqtype mactype chantype}

Theoptionalparametersto make-lan specifythetypeof objectsto becreatedfor thelink layer(LL), the interfacequeue,
theMAC layer(Mac), andthephysicallayer(Channel ). Below is anexampleof how a new CSMA/CD (Ethernet)LAN is
created.

Example:

$ns make-lan "$n1 $n2" $bw $delay LL Queue/DropTail Mac/Csma/Cd

createsaLAN with basiclink-layer, drop-tailqueue,andCSMA/CD MAC.
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Figure13.1:Connectivity within a LAN

13.2 Componentsof a LAN

LanLink capturesthefunctionalityof thethreelowestlayersin thenetwork stack:

1. Link Layer(LL)

2. MediumAccessControl(MAC) Layer

3. Physical(PHY) Layer

Figure13.1illustratestheextendednetwork stackthatmakessimulationsof local areanetwork possiblein ns. A packet sent
down the stackflows throughthe link layer (Queue andLL), the MAC layer (Mac), andthe physicallayer (Channel to
Classifier/Mac ). Thepacket thenmakesits way up thestackthroughtheMac, andtheLL .

At thebottomof thestack,thephysicallayeris composedof two simulationobjects:theChannel andClassifier/Mac .
TheChannel objectsimulatesthesharedmediumandsupportsthemediumaccessmechanismsof theMAC objectson the
sendingsideof thetransmission.On thereceiving side,theClassifier/Mac is responsiblefor deliveringandoptionally
replicatingpacketsto thereceiving MAC objects.

Dependingon the typeof physicallayer, theMAC layermustcontaina certainsetof functionalitiessuchas: carriersense,
collision detection,collision avoidance,etc. Sincethesefunctionalitiesaffect both thesendingandreceiving sides,they are
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implementedin a single Mac object. For sending,the Mac objectmust follow a certainmediumaccessprotocol before
transmittingthepacketon thechannel.For receiving, theMAC layeris responsiblefor deliveringthepacket to thelink layer.

AbovetheMAC layer, thelink layercanpotentiallyhavemany functionalitiessuchasqueuingandlink-level retransmission.
Theneedof having a wide varietyof link-level schemesleadsto thedivision of functionality into two components:Queue
andLL (link-layer). TheQueue object,simulatingthe interfacequeue,belongsto thesameQueue classthat is described
in Chapter7. TheLL objectimplementsa particulardatalink protocol,suchasARQ. By combiningboth thesendingand
receiving functionalitiesinto onemodule,theLL objectcanalsosupportothermechanismssuchaspiggybacking.

13.3 Channel Class

TheChannel classsimulatestheactualtransmissionof thepacket at thephysicallayer. ThebasicChannel implements
a sharedmediumwith supportfor contentionmechanisms.It allows the MAC to carry out carriersense,contention,and
collision detection.If morethanonetransmissionsoverlapsin time,achannelraisesthecollision flag. By checkingthisflag,
theMAC objectcanimplementcollision detectionandhandling.

Sincethe transmissiontime is a function of the numberof bits in the packet andthe modulationspeedof eachindividual
interface(MAC), the Channel object only setsits busy signal for the durationrequestedby the MAC object. It also
schedulesthepacketsto bedeliveredto thedestinationMAC objectsafterthetransmissiontimeplusthepropagationdelay.

13.3.1 Channel State

TheC++ class Channel includesenoughinternalstateto schedulepacket delivery anddetectcollisions. It exportsthe
following OTcl configurationparameter:

delay_ propagationdelayon thechannel

13.3.2 Example: Channeland classifierof the physical layer

set channel_ [new Channel]
$channel_ set delay_ 4us # propagation delay

set mcl_ [new Classifier/Mac]
$channel_ target $mcl_
$mcl_ install $mac_DA $recv_iface

. . .

13.3.3 Channel Classin C++

In C++, the classChannelextendsthe Connectorobjectwith several new methodsto supporta varietyof MAC protocols.
Theclassis definedasfollow in ~ns/channel.h:

class Channel : public Connector {
public:

Channel();
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void recv(Packet* p, Handler*);
virtual int send(Packet* p, double txtime);
virtual void contention(Packet*, Handler*);
int hold(double txtime);
virtual int collision() { return numtx_ > 1; }
virtual double txstop() { return txstop_; }

. . .
};

Theimportantmethodsof theclassChannel are:

: txstop() methodreturnsthetimewhenthechannelwill becomeidle, whichcanbeusedby theMAC to implement
carriersense.

: contention() methodallows theMAC to contendfor thechannelbeforesendinga packet. Thechannelthenuse
this packet to signalthecorrespondingMac objectat theendof eachcontentionperiod.

: collision() methodindicateswhetheracollisionoccursduringthecontentionperiod.WhentheChannel signal
theendof thecontentionperiod,theMAC canusethecollision() methodto detectcollision.

: send() methodallows theMAC objectto transmitapacketon thechannelfor a specifieddurationof time.
: hold() methodallows theMAC objectto hold thechannelfor aspecifieddurationof timewithoutactuallytransmit-

ting any packets.This is usefulin simulatingthejammingmechanismof someMAC protocols.

13.4 MacClassifierClass

TheMacClassifier classextendstheClassifier classto implementa simplebroadcastingmechanism.It modifies
the recv() methodin the following way: sincethe replicationof a packet is expensive, normally a unicastpacket will
be classifiedby the MAC destinationaddressmacDA_ and delivereddirectly to the MAC object with suchan address.
However, if thedestinationobjectcannotbefoundor if theMAC destinationaddressis explicitly setto thebroadcastaddress
BCAST_ADDR, thepacketwill bereplicatedandsentto all MACsonthelanexcludingtheonethatis thesourceof thepacket.
Finally, by settingthe boundvariableMacClassifier::bcast_ to a non–zerovalue,will causeMacClassifier
alwaysto replicatepackets.

class MacClassifier : public Classifier {
public:

void recv(Packet*, Handler*);
};

void MacClassifier::recv(Packet* p, Handler*)
{

Mac* mac;
hdr_mac* mh = hdr_mac::access(p);

if (bcast_ || mh->macDA() == BCAST_ADDR|| (mac = (Mac *)find(p)) == 0) {
// Replicate packets to all slots (broadcast)
. . .
return;

}
mac->recv(p);

}
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13.5 MAC Class

The Mac objectsimulatesthe mediumaccessprotocolsthat arenecessaryin the sharedmediumenvironmentsuchasthe
wirelessandlocal areanetworks. Sincethe sendingandreceiving mechanismsaretightly coupledin most typesof MAC
layers,it is essentialfor theMac objectto beduplex.

On thesendingside,theMac objectis responsiblefor addingtheMAC headerandtransmittingthepacket ontothechannel.
On thereceiving side,theMac objectasynchronouslyreceivespacketsfrom theclassifierof thephysicallayer. After MAC
protocolprocessing,it passesthedatapacket to thelink layer.

13.5.1 Mac State

The C++ class Mac classcontainsenoughinternal stateto simulatethe particularMAC protocol. It also exports the
following OTcl configurationparameter:

bandwidth_ modulationrateof theMAC

hlen_ additionalbytesaddedto packet for MAC header

label_ MAC address

13.5.2 Mac Methods

Theclass Mac classaddedseveralTcl methodsfor configuration,in particular, linking with othersimulationobjects:

channel specifythechannelfor transmission

classifier theclassifierthatdeliverpacketsto receiving MAC

maclist a link list of MAC interfaceson thesamenode

13.5.3 Mac Classin C++

In C++, the Mac classderivesfrom Connector . Whenthe recv() methodgetsa packet, it identifiesthe directionof
thepacket basedon thepresenceof a callbackhandler. If thereis a callbackhandler, thepacket is outgoing,otherwise,it is
incoming.

class Mac : public Connector {
public:

Mac();
virtual void recv(Packet* p, Handler* h);
virtual void send(Packet* p);
virtual void resume(Packet* p = 0);

. . .
};

Whena Mac objectreceivesa packet via its recv() method,it checkswhetherthe packet is outgoingor incoming. For
an outgoingpacket, it assumesthat the link-layer of the senderhasobtainedthe destinationMAC addressandfilled in the
macDA_field of theMACheader, hdr_mac . TheMacobjectfills in therestof theMACheaderwith thesourceMACaddress
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andtheframetype. It thenpassesthepacket to its send() method,which carriesout themediumaccessprotocol.For the
basicMac object,thesend methodcallstxtime() to computethetransmissiontime, theninvokesChannel::send to
transmitthepacket. Finally, it schedulesitself to resumeafterthetransmissiontimehaselapsed.

For anincomingpacket,theMAC objectdoesits protocolprocessingandpassesthepacket to thelink-layer.

13.5.4 CSMA-basedMAC

The class CsmaMacextendsthe Mac classwith new methodsthat implementscarriersenseandbackoff mechanisms.
TheCsmaMac::send() methoddetectswhenthechannelbecomesidle usingChannel::txtime() . If thechannelis
busy, theMAC schedulesthenext carriersenseat themomentthechannelturnsidle. Oncethechannelis idle, theCsmaMac
objectinitiatesthecontentionperiodwith Channel::contention() . At theendof thecontentionperiod,theendof-
Contention() methodis invoked.At this time, thebasicCsmaMacjust transmitsthepacketusingChannel::send .

class CsmaMac : public Mac {
public:

CsmaMac();
void send(Packet* p);
void resume(Packet* p = 0);
virtual void endofContention(Packet* p);
virtual void backoff(Handler* h, Packet* p, double delay=0);

. . .
};

class CsmaCdMac : public CsmaMac {
public:

CsmaCdMac();
void endofContention(Packet*);

};

class CsmaCaMac : public CsmaMac {
public:

CsmaCaMac();
virtual void send(Packet*);

};

TheCsmaCdMacextendsCsmaMacto carryout collision detectionprocedureof theCSMA/CD(Ethernet)protocol.When
the channelsignalsthe endof contentionperiod,the endofContention methodchecksfor collision usingthe Chan-
nel::collision() method.If thereis a collision, theMAC invokesits backoff methodto schedulethenext carrier
senseto retransmitthepacket.

TheCsmaCaMacextendsthesend methodof CsmaMacto carryout thecollision avoidance(CSMA/CA) procedure.In-
steadof transmittingimmediatelywhenthechannelis idle, theCsmaCaMacobjectbacksoff a randomnumberof slots,then
transmitsif thechannelremainsidle until theendof thebackoff period.

13.6 LL (link-lay er) Class

The link-layer objectis responsiblefor simulatingthedatalink protocols.Many protocolscanbe implementedwithin this
layersuchaspacket fragmentationandreassembly, andreliablelink protocol.
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Anotherimportantfunctionof thelink layer is settingtheMAC destinationaddressin theMAC headerof thepacket. In the
currentimplementationthis taskinvolvestwo separateissues:findingthenext–hop–node’sIP address(routing)andresolving
this IP addressinto thecorrectMAC address(ARP). For simplicity, thedefault mappingbetweenMAC andIP addressesis
one–to–one,which meansthatIP addressesarere–usedat theMAC layer.

13.6.1 LL Classin C++

The C++ classLL derivesfrom the LinkDelay class.Sinceit is a duplex object,it keepsa separatepointerfor thesend
target,sendtarget , andthereceive target,recvtarget . It alsodefinesthemethodsrecvfrom() andsendto() to
handletheincomingandoutgoingpacketsrespectively.

class LL : public LinkDelay {
public:

LL();
virtual void recv(Packet* p, Handler* h);
virtual Packet* sendto(Packet* p, Handler* h = 0);
virtual Packet* recvfrom(Packet* p);

inline int seqno() return seqno_;
inline int ackno() return ackno_;
inline int macDA() return macDA_;
inline Queue *ifq() return ifq_;
inline NsObject* sendtarget() return sendtarget_;
inline NsObject* recvtarget() return recvtarget_;

protected:
int command(int argc, const char*const* argv);
void handle(Event* e) recv((Packet*)e, 0);
inline virtual int arp (int ip_addr) return ip_addr;
int seqno_; // link-layer sequence number
int ackno_; // ACK received so far
int macDA_; // destination MAC address
Queue* ifq_; // interface queue
NsObject* sendtarget_; // for outgoing packet
NsObject* recvtarget_; // for incoming packet

LanRouter* lanrouter_; // for lookups of the next hop
};

13.6.2 Example: Link Layer configuration

set ll_ [new LL]
set ifq_ [new Queue/DropTail]
$ll_ lanrouter [new LanRouter $ns $lan] # LanRouter is one object

# per LAN
$ll_ set delay_ $delay # link-level overhead
$ll_ set bandwidth_ $bw # bandwidth
$ll_ sendtarget $mac # interface queue at the sender side
$ll_ recvtarget $iif # input interface of the receiver

. . .
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13.7 LanRouter class

By default, thereis just oneLanRouter objectperLAN, which is createdwhena new LanNode is initialized. For every
nodeon theLAN, thelink layerobject(LL) hasa pointerto theLanRouter , soit is ableto find thenext hopfor thepacket
thatis senton theLAN:

Packet* LL::sendto(Packet* p, Handler* h)
{

int nh = (lanrouter_) ? lanrouter_->next_hop(p) : -1;
. . .

}

LanRouter is ableto find thenext hopby queryingthecurrentRouteLogic :

int LanRouter::next_hop(Packet *p) {
int next_hopIP;
if (enableHrouting_) {

routelogic_->lookup_hier(lanaddr_, adst, next_hopIP);
} else {

routelogic_->lookup_flat(lanaddr_, adst, next_hopIP);
}

Onelimitation of this is thatRouteLogic maynot beawareof dynamicchangesto therouting.But it is alwayspossibleto
derivea new classfrom LanRouter sothatto re–defineits next_hop methodto handledynamicchangesappopriately.

13.8 Other Components

In additionto theC++ componentsdescribedabove,simulatinglocal areanetworksalsorequiresa numberof existing com-
ponentsin nssuchasClassifier , Queue, andTrace , networkinterface , etc. Configuringtheseobjectsrequires
knowledgeof whattheuserwantsto simulate.Thedefaultconfigurationis implementedin thetwo Tcl filesmentionedat the
beginningof thischapter. To obtainmorerealisticsimulationsof wirelessnetworks,onecanusetheErrorModel described
in Chapter12.

13.9 LANs and ns routing

Whena LAN is createdusingeithermake-lan or newLan , a “virtual LAN node” LanNode is created.LanNode keeps
togetherall sharedobjectsontheLAN: Channel , Classifier/Mac , andLanRouter . Thenfor eachnodeontheLAN,
aLanIface objectis created.LanIface containsall otherobjectsthatareneededontheper–nodebasis:aQueue, a link
layer (LL), Mac, etc. It shouldbe emphasizedthat LanNode is a nodeonly for routingalgorithms:Node andLanNode
have very little in common.Oneof few thingsthatthey shareis anidentifiertakenfrom theNode ID–space.If hierarchical
routing is used,LanNode hasto beassigneda hierarchical addressjust like any othernode.Fromthepoint of view of ns
(static)routing,LanNode is just anothernodeconnectedto every nodeon theLAN. Links connectingtheLanNode with
thenodeson theLAN arealso“virtual” (Vlink ). Thedefault routingcostof sucha link is GIH�J , sothecostof traversingtwo
Vlink s (e.g.n1 K LAN K n2) is countedasjustonehop.

Most importantmethodof Vlink is theonethatgivestheheadof thelink:
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Figure13.2:Actual LAN configuration(left) andasseenby nsrouting(right)

Vlink instproc head {} {
$self instvar lan_ dst_ src_
if {$src_ == [$lan_ set id_]} {

# if this is a link FROMthe lan vnode,
# it doesn’t matter what we return, because
# it’s only used by $lan add-route (empty)
return ""

} else {
# if this is a link TO the lan vnode,
# return the entry to the lanIface object
set src_lif [$lan_ set lanIface_($src_)]
return [$src_lif entry]

}
}

This methodis usedby static(default) routingto install correctroutesat anode(seeSimulator methods
compute-flat-routes and compute-hier-routes in tcl/lib/ns-route.tcl , as well as Node methods
add-route andadd-hroute in tcl/lib/ns-node.tcl ).

Fromthecodefragmentabove it canbeseenthat it returnsLAN interfaceof thenodeasa headof thelink to beinstalledin
theappropriateclassifier.

Thus,Vlink doesnot imposeanydelayonthepacketandservestheonly purposeto installLAN interfacesinsteadof normal
links atnodes’classifiers.

Note,thatthis designallows to havenodesconnectedby parallelLANs, while in thecurrentimplementationit is impossible
to have nodesconnectedby parallelsimplelinks andusethemboth (the arraySimulator instvar link_ holdsthe
link objectfor eachconnectedpair of sourceanddestination,andit canbeonly oneobjectpersource/destinationpair).

13.10 Commandsat a glance

Thefollowing is a list of lan relatedcommandscommonlyusedin simulationscripts:

$ns_ make-lan <nodelist> <bw> <delay> <LL> <ifq> <MAC> <channel> <phy>
Createsa lan from a setof nodesgivenby <nodelist>.Bandwidth,delaycharacteristicsalongwith thelink-layer, Interface
queue,Mac layerandchanneltypefor thelan alsoneedsto bedefined.Default valuesusedareasfollows:
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<LL> .. LL
<ifq>.. Queue/DropTail
<MAC>.. Mac
<channel>..Channeland
<phy>..Phy/WiredPhy

$ns_ newLan <nodelist> <BW> <delay> <args>
This commandcreatesa lansimilar to make-landescribedabove. But thiscommandcanbeusedfor finercontrolwhereas
make-lanis a moreconvinientandeasiercommand.For examplenewLanmaybeusedto createa lanwith hierarchical
addresses.Seens/tcl/ex/vlantest-hier.tcl, vlantest-mcst.tcl,lantest.tcl,mac-test.tclfor usageof newLan. Thepossible
argumenttypesthatcanbepassedareLL, ifq, MAC, channel,phyandaddress.

$lannode cost <c>
This assignsa costof c/2 to eachof the(uni-directional)links in thelan.

$lannode cost?
Returnsthecostof (bi-directional)links in thelan, i.e c.

Internalprocedures:

$lannode addNode <nodes> <bw> <delay> <LL> <ifq> <MAC> <phy>
Lan is implementedasavirtual node.TheLanNodemimicsa realnodeandusesanaddress(id) from node’saddressspace.
Thiscommandaddsa list of <nodes>to thelanrepresentedby lannode.Thebandwidth,delayandnetwork characteristicsof
nodesaregivenby theabovearguments.This is aninternalcommandusedby make-lanandnewLan.

$lannode id
Returnsthevirtual node’s id.

$lannode node-addr
Returnsvirtual nodes’saddress.

$lannode dump-namconfig
This commandcreatesa givenlan layoutin nam.This functionmaybechangedto redefinethelan layoutin adifferentway.

$lannode is-lan?
This commandalwaysreturns1, sincethenodehereis a virtual noderepresentinga lan. Thecorrespondingcommandfor
baseclassNode$node is-lan? alwaysreturnsa0.
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Chapter 14

The (Revised)Addr essingStructur e in NS

Thischapterdescribestheinternalsof therevisedaddressingformatimplementedin ns. Thechapterconsistsof fivesections.
We describethe APIs that canbe usedfor allocatingbits to the ns addressingstructure. The addressspaceasdescribed
in chapter3, canbe thoughtof a contiguousfield of n bits, wheren may vary asper the addressrequirementof the sim-
ulation. The default valueof n is 16 (asdefinedby MAXADDRSIZE_). The maximumvalueof n is setto 32 (definedas
MAXADDRSIZE_). Thesedefault andmaximumaddresssizesaredefinedin ~ns//tcl/lib/ns-default.tcl.

Theaddressspaceconsistsof 2 parts,thenode-idandtheport-id. Thehigherbits areassignedasthenode’s addressor id_
andremaininglower bits areassignedto form port-id or the identificationof the agentattachedto the node. Of the higher
bits, 1 bit is assignedfor multicast. The default settingsallow 7 higherbits for node-id,the MSB for multicastand the
lower remaining8 bits for port-id. Naturallythis limits thesimulationto 128nodes.This addressspacemaybeexpandedto
accomodatelargernumberof nodesin thesimulation.Theport-idmayalsobeexpandedto suppprthighernumberof agents.
Additionally, theaddressspacemayalsobesetin hierarchicalformat,consistingof multiple levelsof addressinghierarchy.
We shallbedescribingtheAPIs for settingaddressstructurein differentformatsasdescribedaboveaswell asexpandingthe
addressspace.Theproceduresandfunctionsdescribedin this chaptercanbe found in ~ns/tcl/lib/ns-address.tcl,address.cc
andaddress.h.

14.1 The Default AddressFormat

The default settingsallocates8 lower bits for port-id, 1 higher bit for mcastand the rest 7 higherbits for node-id. The
procedureto settheaddressformatin defaultmodeis calledduringinitialisationof thesimulatoras:

# Thepreamble
set ns [new Simulator] ;# initialise thesimulation

It canalsobecalledexplicitly setas:

$ns set-address-format def
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14.2 The Hierar chical AddressFormat

Therearetwo optionsfor settinganaddressto hierarchicalformat,thedefault andthespecified.

14.2.1 Default Hierar chical Setting

Thedefaulthierarchicalnode-idconsistsof 3 levelswith 8 bitsassignedto eachlevel. Thehierarchicalconfigurationmaybe
invokedasfollows:

$nsset-address-formathierarchical

Thissets:

* 8 bits for port-id, * 24 bits for node-idassignedin - 3 levelsof hierarchy- 8 bits for eachlevel - lookslike 8 8
8 - or 7 8 8, if multicastis enabled.

14.2.2 SpecificHierar chical Setting

The secondoption allows a hierarchicaladdressto be setwith specifiednumberof levelswith numberof bits assignedfor
eachlevel. TheAPI would beasthefollowing:

$nsset-address-formathierarchical<#nhierarchylevels><#bitsfor level1><#bitsfor level 2> ....<#bitsfor nth level>

An exampleconfigurationwouldbe:

$nsset-address-formathierarchical2 8 15

where2 levelsof hierarchyis specified,assigning8 bits for the1stlevel and15 bits for thesecond.

14.3 The ExpandedNode-AddressFormat

On theeventof requirementof morebits to theaddressspace,theexpandedaddressAPI maybeusedas:

$nsset-address-formatexpanded

This expandstheaddressspaceto 30 bits,allocating22 higherbits to node-idandlower8 bits to port-id.

14.4 Expanding port-id field

This primitive maybeusedin caseof needto expandportid in theeventof requirementto attacha largenumberof agents
to the nodes.This may be usedin conjunctionwith set-addres-formatcommand(with differentoptions)explainedabove.
Synopsisfor thiscommandshallbe:

expand-port-field-bits<#bitsfor portid>
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expand-port-field-bitschecksandraiseserrorin thefollowing if therequestedportsizecannotbeaccomodated(i.e if sufficient
num.offreebitsarenot available)or if requestedportsizeis lessthanor equalto theexistingportsize.

14.5 Err ors in settingaddressformat

Errorsarereturnedfor bothset-address-formatandexpand-port-field-bitsprimitivesin thefollowing cases:

* if numberof bitsspecifiedis lessthan0. * if bit positionsclash(contiguousnumberof requestedfreebitsnot*
found).* if totalnumberof bitsexceedMAXADDRSIZE_. * if expand-port-field-bitsis attemptedwith portbits
lessthanor * equalto theexisting portsize.* if numberof hierarchylevelsdonotmatchwith numberof bits *
specified(for eachlevel).

14.6 Commandsat a glance

Thefollowing is a list of address-formatrelatedcommandsusedin simulationscripts:

$ns_ set-address-format def
This commandis usedinternallyto settheaddressformatto its defaultvalueof 8 lowerbits for port-id,1 higherbit for
mcastandtherest7 higherbits for port-id. However this API hasbeenreplacedby thenew nodeAPI
$ns_ node-config -addressType flat .

$ns_ set-address-format hierarchical
This commandis usedto settheaddressformatto thehierarchicalconfigurationthatconsistsof 3 levelswith 8bitsassigned
to eachlevel and8 lowerbits for port-id. However thisAPI hasbeenreplacedby thenew nodeAPI
$ns_ node-config -addressType hierarchical .

$ns_ set-address-format hierarchical <levels> <args>
This commandis usedto settheaddressformatto aspecifichierarchicalsetting.The<levels>indicatethenumberof levels
of hierarchyin theaddressingstructure,while theargsdefinenumberof bits for eachlevel. An examplewould be$ns_
set-address-format hierachical 3 4 4 16 , where4, 4 and16 definesthenumberof bits to beusedfor the
addressspacein level 1 , 2 and3 respectively.

$ns_ set-address-format expanded
This commandwasusedto expandtheaddressspaceto 30 bits,allocating22 higherbits for node-idandlower8 bits for
port-id. However thiscommandis obsoletednow by 32 bit addressing,i.e node-idfield is 32 bit wide.

expand-port-field-bits <bits-for-portid>
Similar to thecommandabove,thiswasusedto expandtheaddressspacefor theport-id field to <bits-for-portid>numberof
bits. However thiscommandis obsoletenow thattheportsare32 bit wide.
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Chapter 15

Mobile Networking in ns

This chapterdescribesthe wirelessmodelthat wasoriginally portedasCMU’s Monarchgroup’s mobility extensionto ns.
Thischapterconsistsof two sectionsandseveralsubsections.Thefirst sectioncoverstheoriginalmobility modelportedfrom
CMU/Monarchgroup.In this section,we cover theinternalsof a mobilenode,routingmechanismsandnetwork components
thatareusedto constructthenetwork stackfor amobilenode.Thecomponentsthatarecoveredbriefly areChannel,Network-
interface,Radiopropagationmodel, MAC protocols,InterfaceQueue,Link layer andAddressresolutionprotocol model
(ARP). CMU tracesupportandGenerationof nodemovementandtraffic scenariofiles arealsocoveredin this section.The
originalCMU modelallowssimulationof purewirelessLANs or multihopad-hocnetworks.Furtherextensionsweremadeto
this modelto allow combinedsimulationof wiredandwirelessnetworks.MobileIPwasalsoextendedto thewirelessmodel.
Thesearediscussedin thesecondsectionof this chapter.

15.1 The basicwir elessmodel in ns

The wirelessmodelessentiallyconsistsof the MobileNodeat the core,withadditionalsupportingfeaturesthat allows sim-
ulationsof multi-hop ad-hocnetworks, wirelessLANs etc. The MobileNodeobject is a split object. The C++ class
MobileNode is derivedfrom parentclass Node. Referto Chapter5 for detailson Node. A MobileNode thusis the
basicNode objectwith addedfunctionalitiesof a wirelessandmobile nodelike ability to move within a given topology,
ability to receive andtransmitsignalsto andfrom a wirelesschanneletc. A majordifferencebetweenthem,though,is that
a MobileNode is not connectedby meansof Links to othernodesor mobilenodes.In this sectionwe shalldescribethe
internalsof MobileNode , its routingmechanisms,theroutingprotocolsdsdv, aodv, toraanddsr, creationof network stack
allowing channelaccessin MobileNode , brief descriptionof eachstackcomponent,tracesupportandmovement/traffic
scenariogenerationfor wirelesssimulations.

15.1.1 Mobilenode: creating wir elesstopology

MobileNode is thebasicnsNode objectwith addedfunctionalitieslikemovement,ability to transmitandreceiveonachan-
nel thatallows it to beusedto createmobile,wirelesssimulationenvironments.TheclassMobileNodeis derivedfrom the
baseclassNode.MobileNode is a split object.Themobility featuresincludingnodemovement,periodicpositionupdates,
maintainingtopology boundaryetc are implementedin C++ while plumbing of network componentswithin MobileN-
ode itself (like classifiers,dmux , LL, Mac, Channeletc) have beenimplementedin Otcl. The functionsandprocedures
describedin this subsectioncanbefoundin ~ns/mobilenode.{cc,h},~ns/tcl/lib/ns-mobilenode.tcl,~ns/tcl/mobility/dsdv.tcl,
~ns/tcl/mobility/dsr.tcl,~ns/tcl/mobility/tora.tcl.Examplescriptscanbefoundin ~ns/tcl/ex/wireless-test.tcland~ns/tcl/ex/wireless.tcl.
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While thefirst exampleusesasmalltopologyof 3 nodes,thesecondexamplerunsovera topologyof 50nodes.Thesescripts
canberunsimply by typing

$ns tcl/ex/wireless.tcl (or /wireless-test.tcl)

Thefour ad-hocroutingprotocolsthatarecurrentlysupportedareDestinationSequenceDistanceVector(DSDV), Dynamic
SourceRouting(DSR),TemporallyorderedRoutingAlgorithm (TORA) andAdhoc On-demandDistanceVector(AODV).
The APIs for creatinga mobilenodedependson which routing protocolit would be using. Hencethe primitive to createa
mobilenodeis

set mnode [$opt(rp)-create-mobile-node $id]

where$opt(rp)defines"dsdv","aodv", "tora" or "dsr" andid is theindex for themobilenode.

Theabove procedurecreatesa mobilenode(split)object,createsa routingagentasspecified,createsthenetwork stackcon-
sistingof a link layer, interfacequeue,maclayer, anda network interfacewith anantenna,interconnectsthesecomponents
andconnectsthestackto thechannel.Themobilenodenow lookslike theschematicin Figure15.1.

Themobilenodestructureusedfor DSRroutingis slightly differentfrom themobilenodedescribedabove. TheclassSRNode
is derivedfrom classMobileNode. SRNodedoesnotuseaddressdemuxor classifiersandall packetsreceivedby the node
arehandeddow n to the DSRrouting agentby default. TheDSR routingagenteitherreceivespkts for itself by handingit
over to the port dmux or forwardspkts asper sourceroutesin the pkt hdr or sendsout routerequestsandrouterepliesfor
freshpackets.DetailsonDSRroutingagentmaybefoundin section15.1.4.Theschematicmodelfor aSRNodeis shown in
Figure15.2.

15.1.2 Creating Nodemovements

Themobilenodeis designedto move in a threedimensionaltopology. However thethird dimension(Z) is not used.That is
themobilenodeis assumedto move alwayson a flat terrainwith Z alwaysequalto 0. ThusthemobilenodehasX, Y, Z(=0)
co-ordinatesthatis continuallyadjustedasthenodemoves.Therearetwo mechanismsto inducemovementin mobilenodes.
In thefirst method,startingpositionof thenodeandits futuredestinationsmaybesetexplicitly. Thesedirectivesarenormally
includedin a separatemovementscenariofile.

Thestart-positionandfuturedestinationsfor a mobilenodemaybesetby usingthefollowing APIs:

$node set X_ <x1>
$node set Y_ <y1>
$node set Z_ <z1>

$ns at $time $node setdest <x2> <y2> <speed>

At $time sec,the nodewould startmoving from its initial positionof (x1,y1) towardsa destination(x2,y2) at the defined
speed.

In this methodthenode-movement-updatesaretriggeredwhenever thepositionof thenodeat a giventime is requiredto be
known. Thismaybetriggeredby aqueryfrom aneighbouringnodeseekingto know thedistancebetweenthem,or thesetdest
directivedescribedabovethatchangesthedirectionandspeedof thenode.
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Figure15.1:Schematicof a mobilenodeundertheCMU monarch’swirelessextensionsto ns

An exampleof amovementscenariofile usingtheaboveAPIs,canbefoundin ~ns/tcl/mobility/scene/scen-670x670-50-600-
20-0. Here670x670definesthelengthandwidth of thetopologywith 50 nodesmoving at a maximumspeedof 20m/swith
averagepausetimeof 600s.ThesenodemovementfilesmaybegeneratedusingCMU’sscenariogeneratorto befoundunder
~ns/indep-utils/cmu-scen-gen/setdest.Seesubsection15.1.7for detailson generationof nodemovementscenarios.
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Thesecondmethodemploys randommovementof thenode.Theprimitive to beusedis:

$mobilenode start
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whichstartsthemobilenodewith a randompositionandhaveroutinedupdatesto changethedirectionandspeedof thenode.
Thedestinationandspeedvaluesaregeneratedin a randomfashion.We havenot usedthesecondmethodandleave it to the
userto explore thedetails. Themobilenodemovementis implementedin C++. Seemethodsin ~ns/mobilenode.{cc.h}for
theimplementationaldetails.

Irrespectiveof themethodsusedto generatenodemovement,thetopographyfor mobilenodesneedsto bedefined.It shouldbe
definedbeforecreatingmobilenodes.Normally flat topologyis createdby specifyingthelengthandwidth of thetopography
usingthefollowing primitive:

set topo [new Topography]
$topo load_flatgrid $opt(x) $opt(y)

whereopt(x) andopt(y) aretheboundariesusedin simulation.

Themovementof mobilenodesmaybeloggedby usinga procedurelike thefollowing:

proc log-movement {} {
global logtimer ns_ ns

set ns $ns_
source ../mobility/timer.tcl
Class LogTimer -superclass Timer
LogTimer instproc timeout {} {

global opt node_;
for {set i 0} {$i < $opt(nn)} {incr i} {

$node_($i) log-movement
}
$self sched 0.1

}

set logtimer [new LogTimer]
$logtimer sched 0.1

}

In this case,mobilenodepositionswouldbeloggedevery0.1sec.

15.1.3 Network Componentsin a mobilenode

The network stackfor a mobilenodeconsistsof a link layer(LL), an ARP moduleconnectedto LL, an interfacepriority
queue(IFq),a mac layer(MAC), a network interface(netIF),all connectedto the channel. Thesenetwork componentsare
createdandplumbedtogetherin OTcl. The relevantMobileNodemethodadd-interface()in ~ns/tcl/lib/ns-mobilenode.tclis
shown below:

#
# The following setups up link layer, mac layer, network interface
# and physical layer structures for the mobile node.
#
Node/MobileNode instproc add-interface { channel pmodel

lltype mactype qtype qlen iftype anttype } {
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$self instvar arptable_ nifs_
$self instvar netif_ mac_ ifq_ ll_

global ns_ MacTrace opt

set t $nifs_
incr nifs_

set netif_($t) [new $iftype] ;# net-interface
set mac_($t) [new $mactype] ;# mac layer
set ifq_($t) [new $qtype] ;# interface queue
set ll_($t) [new $lltype] ;# link layer
set ant_($t) [new $anttype]

#
# Local Variables
#
set nullAgent_ [$ns_ set nullAgent_]
set netif $netif_($t)
set mac $mac_($t)
set ifq $ifq_($t)
set ll $ll_($t)

#
# Initialize ARP table only once.
#
if { $arptable_ == "" } {

set arptable_ [new ARPTable $self $mac]
set drpT [cmu-trace Drop "IFQ" $self]
$arptable_ drop-target $drpT

}

#
# Link Layer
#
$ll arptable $arptable_
$ll mac $mac
$ll up-target [$self entry]
$ll down-target $ifq

#
# Interface Queue
#
$ifq target $mac
$ifq set qlim_ $qlen
set drpT [cmu-trace Drop "IFQ" $self]
$ifq drop-target $drpT

#
# Mac Layer
#
$mac netif $netif
$mac up-target $ll
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$mac down-target $netif
$mac nodes $opt(nn)

#
# Network Interface
#
$netif channel $channel
$netif up-target $mac
$netif propagation $pmodel ;# Propagation Model
$netif node $self ;# Bind node <---> interface
$netif antenna $ant_($t) ;# attach antenna

#
# Physical Channel
#
$channel addif $netif ;# add to list of interfaces

# ================================= ===========================
# Setting up trace objects

if { $MacTrace == "ON" } {
#
# Trace RTS/CTS/ACK Packets
#
set rcvT [cmu-trace Recv "MAC" $self]
$mac log-target $rcvT

#
# Trace Sent Packets
#
set sndT [cmu-trace Send "MAC" $self]
$sndT target [$mac sendtarget]
$mac sendtarget $sndT

#
# Trace Received Packets
#
set rcvT [cmu-trace Recv "MAC" $self]
$rcvT target [$mac recvtarget]
$mac recvtarget $rcvT

#
# Trace Dropped Packets
#
set drpT [cmu-trace Drop "MAC" $self]
$mac drop-target $drpT

} else {
$mac log-target [$ns_ set nullAgent_]
$mac drop-target [$ns_ set nullAgent_]

}

# ================================= ===========================
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$self addif $netif
}

Theplumbingin theabovemethodcreatesthenetwork stackwe seein Figure15.1.

Eachcomponentis briefly describedhere.Hopefullymoredetaileddocuentationfrom CMU shallbeavailablein thefuture.

Link Layer The LL usedby mobilenodeis sameasdescribedin Chapter13. Theonly differencebeingthe link layer for
mobilenode,hasanARPmoduleconnectedto it whichresolvesall IP to hardware(Mac)addressconversions.Normally
for all outgoing(into thechannel)packets,thepacketsarehandeddown to theLL by theRoutingAgent.TheLL hands
down packetsto theinterfacequeue.For all incomingpackets(out of thechannel),themaclayerhandsup packetsto
the LL which is thenhandedoff at the node_entry_ point. The class LL is implementedin ~ns/ll.{cc,h} and
~ns/tcl/lan/ns-ll.tcl.

ARP The AddressResolutionProtocol(implementedin BSD style) modulereceivesqueriesfrom Link layer. If ARP has
the hardwareaddressfor destination,it writes it into the macheaderof the packet. Otherwiseit broadcastsan ARP
query, andcachesthepacket temporarily. For eachunknown destinationhardwareaddress,thereis abuffer for asingle
packet. Incaseadditionalpacketsto thesamedestinationis sentto ARP, theearlierbufferedpacket is dropped.Once
the hardwareaddressof a packet"s next hop is known, the packet is insertedinto the interfacequeue. The class
ARPTable is implementedin ~ns/arp.{cc,h} and~ns/tcl/lib/ns-mobilenode.tcl.

Interface Queue Theclass PriQueue is implementedasapriority queuewhichgivespriority to routingrotocolpackets,
insertingthemat theheadof thequeue.It supportsrunningafilter overall packetsin thequeueandremovesthosewith
a specifieddestinationaddress.See~ns/priqueue.{cc,h}for interfacequeueimplementation.

Mac Layer TheIEEE802.11distributedcoordinationfunction(DCF)Macprotocolhasbeenimplementedby CMU. It uses
a RTS/CTS/DATA/ACK patternfor all unicastpacketsand simply sendsout DATA for all broadcastpackets. The
implementationusesboth physicalandvirtual carriersense.The class Mac802_11 is implementedin ~ns/mac-
802_11.{cc,h}.

Tap Agents Agents thatsubclassthemselvesasclass Tap definedin mac.hcanregisterthemselveswith themacobject
usingmethodinstallTap(). If the particularMac protocolpermitsit, the tap will promiscuouslybe given all packets
receivedby themaclayer, beforeaddressfiltering is done.See~ns/mac.{cc,h}for class Tapmplementation.

Network Interfaces TheNetwork Interphaselayerservesasahardwareinterfacewhich is usedby mobilenodeto accessthe
channel.Thewirelesssharedmediainterfaceis implementedasclass Phy/WirelessPhy . This interfacesubject
to collisionsandtheradiopropagationmodelreceivespacketstransmittedby othernodeinterfacesto thechannel.The
interfacestampseachtransmittedpacket with themeta-datarelatedto the transmittinginterfacelike the transmission
power, wavelengthetc. This meta-datain pkt headeris usedby thepropagationmodelin receiving network interface
to determineif the packet hasminimum power to be received and/orcapturedand/ordetected(carriersense)by the
receiving node.ThemodelapproximatestheDSSSradiointerface(LucentWaveLandirect-sequencespread-spectrum).
See~ns/phy.{cc.h} and~ns/wireless-phy.{cc,h} for network interfaceimplementations.

Radio PropagationModel It usesFriss-spaceattenuation( GIH.L.M ) atneardistancesandanapproximationto Two rayGround
( G.HILIN ) atfardistances.Theapproximationassumesspecularreflectionoff aflatgroundplane.See~ns/tworayground.{cc,h}
for implementation.

Antenna An omni-directionalantennahaving unity gainis usedby mobilenodes.See~ns/antenna.{cc,h}for implementation
details.

15.1.4 Differ ent typesof Routing Agentsin mobile networking

The four differentad-hocroutingprotocolscurrentlyimplementedfor mobilenetworking in nsaredsdv, dsr, aodvandtora.
In this sectionwe shallbriefly discusseachof them.
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DSDV

In this routingprotocolroutingmessagesareexchangedbetweenneighbouringmobilenodes(i.e mobilenodesthatarewithin
rangeof oneanother).Routingupdatesmaybetriggeredor routine.Updatesaretriggeredin casearoutinginformationfrom
oneof t heneighboursforcesa changein the routing table. A packet for which the routeto its destinationis not known is
cachedwhile routingqueriesaresentout. Thepktsarecacheduntil route-repliesarereceivedfrom thedestination.Thereis
a maximumbuffer sizefor cachingthepktswaiting for routinginformationbeyondwhich pktsaredropped.

All packetsdestinedfor the mobilenodeare routeddirectly by the addressdmux to its port dmux. The port dmux hands
the packetsto the respective destinationagents.A port numberof 255 is usedto attachroutingagentin mobilenodes.The
mobilenodesal souseadefault-targetin theirclassifier(oraddressdemux).In theeventatargetis notfoundfor thedestination
in the classifier(which happenswhenthedestinationof thepacket is not themobilenodeitself), the pktsarehandedto the
default-targetwhich is theroutingagent.Theroutingagentassignsthenext hopfor thepacketandsendsit down to thelink
layer.

Theroutingprotocolis mainly implementedin C++. See~ns/dsdvdirectoryand~ns/tcl/mobility/dsdv.tcl for all procedures
relatedto DSDV protocolimplementation.

DSR

This sectionbriefly describesthefunctionalityof thedynamicsourceroutingprotocol.As mentionedearliertheSRNode is
differentfrom theMobileNode . TheSRNode’sentry_ pointsto theDSRroutingagent,thusforcingall packetsreceived
by thenodeto behandeddown to theroutingagent.Thismodelis requiredfor futureimplementationof piggy-backedrouting
informationon datapacketswhich otherwisewould not flow throughtheroutingagent.

TheDSRagentcheckseverydatapacket for source-routeinformation.It forwardsthepacketaspertheroutinginformation.
Incaseit doesnotfind routing informationin thepacket, it providesthesourceroute,if routeis known, or cachesthepacket
andsendsout routequeriesif routeto destinationis not known. Routingqueries,alwaystriggeredby a datapacket with no
routeto its destination,areinitially broadcastto all neighbours.Route-repliesaresendbackeitherby intermediatenodesor
thedestinationnode,to thesource,if it canfind routing info for thedestinationin theroute-query. It handsover all packets
destinedto itself to theport dmux. In SRNode theport number255pointsto a null agentsincethepacket hasalreadybeen
processedby theroutingagent.

See~ns/dsrdirectoryand~ns/tcl/mobility/dsr.tcl for implementationof DSRprotocol.

TORA

Tora is a distributedroutingprotocolbasedon "link reversal"algorithm. At every nodea separatecopy of TORA is run for
every destination.Whena nodeneedsa routeto a givendestinationit broadcastsa QUERY messagecontainingtheaddress
of the destinationfor which it requiresa route. This packet travels throughthe network until it reachesthe destinationor
an intermediatenodethathasa routeto thedestinationnode.This recepientnodenodethenbroadcastsanUPDATE packet
listing its heightwrt the destination.As this nodepropagatesthroughthe network eachnodeupdatesits height to a value
greaterthantheheightof theneighbourfrom which it receivestheUPDATE. Thisresultsin aseriesof directedlinks from the
nodethatoriginatedtheQUERY to thedestinationnode.If a nodediscoversaparticulardestinationto beunreachableit sets
a localmaximumvalueof heightfor thatdestination.Incasethenodecannotfind any neighbourhaving finite heightwrt this
destinationit attemptsto find anew route.In caseof network partition,thenodebroadcastsa CLEAR messagethatresetsall
routingstatesandremovesinvalid routesfrom thenetwork.

TORA operateson top of IMEP (InternetMANET EncapsulationProtocol)thatprovidesreliabledeliveryof route-messages
andinforms the routing protocolof any changesof the links to its neighbours.IMEP tries to aggregateIMEP andTORA
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messagesinto a singlepacket (calledblock) in orderto reduceoverhead.For link-statussensingandmaintaininga list of
neighbournodes,IMEP sendsout periodicBEACON messageswhich is answeredby eachnodethathearsit by a HELLO
reply message.Seens/toradirectoryandns/tcl/mobility/tora.tclfor implementationof torain ns.

AODV

AODV is a combinationof bothDSRandDSDV protocols.It hasthebasicroute-discoveryandroute-maintenanceof DSR
andusesthehop-by-hoprouting,sequencenumbersandbeaconsof DSDV. Thenodethatwantsto know a routeto a given
destinationgeneratesa ROUTE REQUEST. Therouterequestis forwardedby intermediatenodesthatalsocreatesa reverse
routefor itself from thedestination.Whentherequestreachesanodewith routeto destinationit generatesaROUTEREPLY
containingthenumberof hopsrequiresto reachdestination.All nodesthatparticipatesin forwardingthis reply to thesource
nodecreatesaforwardrouteto destination.Thisstatecreatedfrom eachnodefrom sourceto destinationis ahop-by-hopstate
andnot theentirerouteasis donein sourcerouting.Seens/aodvandns/tcl/lib/ns-lib.tcl for implementationaldetailsof aodv.

15.1.5 Trace Support

Thetracesupportfor wirelesssimulationscurrentlyusecmu-traceobjects.In thefuturethis shallbeextendedto mergewith
traceandmonitoringsupportavailablein ns,which would alsoincludenamsupportfor wirelessmodules.For now we will
explainbriefly with cmu-traceobjectsandhow they maybeusedto tracepacketsfor wirelessscenarios.

Thecmu-traceobjectsareof threetypes- CMUTrace/Drop , CMUTrace/Recv andCMUTrace/Send . Theseareusedfor
tracingpacketsthataredropped,receivedandsentby agents,routers,maclayersor interfacequeuesin ns. Themethodsand
proceduresusedfor implementingwirelesstracesupportcanbefoundunder~ns/trace.{cc,h}and~ns/tcl/lib/ns-cmutrace.tcl.

A cmu-traceobjectmaybecreatedby thefollowing API:

set sndT [cmu-trace Send "RTR" $self]

whichcreatesatraceobject,sndT, of thetypeCMUTrace/Send for tracingall packetsthataresentout in arouter. Thetrace
objectsmaybeusedto tracepacketsin MAC, agents(routingor others),routersor any otherNsObject.

The cmu-traceobjectCMUTrace is derivedfrom the baseclassTrace . SeeChapter21 for detailson classTrace . The
classCMUTrace is definedasthefollowing:

class CMUTrace : public Trace {
public:

CMUTrace(const char *s, char t);
void recv(Packet *p, Handler *h);
void recv(Packet *p, const char* why);

private:
int off_arp_;
int off_mac_;
int off_sr_;

char tracename[MAX_ID_LEN + 1];
int tracetype;
MobileNode *node_;

127



int initialized() { return node_ && 1; }

int command(int argc, const char*const* argv);
void format(Packet *p, const char *why);

void format_mac(Packet *p, const char *why, int offset);
void format_ip(Packet *p, int offset);

void format_arp(Packet *p, int offset);
void format_dsr(Packet *p, int offset);
void format_msg(Packet *p, int offset);
void format_tcp(Packet *p, int offset);
void format_rtp(Packet *p, int offset);

};

The typefield (describedin Trace classdefinition) is usedto differentiateamongdifferenttypesof traces.For cmu-trace
this canbes for sending,r for receiving or D for droppinga packet. A fourth type f is usedto denoteforwardingof a packet
(Whenthenodeis not theoriginatorof thepacket). Similar to themethodTrace::format(),theCMUTrace::format()defines
anddictatesthetracefile format.Themethodis shown below:

void CMUTrace::format(Packet* p, const char *why)
{

hdr_cmn *ch = HDR_CMN(p);
int offset = 0;

/*
* Log the MAC Header
*/

format_mac(p, why, offset);
offset = strlen(wrk_);

switch(ch->ptype()) {

case PT_MAC:
break;

case PT_ARP:
format_arp(p, offset);
break;

default:
format_ip(p, offset);
offset = strlen(wrk_);

switch(ch->ptype()) {

case PT_DSR:
format_dsr(p, offset);
break;

case PT_MESSAGE:
case PT_UDP:
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format_msg(p, offset);
break;

case PT_TCP:
case PT_ACK:

format_tcp(p, offset);
break;

case PT_CBR:
format_rtp(p, offset);
break;

..........

}
}

}

Theabovefunctioncallsdifferentformatfunctionsdependingon thetypeof thepacketbeingtraced.All tracesarewritten to
thebuffer wrk_. A countof theoffsetfor thebuffer is keptandis passedalongthedifferenttracefunctions.Themostbasic
format is definedby format_mac()andis usedto traceall pkt types.Theotherformatfunctionsprint additionalinformation
asdefinedby thepacket types.Themacformatprintsthefollowing:

#ifdef LOG_POSITION
double x = 0.0, y = 0.0, z = 0.0;
node_->getLoc(&x, &y, &z);

#endif

sprintf(wrk_ + offset,
#ifdef LOG_POSITION

"%c %.9f %d (%6.2f %6.2f) %3s %4s %d %s %d [%x %x %x %x] ",
#else

"%c %.9f _%d_ %3s %4s %d %s %d [%x %x %x %x] ",
#endif

op, // s, r, D or f
Scheduler::instance().clock(), // time stamp
src_, // the nodeid for this node

#ifdef LOG_POSITION
x, // x co-ord
y, // y co-ord

#endif
tracename, // name of object type tracing
why, // reason, if any

ch->uid(), // identifier for this event
packet_info.name(ch->ptype()), // packet type
ch->size(), // size of cmn header
mh->dh_duration, // expected time to send data
ETHER_ADDR(mh->dh_da), // mac_destination address
ETHER_ADDR(mh->dh_sa), // mac_sender address
GET_ETHER_TYPE(mh->dh_body)); // type - arp or IP

If theLOG_POSITIONis definedthex andy co-ordinatesfor themobilenodeis alsoprinted.Thedescriptionsfor different
fields in themactracearegivenin thecommentsabove. For all IP packetsadditionalIP headerfieldsarealsoaddedto the
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abovetrace.TheIP traceis describedbelow:

sprintf(wrk_ + offset, "------- [%d:%d %d:%d %d %d] ",
src, // IP src address
ih->sport_, // src port number
dst, // IP dest address
ih->dport_, // dest port number
ih->ttl_, // TTL value
(ch->next_hop_ < 0) ? 0 : ch->next_hop_); // next hopaddress, if any.

An exampleof a tracefor a tcppacket is asfollows:

r 160.093884945 _6_ RTR --- 5 tcp 1492 [a2 4 6 800] ------- [655
36:0 16777984:0 31 16777984] [1 0] 2 0

Herewe seea TCPdatapacket beingreceivedby a nodewith id of 6. UID of this pkt is 5 with a cmnhdr sizeof 1492.The
macdetailsshows anIP pkt (ETHERTYPE_IPis definedas0x0800,ETHERTYPE_IPis 0x0806), mac-idof this receiving
nodeis 6. That of the sendingnodeis 4 andexpectedtime to sendthis datapkt over the wirelesschannelis a2 (hex2dec
conversion:160+2sec).Additionally, IP tracesinformationaboutIP srcanddestinationaddresses.Thesrctranslates(using
a 3 level hier-addressof 8/8/8) to a addressstringof 0.1.0with port of 0. Thedestaddressis 1.0.3with port addressof 0.
TheTTL valueis 31 andthedestinationwasa hopaway from thesrc.Additionally TCPformatprintsinformationabouttcp
seqnoof 1, acknoof 0. Seeotherformatsdescribedin ~ns//cmu-trace.ccfor DSR,UDP/MESSAGE, TCP/ACK andCBR
packet types.

Othertraceformatsarealsousedby theroutingagents(TORAandDSR)to logcertainspecialroutingeventslike"originating"
(addingaSRheaderto apacket)or "ranoff theendof asourceroute"indicatingsomesortof routingproblemwith thesource
routeetc.Thesespecialeventtracesbegin with "S" for DSRand"T" for Toraandmaybefoundin ~ns/tora/tora.ccfor TORA
and~ns/dsr/dsrgent.ccfor DSRroutingagent.

15.1.6 Revisedformat for wir elesstraces

In an effort to mergewirelesstrace,usingcmu-traceobjects,with ns tracing,a new, inprovedtraceformat hasbeenintro-
duced.This revisedtracesupportis backwardscompatiblewith theold traceformattingandcanbeenabledby thefollowing
command:

$ns use-newtrace

This commandshouldbe calledbeforethe universaltracecommand$ns trace-all <trace-fd> . Primitive use-
newtrace setsupnew formatfor wirelesstracingby settingasimulatorvariablecallednewTraceFormat . Currentlythis
new tracesupportis availablefor wirelesssimulationsonly andshallbeextendedto restof nsin thenearfuture.

An exampleof thenew traceformatis shown below:

s -t 0.267662078 -Hs 0 -Hd -1 -Ni 0 -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne
-1.000000 -Nl RTR -Nw --- -Ma 0 -Md 0 -Ms 0 -Mt 0 -Is 0.255 -Id -1.255 -It
message -Il 32 -If 0 -Ii 0 -Iv 32
s -t 1.511681090 -Hs 1 -Hd -1 -Ni 1 -Nx 390.00 -Ny 385.00 -Nz 0.00 -Ne
-1.000000 -Nl RTR -Nw --- -Ma 0 -Md 0 -Ms 0 -Mt 0 -Is 1.255 -Id -1.255 -It
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message -Il 32 -If 0 -Ii 1 -Iv 32
s -t 10.000000000 -Hs 0 -Hd -2 -Ni 0 -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne
-1.000000 -Nl AGT -Nw --- -Ma 0 -Md 0 -Ms 0 -Mt 0 -Is 0.0 -Id 1.0 -It tcp -Il 1000 -
If
2 -Ii 2 -Iv 32 -Pn tcp -Ps 0 -Pa 0 -Pf 0 -Po 0
r -t 10.000000000 -Hs 0 -Hd -2 -Ni 0 -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne
-1.000000 -Nl RTR -Nw --- -Ma 0 -Md 0 -Ms 0 -Mt 0 -Is 0.0 -Id 1.0 -It tcp -Il 1000 -
If
2 -Ii 2 -Iv 32 -Pn tcp -Ps 0 -Pa 0 -Pf 0 -Po 0
r -t 100.004776054 -Hs 1 -Hd 1 -Ni 1 -Nx 25.05 -Ny 20.05 -Nz 0.00 -Ne
-1.000000 -Nl AGT -Nw --- -Ma a2 -Md 1 -Ms 0 -Mt 800 -Is 0.0 -Id 1.0 -It
tcp -Il 1020 -If 2 -Ii 21 -Iv 32 -Pn tcp -Ps 0 -Pa 0 -Pf 1 -Po 0
s -t 100.004776054 -Hs 1 -Hd -2 -Ni 1 -Nx 25.05 -Ny 20.05 -Nz 0.00 -Ne
-1.000000 -Nl AGT -Nw --- -Ma 0 -Md 0 -Ms 0 -Mt 0 -Is 1.0 -Id 0.0 -It ack -Il 40
-If 2 -Ii 22 -Iv 32 -Pn tcp -Ps 0 -Pa 0 -Pf 0 -Po 0

Explanation of new trace format

Thenew traceformatasseenabovecanbecanbedividedinto thefollowing fields:

Event type In thetracesabove,thefirst field (asin theoldertraceformat)describesthetypeof eventtakingplaceat thenode
andcanbeoneof thefour types:

s send

r receive ]item[d] drop

f forward

General tag Thesecondfield startingwith "-t" maystandfor timeor globalsetting

-t time

-t * (globalsetting)

Nodeproperty tags This field denotesthenodepropertieslike node-id,the level at which tracingis beingdonelike agent,
routeror MAC. Thetagsstartwith a leading"-N" andarelistedasbelow:

-Ni: nodeid

-Nx: node’sx-coordinate

-Ny: node’sy-coordinate

-Nz: node’sz-coordinate

-Ne: nodeenergy level

-Nl: tracelevel, suchasAGT, RTR, MAC

-Nw: reasonfor theevent.Thedifferentreasonsfor droppinga packetaregivenbelow:

"END" DROP_END_OF_SIMULATION

"COL" DROP_MAC_COLLISION

"DUP" DROP_MAC_DUPLICATE

"ERR" DROP_MAC_PACKET_ERROR

"RET" DROP_MAC_RETRY_COUNT_EXCEEDED

"STA" DROP_MAC_INVALID_STATE

"BSY" DROP_MAC_BUSY
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"NR TE" DROP_RTR_NO_ROUTEi.e no routeis available.

"LOOP" DROP_RTR_ROUTE_LOOPi.e thereis a routingloop

"TTL" DROP_RTR_TTL i.e TTL hasreachedzero.

"T OUT" DROP_RTR_QTIMEOUTi.e packethasexpired.

"CBK" DROP_RTR_MAC_CALLBACK

"IFQ" DROP_IFQ_QFULLi.e nobuffer spacein IFQ.

"ARP" DROP_IFQ_ARP_FULLi.e droppedby ARP

"OUT" DROP_OUTSIDE_SUBNETi.e droppedby basestationson receiving routingupdatesfrom nodesout-
sideits domain.

Packet information at IP level Thetagsfor thisfield startwith a leading"-I" andarelistedalongwith theirexplanationsas
following:

-Is: sourceaddress.sourceport number

-Id: destaddress.destport number

-It: packet type

-Il: packetsize

-If: flow id

-Ii: uniqueid

-Iv: ttl value

Next hop info Thisfield providesnext hopinfo andthetagstartswith a leading"-H".

-Hs: id for thisnode

-Hd: id for next hoptowardsthedestination.

Packet info at MAC level Thisfield givesMAC layerinformationandstartswith a leading"-M" asshown below:

-Ma: duration

-Md: dst’sethernetaddress

-Ms: src’sethernetaddress

-Mt: ethernettype

Packet info at "A pplication level" Thepacket informationat applicationlevel consistsof thetypeof applicationlikeARP,
TCP, thetypeof adhocroutingprotocollikeDSDV, DSR,AODV etcbeingtraced.This field consistsof a leading"-P"
andlist of tagsfor differentapplicationis listedasbelow:

-P arp AddressResolutionProtocol.Detailsfor ARP is givenby thefollowing tags:

-Po: ARPRequest/Reply

-Pm: srcmacaddress

-Ps: srcaddress

-Pa: dstmacaddress

-Pd: dstaddress

-P dsr ThisdenotestheadhocroutingprotocolcalledDynamicsourcerouting. Informationon DSRis representedby
thefollowing tags:

-Pn: how many nodestraversed

-Pq: routingrequestflag

-Pi: routerequestsequencenumber

-Pp: routingreplyflag

-Pl: reply length
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-Pe: srcof srcrouting->dstof thesourcerouting
-Pw: errorreportflag ?
-Pm: numberof errors
-Pc: reportto whom
-Pb: link errorfrom linka->linkb

-P cbr Constantbit rate.InformationabouttheCBR applicationis representedby thefollowing tags:

-Pi: sequencenumber
-Pf: how many timesthis pkt wasforwarded
-Po: optimalnumberof forwards

-P tcp InformationaboutTCPflow is givenby thefollowing subtags:

-Ps: seqnumber
-Pa: acknumber
-Pf: how many timesthis pkt wasforwarded
-Po: optimalnumberof forwards

This field is still underdevelopmentandnew tagsshallbeaddedfor otherapplicationsasthey get includedalongthe
way.

15.1.7 Generation of node-movementand traffic-connection for wir elessscenarios

Normally for largetopologies,thenodemovementandtraffic connectionpatternsaredefinedin separatefilesfor convinience.
Thesemovementandtraffic files maybegeneratedusingCMU’s movement-andconnection-generators.In this sectionwe
shalldescribebothseparately.

MobileNode Movement

Someexamplesof nodemovementfiles may be found in ~ns/tcl/mobility/scene/scen-670x670-50-600-20-* . Thesefiles
defineatopologyof 670by 670mwhere50nodesmovewith aspeedof 20m/swith pausetimeof 600s.eachnodeis assigned
a startingposition. The informationregardingnumberof hopsbetweenthenodesis fed to thecentralobject"GOD" (XXX
but why/whereis this informationused??-answerawaitedfrom CMU.) Next eachnodeis a speedanda directionto moveto.

Thegeneratorfor creatingnodemovementfiles areto befoundunder~ns/indep-utils/cmu-scen-gen/setdest/directory. Com-
pile thefilesundersetdestto createanexecutable.runsetdestwith argumentsin thefollowing way:

./setdest -n <num_of_nodes> -p <pausetime> -s <maxspeed> -t <simtime>
-x <maxx> -y <maxy> > <outdir>/<scenario-file>

Note that the index usedfor nodesnow start from 0 insteadof 1 aswas in the original CMU version,to matchwith ns’s
traditionof assigningnodeindicesfrom 0.

Generating traffic pattern files

Theexamplesfor traffic patternsmaybefoundin ~ns/tcl/mobility/scene/cbr-50-{10-4-512,20-4-512}.

The traffic generatoris locatedunder~ns/indep-utils/cmu-scen-gen/andarecalledcbrgen.tclandtcpgen.tcl.They may be
usedfor generatingCBR andTCPconnectionsrespectively.

133



To createCBR connecions,run

ns cbrgen.tcl [-type cbr|tcp] [-nn nodes] [-seed seed]
[-mc connections] [-rate rate]

To createTCPconnections,run

ns tcpgen.tcl [-nn nodes] [-seed seed]

You will needto pipetheoutputsfrom aboveto a cbr-* or a tcp-* file.

15.2 Extensionsmadeto CMU’ swir elessmodel

As mentionedearlier, theoriginal CMU wirelessmodelallows simulationof wirelessLANs andad-hocnetworks. However
in orderto usethewirelessmodelfor simulationsusingbothwired andwirelessnodeswe hadto addcertainextensionsto
cmumodel. We call this wired-cum-wirelessfeature.Also SUN’s MobileIP (implementedfor wired nodes)wasintegrated
into thewirelessmodelallowing mobileIPto run over wirelessmobilenodes.Thefollowing two subsectionsdescribethese
two extensionsto thewirelessmodelin ns.

15.2.1 wir ed-cum-wirelessscenarios

Themobilenodesdescribedsofar mainly supportssimulationof multi-hopad-hocnetworksor wirelessLANs. But what if
we needto simulatea topologyof multiple wirelessLANs connectedthroughwired nodes,or mayneedto run mobileIPon
top of thesewirelessnodes?Theextensionsmadeto theCMU wirelessmodelallowsusto do that.

Themainproblemfacingthewired-cum-wirelessscenariowasthe issueof routing. In ns, routing informationis generated
basedon theconnectivity of thetopology, i.e how nodesareconnectedto oneanotherthroughLinks . Mobilenodeson the
otherhandhaveno conceptof links. They routepacketsamongthemselves,within thewirelesstopology, usingtheir routing
protocol.sohow wouldpacketsbeexchangedbetweenthesetwo typesof nodes?

So a nodecalledBaseStationNode is createdwhich plays the role of a gateway for the wired andwirelessdomains.
The BaseStationNode is essentiallya hybrid betweena Hierarchicalnode1 (HierNode ) anda MobileNode . The
basestationnodeis responsiblefor deliveringpacketsinto andout of thewirelessdomain. In orderto achieve this we need
Hierarchicalrouting.

Eachwirelessdomainalongwith its base-stationwouldhaveanuniquedomainaddressassignedto them.All packetsdestined
to a wirelessnodewould reachthebase-stationattachedto thedomainof thatwirelessnode,who would eventuallyhandthe
packet over to thedestination(mobilenode).And mobilenodesroutepackets,destinedto outsidetheir (wireless)domain,to
their base-stationnode.Thebase-stationknowshow to forwardthesepacketstowardsthe(wired)destination.Theschematic
of a BaseStationNode is shown in Figure15.3.

The mobilenodesin wired-cum-wirelessscenarioare requiredto supporthierarchicaladdressing/routing.Thus the Mo-
bileNode looksexactly like theBaseStationNode . TheSRNode,however, simply needsto have its own hier-address
sinceit doesnot requireany addressdemuxesandthusis not requiredto supporthier routing2.

1Referto Chapter26 for detailsonhierarchicalroutingandinternalsof HierNode .
2In orderto doawaywith all thesedifferentvariationsof thedefinitionof anode,weareplanningto revisethenodearchitecturethatwouldallow amore

flexible andmodularisedconstructionof anodewithout thenecessityof having to defineandbelimited to certainClassdefinitionsonly.
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Figure15.3:Schematicof a baseStationNode

TheDSDV agenton having to forwarda packet checksto seeif thedestinationis outsideits (wireless)subnet.If so,it tries
to forward the packet to its base-stationnode. In caseno routeto base-stationis found the packet is dropped.Otherwise
thepacket is forwardedto thenext_hoptowardsthebase-station.Which is thenroutedtowardsthewired network by base-
station’sclassifiers.
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TheDSRagent,on receiving a pkt destinedoutsideits subnet,sendsout a route-queryfor its base-stationin casetherouteto
base-stationis notknown. Thedatapkt is temporarilycachedwhile it waitsto hearrouterepliesfrom base-station.Ongetting
a reply thepacket is providedwith routinginformationin its headerandsendawaytowardsthebase-station.Thebase-station
addressdemuxesroutesit correctlytowardthewired network.

Theexamplescriptfor awired-cum-wirelesssimulationcanbefoundat~ns/tcl/ex/wired-cum-wireless-sim.tcl.Themethods
for wired-cum-wirelessimplementationsaredefinedin ~ns/tcl/lib/ns-bsnode.tcl,~ns/tcl/mobility/{com.tcl,dsr.tcl, dsdv.tcl},
~ns/dsdv/dsdv.{cc,h} and~ns/dsr/dsragent.{cc,h}.

15.2.2 MobileIP

The wired-cum-wirelessextensionsfor the wirelessmodel paved the path for supportingwirelessMobileIP in ns. Sun
Microsystem’s (CharliePerkinset al) MobileIP modelwasbasedon ns’s wired model(consistingof Node’s andLink ’s)
andthusdidnotuseCMU’smobility model.

Herewe briefly describethewirelessMobileIP implementation.We hopethatSunwould provide thedetailedversionof the
documentationin thefuture.

The mobileIP scenarioconsistsof Home-Agents(HA)and Foreign-Agents(FA) and have Mobile-Hosts(MH)moving be-
tweentheir HA andFAs. The HA andFA areessentiallybase-stationnodeswe have describedearlier. While MHs are
basicallythemobileNodesdescribedin section15.1.1.Themethodsandproceduresfor MobileIPextensionsaredescribedin
~ns/mip.{cc,h}, ~ns/mip-reg.cc,~ns/tcl/lib/ns-mip.tcland~ns/tcl/lib/ns-wireless-mip.tcl.

TheHA andFA nodesaredefinedasMobileNode/MIPBS having a registeringagent(regagent_)thatsendsbeaconout to
the mobilenodes,setsup encapsulatoranddecapsulator, asrequiredandrepliesto solicitationsfrom MHs. TheMH nodes
aredefinedasMobileNode/MIPMH which too havearegagent_thatreceivesandrespondsto beaconsandsendsout solic-
itationsto HA or FAs. Figure15.4illustratestheschematicof a MobileNode/MIPBS node.TheMobileNode/MIPMH
nodeis verysimilarto thisexceptfor thefactthatit doesnothaveany encapsulatoror decapsulator. As for theSRNodeversion
of a MH, it doesnothave thehierarchicalclassifiersandtheRA agentformstheentrypoint of thenode.SeeFigure15.2for
modelof aSRNode.

TheMobileNode/MIPBS noderoutinelybroadcastsbeaconor advertisementmessagesout to MHs. A solicitationfrom a
mobilenodegeneratesanadthatis senddirectly to therequestingMH. Theaddressof thebase-stationsendingout beaconis
heardby MH andis usedastheCOA (care-of-address)of theMH. ThusastheMH movesfrom its nativeto foreigndomains,
its COA changes.Uponreceiving reg_request(asreply to ads)from a mobilehostthe base-stationchecksto seeif it is the
HA for theMH. If not, it setsup its decapsulatorandforwardsthereg_requesttowardstheHA of theMH.

In casethebase-stationis theHA for therequestingMH but theCOA doesnotmatchits own, it setsup anencapsulatorand
sendsreg-request-replybackto the COA (addressof the FA) who hasforwardedthe reg_requestto it. so now all packets
destinedto the MH reachingthe HA would be tunneledthroughthe encapsulatorwhich encapsulatesthe IP pkthdr with a
IPinIP hdr, now destinedto the COA insteadof MH. The FA’s decapsulatorrecivesthis packet, removesthe encapsulation
andsendsit to theMH.

If theCOA matchesthatof theHA, it just removestheencapsulatorit might have setup (whenits mobilehostwasroaming
into foreignnetworks)andsendsthereplydirectly backto theMH, astheMH havenow returnedto its nativedomain.

The mobilehostsendsout solicitationsif it doesnothearany adsfrom thebase-stations.Upon receiving ads,it changesits
COA to theaddressof theHA/FA it hasheardtheadfrom, andrepliesbackto theCOA with a requestfor registration(reg-
request ). Initially theMH maybein therangeof theHA andreceivesall pktsdirectly from its COA which is HA in this
case.Eventuallyasthe MH movesout of rangeof its HA andinto the a foreign domainof a FA, the MH’s COA changes
from its HA to that of the FA. The HA now setsup an encapsulatorandtunnelsall pkts destinedfor MH towardsthe FA.
The FA decapsulatesthe pkts andhandsthemover to the MH. The datafrom MH destinedfor the wired world is always
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Figure15.4:Schematicof a WirelessMobileIP BaseStationNode

routedtowardsits currentCOA. An examplescriptfor wirelessmobileIPcanbefoundat~ns/tcl/ex/wireless-mip-test.tcl.The
simulationconsistsof aMH moving betweenits HA andaFA. TheHA andFA areeachconnectedto awireddomainonone
sideandto theirwirelessdomainson theother. TCPflowsaresetup betweentheMH andawired node.

15.3 Commandsat a glance

Following is a list of commandsusedin wirelesssimulations:

$ns_ node-config -addressingType <usually flat or hierarchical used for
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wireless topologies>
-adhocRouting <adhoc rotuing protocol like DSDV, DSR,

TORA, AODV etc>
-llType <LinkLayer>
-macType <MAC type like Mac/802_11>
-propType <Propagation model like

Propagation/TwoRayGround>
-ifqType <interface queue type like

Queue/DropTail/PriQueue>
-ifqLen <interface queue length like 50>
-phyType <network inteface type like

Phy/WirelessPhy>
-antType <antenna type like Antenna/OmniAntenna>
-channelType <Channel type like Channel/WirelessChannel>
-topoInstance <the topography instance>
-wiredRouting <turning wired routing ON or OFF>
-mobileIP <setting the flag for mobileIP ON or OFF>
-energyModel <EnergyModel type>
-initialEnergy <specified in Joules>
-rxPower <specified in W>
-txPower <specified in W>
-agentTrace <tracing at agent level turned ON or OFF>
-routerTrace <tracing at router level turned ON or OFF>
-macTrace <tracing at mac level turned ON or OFF>
-movementTrace <mobilenode movement logging turned

ON or OFF>

This commandis usedtypically to configurefor a mobilenode.For moreinfo aboutthis command(partof new nodeAPIs)
seechaptertitled "Restructuringnsnodeandnew NodeAPIs" in nsNotesandDocumentation.

$ns_ node <optional:hier address>
Thiscommandis usedto createamobilenodeafternodeconfigurationis doneasshown in thenode-configcommand.Incase
hierarchicaladdressingis beingused,thehier addressof thenodeneedsto bepassedaswell.

$node log-movement
This commandpreviouslyusedto enableloggingof mobilenode’smovementhasnow beenreplacedby $ns_
node-config -movementTrace <ON or OFF>.

create-god <num_nodes>
This commandis usedto createa Godinstance.Thenumberof mobilenodesis passedasargumentwhich is usedby Godto
createa matrix to storeconnectivity informationof thetopology.

$topo load_flatgrid <X> <Y> <optional:res>
This initializesthegrid for thetopographyobject.<X> and<Y> arethex-y co-ordinatesfor thetopologyandareusedfor
sizingthegrid. Thegrid resolutionmaybepassedas<res>.A defaultvalueof 1 is normallyused.

$topo load_demfile <file-descrptor>
For loadingDEMFile objectsinto topography. Seens/dem.cc,.hfor detailson DEMFiles.

$ns_ namtrace-all-wireless <namtrace> <X> <Y>
This commandis usedto initialize anamtracefile for loggingnodemovementsto beviewedin nam.Thenamtracefile
descriptor, theX andY co-ordinatesof thewirelesstopologyis passedasparameterswith this command.
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$ns_ nam-end-wireless <stop-time>
This commandis usedto tell namthesimulationstoptimegivenby <stop-time>.

$ns_ initial_node_pos <node> <size>
This commanddefinesthenodeinitial positionin nam.<size>denotesthesizeof nodein nam.This functionmustbecalled
aftermobility modelhasbeendefined.

$mobilenode random-motion <0 or 1>
Random-motionis usedto turnon randommovementsfor themobilenode,in which caserandomdestinationsareassigned
to thenode.0 disablesand1 enablesrandom-motion.

$mobilenode setdest <X> <Y> <s>
This commandis usedto setupa destinationfor themobilenode.Themobilenodestartsmoving towardsdestinationgiven
by <X> and<Y> ata speedof <s>m/s.

$mobilenode reset
This commandis usedto resetall theobjectsin thenodes(network componentslike LL, MAC, phyetc).

Internalprocedures
Following is a list of internalproceduresusedin wirelessnetworking:

$mobilenode base-station <BSnode-hier-addr>
This is usedfor wired-cum-wirelessscenarios.Herethemobilenodeis providedwith thebase-stationnodeinfo for its
domain.Theaddressis hierarchicalsincewired-cum-wirelessscenariostypically usehierarchicaladdressing.

$mobilenode log-target <target-object>
The<target-object>,which is normallya traceobject,is usedto log mobilenodemovementsandtheir energy usage,if
energy modelis provided.

$mobilenode topography <topoinstance>
This commandis usedto provide thenodewith a handleto thetopographyobject.

$mobilenode addif
A mobilenodemayhavemorethanonenetwork interface.Thiscommandis usedto passhandlefor a network interfaceto
thenode.

$mobilenode namattach <namtracefd>
This commandis usedto attachthenamtracefile descriptor<namtracefd>to themobilenode.All namtracesfor thenode
arethenwritten into this namtracefile.

$mobilenode radius <r>
Theradius<r> denotesthenode’srange.All mobilenodesthatfall within thecircleof radius<r> with thenodeat its center
areconsideredasneighbours.This info is typically usedby thegridkeeper.

$mobilenode start
This commandis usedto startoff themovementof themobilenode.
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Chapter 16

SatelliteNetworking in ns

This chapterdescribesextensionsthatenablethesimulationof satellitenetworksin ns. In particular, theseextensionsenable
ns to model the following: i) traditional geostationary“bent-pipe” satelliteswith multiple usersper uplink/downlink and
asymmetriclinks, ii) geostationarysatelliteswith processingpayloads(eitherregenerativepayloadsor full packetswitching),
andiii) polarorbitingLEO constellationssuchasIridium andTeledesic.Thesesatellitemodelsareprincipallyaimedatusing
ns to studynetworkingaspectsof satellitesystems;in particular, MAC, link layer, routing,andtransportprotocols.

16.1 Overview of satellitemodels

Exactsimulationof satellitenetworksrequiresa detailedmodellingof radiofrequency characteristics(interference,fading),
protocolinteractions(e.g.,interactionsof residualbursterrorsonthelink with errorcheckingcodes),andsecond-orderorbital
effects(precession,gravitationalanomalies,etc.).However, in orderto studyfundamentalcharacteristicsof satellitenetworks
from a networkingperspective, certainfeaturesmaybeabstractedout. For example,the performanceof TCPover satellite
links is impactedlittle by usinganapproximateratherthandetailedchannelmodel–performancecanbecharacterizedto first
orderby theoverall packet lossprobability. This is theapproachtaken in this simulationmodel–to createa framework for
studyingtransport,routing,andMAC protocolsin a satelliteenvironmentconsistingof geostationarysatellitesor constella-
tionsof polar-orbiting low-earth-orbit(LEO) satellites.Of course,usersmayextendthesemodelsto providemoredetailat a
givenlayer.

16.1.1 Geostationarysatellites

Geostationarysatellitesorbit the Earth at an altitude of 22,300miles above the equator. The position of the satellitesis
specifiedin termsof the longitudeof the nadir point (subsatellitepoint on the Earth’s surface). In practice,geostationary
satellitescandrift from their designatedlocationdueto gravitationalperturbations–theseeffectsarenot modelledin ns.

Two kindsof geostationarysatellitescanbemodelled.Traditional“bent-pipe”geostationarysatellitesaremerelyrepeaters
in orbit– all packetsreceivedby suchsatelliteson anuplink channelarepipedthroughat RF frequenciesto a corresponding
downlink, andthesatellitenodeis notvisibleto routingprotocols.Newersatelliteswill increasinglyusebasebandprocessing,
both to regeneratethedigital signalandto performfastpacket switchingon-boardthespacecraft.In the simulations,these
satellitescanbemodelledmorelike traditionalnsnodeswith classifiersandroutingagents.

Previously, userscouldsimulategeostationarysatellitelinks by simply simulatinga long delaylink usingtraditionalns links
and nodes. The key enhancementof thesesatelliteextensionswith respectto geostationarysatellitesis the capability to
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Figure16.1:Exampleof apolar-orbitingLEO constellation.ThisfigurewasgeneratedusingtheSaVi softwarepackagefrom
thegeometrycenterat theUniversityof Minnesota.

simulateMAC protocols.Userscannow definemany terminalsatdifferentlocationsontheEarth’ssurfaceandconnectthem
to thesamesatelliteuplink anddownlink channels,andthepropagationdelaysin thesystem(which areslightly differentfor
eachuser)areaccuratelymodelled.In addition,theuplink anddownlink channelscanbedefineddifferently (perhapswith
differentbandwidthsor errormodels).

16.1.2 Low-earth-orbiting satellites

Polarorbiting satellitesystems,suchasIridium andtheproposedTeledesicsystem,canbemodelledin ns. In particular, the
simulatorsupportsthespecificationof satellitesthatorbit in purelycircularplanes,for which theneighboringplanesareco-
rotating.Thereareothernon-geostationaryconstellationconfigurationspossible(e.g.,Walker constellations)–theinterested
usermaydevelopnew constellationclassesto simulatetheseotherconstellationtypes.In particular, thiswouldmainlyrequire
definingnew intersatellitelink handoff procedures.

Thefollowing aretheparametersof satelliteconstellationsthatcancurrentlybesimulated:

: Basicconstellationdefinition Includessatellitealtitude,numberof satellites,numberof planes,numberof satellites
perplane.

: Orbits Orbit inclinationcanrangecontinuouslyfrom 0 to 180degrees(inclinationgreaterthan90degreescorresponds
to retrogradeorbits).Orbit eccentricityis notmodeled.Nodalprecessionis notmodeled.Intersatellitespacingwithin a
givenplaneis fixed.Relativephasingbetweenplanesis fixed(althoughsomesystemsmaynotcontrolphasingbetween
planes).

: Intersatellite (ISL) links For polarorbiting constellations,intraplane,interplane,andcrossseamISLs canbedefined.
IntraplaneISLsexist betweensatellitesin thesameplaneandareneverdeactivatedor handedoff. InterplaneISLsexist
betweensatellitesof neighboringco-rotatingplanes.Theselinks aredeactivatednearthepoles(abovethe“ISL latitude
threshold”in the table)becausethe antennapointing mechanismcannottrack theselinks in the polar regions. Like
intraplaneISLs, interplaneISLs arenever handedoff. CrossseamISLs mayexist in a constellationbetweensatellites
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in counter-rotatingplanes(wheretheplanesform a so-called“seam”in thetopology).GEOISLs canalsobedefined
for constellationsof geostationarysatellites.

: Ground to satellite (GSL) links Multiple terminalscanbeconnectedto a singleGSL satellitechannel.GSL links for
GEOsatellitesarestatic,while GSL links for LEO channelsareperiodicallyhandedoff asdescribedbelow.

: Elevation mask The elevation angleabove which a GSL link canbe operational. Currently, if the (LEO) satellite
servinga terminaldropsbelow theelevationmask,theterminalsearchesfor a new satelliteabove theelevationmask.
Satelliteterminalscheckfor handoff opportunitiesaccordingto a timeout interval specifiedby the user. Eachter-
minal initiateshandoffs asynchronously;it would be possiblealso to definea systemin which eachhandoff occurs
synchronouslyin thesystem.

Thefollowing tablelists parametersusedfor examplesimulationscriptsof theIridium1 andTeledesic2 systems.

Iridium Teledesic

Altitude 780km 1375km

Planes 6 12

Satellitesper plane 11 24

Inclination (deg) 86.4 84.7

Inter plane separation(deg) 31.6 15

Seamseparation(deg) 22 15

Elevation mask (deg) 8.2 40

Intraplane phasing yes yes

Inter planephasing yes no

ISLs per satellite 4 8

ISL bandwidth 25 Mb/s 155Mb/s

Up/downlink bandwidth 1.5Mb/s 1.5Mb/s

Cross-seamISLs no yes

ISL latitude thr eshold(deg) 60 60

Table16.1:Simulationparametersusedfor modelingabroadbandversionof theIridium systemandtheproposed288-satellite
Teledesicsystem.Bothsystemsareexamplesof polarorbiting constellations.

1Aside from the link bandwidths(Iridium is a narrowbandsystemonly), theseparametersarevery closeto what a broadbandversionof the Iridium
systemmight look like.

2TheseTeledesicconstellationparametersaresubjectto change;thanksto Marie-JoseMontpetit of Teledesicfor providing tentative parametersasof
January1999.Thelink bandwidthsarenot necessarilyaccurate.
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16.2 Using the satelliteextensions

16.2.1 Nodesand nodepositions

Therearetwo basickindsof satellitenodes:geostationaryandnon-geostationarysatellitenodes.In addition,terminalnodes
can be placedon the Earth’s surface. As is explainedlater in Section16.3, eachof thesethreedifferent typesof nodes
is actually implementedwith the sameclass SatNode object, but with differentposition, handoff manager, and link
objectsattached.Thepositionobjectkeepstrackof thesatellitenode’s locationin thecoordinatesystemasa functionof the
elapsedsimulationtime. Thispositioninformationis usedto determinelink propagationdelaysandappropriatetimesfor link
handoffs.

Figure 16.2 illustratesthe sphericalcoordinatesystem,and the correspondingCartesiancoordinatesystem. The coordi-
nate systemis centeredat the Earth’s center, and the O axis coincideswith the Earth’s axis of rotation. ;)PQ?+R
?�STBVU
;XW�Y�Z0[�\^]_?+`�a�bc?+a�bdB correspondsto a�b longitude(primemeridian)on theequator.

Specifically, thereis oneclassof satellitenodeClass Node/SatNode , to whichoneof threetypesof Position objects
may be attached.EachSatNode andPosition objectis a split OTcl/C++ object,but mostof the coderesidesin C++.
Thefollowing typesof positionobjectsexist:

: Position/Sat/Term A terminal is specifiedby its latitudeand longitude. Latitude rangesfrom egf7`�aE?+`�a.h and
longituderangesfrom egfiGc[�a
?cGc[�a0h , with negativevaluescorrespondingto southandwest,respectively. As simulation
time evolves, the terminalsmove alongwith the Earth’s surface. The Simulatorinstprocsatnode canbe usedto
createa terminalwith anattachedpositionobjectasfollows:

$ns satnode terminal $lat $lon

: Position/Sat/Geo A geostationarysatelliteis specifiedby its longitudeabove the equator. As simulationtime
evolves,the geostationarysatellitemovesthroughthe coordinatesystemwith the sameorbital periodas that of the
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Earth’s rotation. The longituderangesfrom ejfiGk[�aE?dGc[�a.h degrees.The Simulatorinstprocsatnode canbe usedto
createa geostationarysatellitewith anattachedpositionobjectasfollows:

$ns satnode geo $lon

: Position/Sat/Polar A polar orbiting satellitehasa purely circular orbit alonga fixed planein the coordinate
system;the Earthrotatesunderneaththis orbital plane,so thereis both an east-westanda north-southcomponentto
thetrackof a polarsatellite’s footprint on theEarth’s surface.Strictly speaking,thepolarpositionobjectcanbeused
to modelthemovementof any circularorbit in a fixedplane;we usetheterm“polar” herebecausewe laterusesuch
satellitesto modelpolar-orbitingconstellations.

Satelliteorbitsareusuallyspecifiedby six parameters:altitude, semi-majoraxis, eccentricity, right ascensionof as-
cendingnode, inclination, andtimeof perigeepassage. Thepolarorbitingsatellitesin nshavepurelycircularorbits,so
we simplify thespecificationof theorbitsto includeonly threeparameters:altitude, inclination, andlongitude, with a
fourth parameteralphaspecifyinginitial positionof thesatellitein theorbit, asdescribedbelow. Altitude is specified
in kilometersabovetheEarth’ssurface,andinclination canrangefrom e a
?dGk[�a0h degrees,with `�a correspondingto pure
polarorbitsandanglesgreaterthan `�a degreescorrespondingto “retrograde”orbits. Theascendingnoderefersto the
pointwherethefootprintof thesatelliteorbital trackcrossestheequatormoving from southto north. In thissimulation
model,theparameterlongitude of ascendingnodespecifiesthe earth-centriclongitudeat which the satellite’s nadir
point crossestheequatormoving southto north.3 Longitudeof ascendingnodecanrangefrom egfiGc[�a
?dGk[�a0h degrees.
The fourth parameter, alpha, specifiesthe initial positionof thesatellitealongthis orbit, startingfrom theascending
node.For example,analphaof Gc[�a degreesindicatesthatthesatelliteis initially abovetheequatormoving from north
to south. Alpha canrangefrom e aE?+Y�W�a.h degrees. Finally, a fifth parameter, plane, is specifiedwhencreatingpolar
satellitenodes–all satellitesin thesameplanearegiventhesameplaneindex. TheSimulatorinstprocsatnode can
beusedto createa polarsatellitewith anattachedpositionobjectasfollows:

$ns satnode polar $alt $inc $lon $alpha $plane

Notethattheabovemethodsusetheatomicsatnode instproc.In Section16.2.2,we introducewrappermethodsthat
maybemoreconvenientfor generatingvarioustypesof satellitenodes:

$ns satnode-terminal $latitude $longitude
$ns satnode-polar $alt $inc $lon $alpha $plane $linkargs $chan
$ns satnode-geo $longitude $linkargs $chan
$ns satnode-geo-repeater $longitude $chan

16.2.2 Satellite links

Satellite links resemblewirelesslinks, which are describedin Chapter15. Eachsatellitenodehasone or more satellite
network interfacestacks,to which channelsareconnectedto thephysicallayerobjectin thestack.Figure16.3illustratesthe
major components.Satellitelinks differ from nswirelesslinks in two major respects:i) the transmitandreceive interfaces
mustbeconnectedto differentchannels,andii) thereis no ARP implementation.Currently, theRadioPropagationModel is
a placeholderfor usersto addmoredetailederrormodelsif sodesired;thecurrentcodedoesnot usea propagationmodel.

Network interfacescanbeaddedwith thefollowing instprocof Class Node/SatNode :

$node add-interface $type $ll $qtype $qlim $mac $mac_bw $phy

The add-interface instprocreturnsan index valuethat canbe usedto accessthe network interfacestacklater in the
simulation.By convention,thefirst interfacecreatedon a nodeis attachedto theuplink anddownlink channelsof a satellite
or terminal.Thefollowing parametersmustbeprovided:

3Traditionally, the“right ascension”of theascendingnodeis specifiedfor satelliteorbits–theright ascensioncorrespondsto thecelestiallongitude.In
our case,wedonot careabouttheorientationin a celestialcoordinatesystem,sowespecifytheearth-centriclongitudeinstead.
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Figure16.3:Main componentsof a satellitenetwork interface

: type: Thefollowing link typescanbe indicated:geo or polar for links from a terminalto a geoor polarsatellite,
respectively, gsl andgsl-repeater for links from a satelliteto a terminal,and intraplane , interplane ,
andcrossseam ISLs. The type field is usedinternally in the simulatorto identify the differenttypesof links, but
structurallythey areall verysimilar.

: ll : Thelink layertype(class LL/Sat is currentlytheonly onedefined).

: qtype: The queuetype (e.g.,class Queue/DropTail ). Any queuetype may be used–however, if additional
parametersbeyond the lengthof the queueareneeded,then this instprocmay needto be modified to includemore
arguments.

: qlim : Thelengthof theinterfacequeue,in packets.

: mac: The MAC type. Currently, two typesaredefined: class Mac/Sat – a basicMAC for links with only one
receiver (i.e., it doesnot do collision detection),andClass Mac/Sat/UnslottedAloha – animplementationof
unslottedAloha.

: mac_bw: Thebandwidthof thelink is setby this parameter, which controlsthetransmissiontime how fasttheMAC
sends.Thepacketsizeusedto calculatethetransmissiontime is thesumof thevaluessize() in thecommonpacket
headerandLINK_HDRSIZE, which is thesizeof any link layerheaders.Thedefaultvaluefor LINK_HDRSIZE is 16
bytes(settablein satlink.h ). Thetransmissiontime is encodedin thepacketheaderfor useat thereceiveMAC (to
simulatewaiting for awholepacket to arrive).

: phy: The physicallayer– currently two Phys(Class Phy/Sat andClass Phy/Repeater ) aredefined. The
classPhy/Sat just passthe informationup anddown the stack–asin the wirelesscodedescribedin Chapter15, a
radiopropagationmodelcouldbeattachedat this point. TheclassPhy/Repeater pipesany packetsreceivedon a
receive interfacestraightthroughto a transmitinterface.

An ISL canbeaddedbetweentwo nodesusingthefollowing instproc:

$ns add-isl $ltype $node1 $node2 $bw $qtype $qlim
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This createstwo channels(of type Channel/Sat ), andappropriatenetwork interfaceson both nodes,andattachesthe
channelsto thenetwork interfaces.Thebandwidthof thelink is setto bw. Thelinktype (ltype ) mustbespecifiedaseither
intraplane , interplane , or crossseam .

A GSL involvesaddingnetwork interfacesanda channelon boardthe satellite(this is typically doneusing the wrapper
methodsdescribedin thenext paragraph),andthendefiningthecorrectinterfaceson theterrestrialnodeandattachingthem
to thesatellitelink, asfollows:

$node add-gsl $type $ll $qtype $qlim $mac $bw_up $phy l
[$node_satellite set downlink_] [$node_satellite set uplink_]

Here,the type mustbeeithergeo or polar , andwe makeuseof thedownlink_ anduplink_ instvarsof thesatellite;
therefore,thesatellite’suplink anddownlink mustbecreatedbeforethis instprocis called.

Finally, the following wrappermethodscanbeusedto createnodesof a giventypeand,in the caseof satellitenodes,give
themanuplink anddownlink interfaceaswell ascreateandattachanuplink anddownlink channel:

$ns satnode-terminal $latitude $longitude
$ns satnode-polar $alt $inc $lon $alpha $plane $linkargs $chan
$ns satnode-geo $longitude $linkargs $chan
$ns satnode-geo-repeater $longitude $chan

wherelinkargs isalist of link argumentoptionsfor thenetwork interfaces(i.e.,$ll $qtype $qlim $mac $mac_bw
$phy ).

16.2.3 Handoffs

Satellitehandoff modellingis a key componentof LEO satellitenetwork simulations.It is difficult to predictexactly how
handoffswill occurin futureLEO systemsbecausethesubjectis notwell treatedin theliterature.In thesesatelliteextensions,
we establishcertaincriteriafor handoffs, andallow nodesto independentlymonitorfor situationsthatrequirea handoff. An
alternativewould beto haveall handoff eventssynchronizedacrosstheentiresimulation–it would not bedifficult to change
thesimulatorto work in sucha manner.

Thereareno link handoffs involving geostationarysatellites,but therearetwo typesof links to polarorbiting satellitesthat
mustbehandedoff: GSLsto polarsatellites,andcrossseamISLs. A third typeof link, interplaneISLs,arenothandedoff but
aredeactivatedat high latitudesaswe describebelow.

Eachterminalconnectedto a polarorbiting satelliterunsa timer that,uponexpiry, causestheHandoffManager to check
whetherthe currentsatellitehasfallen below the elevation maskof the terminal. If so, the handoff managerdetachesthe
terminalfrom that satellite’s up anddown links, andsearchesthroughthe linked list of satellitenodesfor anotherpossible
satellite. First, the “next” satellitein the currentorbital planeis checked–a pointerto this satelliteis storedin thePosition
objectof eachpolar satellitenodeandis setduring simulationconfigurationusingthe Node/SatNode instproc“$node
set_next $next_node .” If thenext satelliteis not suitable,thehandoff managersearchesthroughtheremainingsatel-
lites. If it findsasuitablepolarsatelite,it connectsits network interfacesto thatsatellite’suplink anddownlink channels,and
restartsthehandoff timer. If it doesnot find a suitablesatellite,it restartsthetimer andtriesagainlater. If any link changes
occur, theroutingagentis notified.

Theelevationmaskandhandoff timer interval aresettablevia OTcl:

HandoffManager/Term set elevation_mask_ 10; # degrees
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HandoffManager/Term set term_handoff_int_ 10; # seconds

In addition,handoffs mayberandomizedto avoid phaseeffectsby settingthefollowing variable:

HandoffManager set handoff_randomization_ 0; # 0 is false, 1 is true

If handoff_randomization_ is true,thenthenext handoff interval is a randomvariatepickedfrom auniform distribu-
tion across;XaEm npo�qsrkLI] _<Et�uwv�A0xyx _Dzuyq _ ?dG�m npo�qsrkLI] _<Et�uwv�A0xyx _Dzuyq _B .
CrossseamISLs are the only type of ISLs that are handedoff. The criteria for handingoff a crossseamISL is whether
or not thereexistsa satellitein theneighboringplanethat is closerto thegivensatellitethantheoneto which it is currently
connected.Again,ahandoff timerrunningwithin thehandoff manageronthepolarsatellitedetermineswhentheconstellation
is checkedfor handoff opportunities.CrossseamISL handoffs areinitiatedby satellitesin the lower-numberedplaneof the
two. It is thereforepossiblefor a transientconditionto arisein which a polarsatellitehastwo crossseamISLs (to different
satellites).Thesatellitehandoff interval is againsettablefrom OTcl andmayalsoberandomized:

HandoffManager/Sat set sat_handoff_int_ 10; # seconds

InterplaneandcrossseamISLs aredeactivatednearthepoles,becausethepointingrequirementsfor the links aretoo severe
asthesatellitedraw closeto oneanother. Shutdown of theselinks is governedby a parameter:

HandoffManager/Sat set latitude_threshold_ 70; # degrees

Thevaluesfor this parameterin theexamplescriptsarespeculative; theexactvalueis dependentuponthesatellitehardware.
Thehandoff managerchecksthelatitudeof itself andits peersatelliteuponahandoff timeout;if eitheror bothof thesatellites
is above latitude_threshold_ degreeslatitude(northor south),thelink is deactivateduntil bothsatellitesdropbelow
this threshold.

Finally, if crossseamISLs exist, therearecertainsituationsin which thesatellitesdraw too closeto oneanotherin themid-
latitudes(if theorbits arenot closeto beingpurepolarorbits). We checkfor theoccurenceof this orbital overlapwith the
following parameter:

HandoffManager/Sat set longitude_threshold_ 10; # degrees

Again,thevaluesfor thisparameterin theexamplescriptsarespeculative. If thetwo satellitesareclosertogetherin longitude
than longitude_threshold_ degrees,the link betweenthemis deactivated. This parameteris disabled(set to a ) by
default–all defaultsfor satellite-relatedboundvariablescanbefoundin ~ns/tcl/lib/ns-sat.tcl.

16.2.4 Routing

Thecurrentstatusof routing is that it is incomplete.Ideally, oneshouldbeableto run all existing ns routingprotocolsover
satellitelinks. However, many of theexistingroutingprotocolsimplementedin OTcl requirethattheconventionalnslinks be
used.Thensdevelopersareworking to remedythis situationsothatexisting routingimplementationsareindependentof the
underlyinglink objects.

With that beingsaid,the currentrouting implementationis similar to Sessionrouting describedin Chapter23, exceptthat
it is implementedentirely in C++. Upon eachtopologychange,a centralizedrouting geniedeterminesthe global network
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topology, computesnew routesfor all nodes,andusesthe routesto build a forwardingtableon eachnode. Currently, the
slot tableis keptby a routingagenton eachnode,andpacketsnot destinedfor agentson thenodearesentby default to this
routingagent.For eachdestinationfor which thenodehasa route,theforwardingtablecontainsa pointerto theheadof the
correspondingoutgoinglink. As notedin Chapter23, the useris cautionedthat this typeof centralizedroutingcanleadto
minor causalityviolations.

Theroutinggenieis aclass SatRouteObject andis createdandinvokedwith thefollowing OTcl commands:

set satrouteobject_ [new SatRouteObject]
$satrouteobject_ compute_routes

wherethe call to compute_routes is performedafterall of the links andnodesin thesimulatorhave beeninstantiated.
Like theScheduler , thereis oneinstanceof aSatRouteObjectin thesimulation,andit is accessedby meansof aninstance
variablein C++. For example,thecall to recomputeroutesaftera topologychangeis:

SatRouteObject::instance().recompute() ;

Despitethe currentuseof centralizedrouting, the designof having a routing agenton eachnodewas mainly donewith
distributedrouting in mind. Routingpacketscanbe sentto port 255of eachnode. The key to distributedrouting working
correctlyis for theroutingagentto beableto determinefrom which link apacketarrived.This is accomplishedby theinclu-
sionof a class NetworkInterface objectin eachlink, which uniquelylabelsthelink on which thepacket arrived.A
helperfunctionNsObject* intf_to_target(int label) canbeusedto returntheheadof thelink corresponding
to agivenlabel.Theuseof routingagentsparallelsthatof themobility extensions,andtheinterestedreadercanturn to those
examplesto seehow to implementdistributedroutingprotocolsin this framework.

Theshortest-pathroutecomputationsusethecurrentpropagationdelayof a link asthecostmetric. It is possibleto compute
routesusingonly thehopcountandnot thepropagationdelays;in orderto doso,setthefollowing defaultvariableto "false":

SatRouteObject set metric_delay_ "true"

Finally, for very large topologies(suchas the Teledesicexample),the centralizedrouting codewill producea very slow
runtimebecauseit executesanall-pairsshortestpathalgorithmuponeachtopologychangeevenif thereis no datacurrently
beingsent.To speedup simulationsin which thereis not muchdatatransferbut therearelots of satellitesandISLs,onecan
disablehandoff-drivenandenabledata-drivenroutecomputations.With data-drivencomputations,routesarecomputedonly
whenthereis a packet to send,andfurthermore,a single-sourceshortest-pathalgorithm(only for thenodewith a packet to
send)is executedinsteadof anall-pairsshortestpathalgorithm.Thefollowing OTcl variablecanconfigurethisoption(which
is setto "false"by default):

SatRouteObject set data_driven_computation_ "false"

16.2.5 Trace support

Tracefilesusingsatellitenodesandlinks areverysimilar to conventionalnstracingdescribedin Chapter21. SpecialSatTrace
objects(class SatTrace derivesfrom class Trace ) areusedto log thegeographiclatitudeandlongitudeof thenode
loggingthetrace(in thecaseof a satellitenode,thelatitudeandlongitudecorrespondto thenadirpoint of thesatellite).

For example,apacketon a link from node66 to node26 mightnormallybeloggedas:
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+ 1.0000 66 26 cbr 210 ------- 0 66.0 67.0 0 0

but in thesatellitesimulation,thepositioninformationis appended:

+ 1.0000 66 26 cbr 210 ------- 0 66.0 67.0 0 0 37.90 -122.30 48.90 -120.94

In thiscase,node66is atlatitude37.90degrees,longitude-122.30degrees,while node26is aLEOsatellitewhosesubsatellite
point is at48.90degreeslatitude,-120.94degreeslongitude(negativelatitudecorrespondsto south,while negative longitude
correspondsto west).

Oneadditionis theClass Trace/Sat/Error , which tracesany packetsthatareerroredby anerrormodel. Theerror
tracelogspacketsdroppeddueto errorsasfollows,for example:

e 1.2404 12 13 cbr 210 ------- 0 12.0 13.0 0 0 -0.00 10.20 -0.00 -10.00

To enabletracingof all satellitelinks in thesimulator, usethefollowing commandsbefore instantiatingnodesandlinks:

set f [open out.tr w]
$ns trace-all $f

Thenusethe following line after all nodeand link creation(andall error model insertion,if any) to enabletracingof all
satellitelinks:

$ns trace-all-satlinks $f

Specifically, this will put tracingaroundthe link layerqueuesin all satellitelinks, andwill put a receive tracebetweenthe
macandthe link layer for received packets. To enabletracingonly on a specificlink on a specificnode,onemay usethe
command:

$node trace-inlink-queue $f $i
$node trace-outlink-queue $f $i

whereD is theindex of theinterfaceto betraced.

Theimplementationsof thesatellitetraceobjectscanbefoundin ~ns/tcl/lib/ns-sat.tcland~ns/sattrace.{cc,h}.

16.2.6 Err or models

nserrormodelsaredescribedin Chapter12. Theseerrormodelscanbesetto causepacketsto beerroredaccordingto various
probabilitydistributions. Theseerrormodelsaresimpleanddon’t necessarilycorrespondto whatwould beexperiencedon
anactualsatellitechannel(particularlya LEO channel).Usersarefree to definemoresophisticatederrormodelsthatmore
closelymatcha particularsatelliteenvironment.

Thefollowing codeprovidesanexampleof how to addanerrormodelto a link:

149



set em_ [new ErrorModel]
$em_ unit pkt
$em_ set rate_ 0.02
$em_ ranvar [new RandomVariable/Uniform]
$node interface-errormodel $em_

This will addanerrormodelto thereceivepathof thefirst interfacecreatedon node$node (specifically, betweentheMAC
andlink layer)–this first interfacegenerallycorrespondsto theuplink anddownlink interfacefor a satelliteor a terminal(if
only oneuplink and/ordownlink exists).To addtheerrormodelto adifferentstack(indexedby D ), usethefollowing code:

$node interface-errormodel $em_ $i

16.2.7 Other configuration options

Givenaninitial configurationof satellitesspecifiedfor time a , it is possibleto startthesatelliteconfigurationfrom any arbi-
trarypointin timethroughtheuseof thetime_advance_ parameter(thisis reallyonly usefulfor LEO simulations).During
thesimulationrun, this will setthepositionof theobjectto thepositionat time Scheduler::instance().clock +
time_advance_ seconds.

Position/Sat set time_advance_ 0; # seconds

16.2.8 nam support

nam is notcurrentlysupported.Addition of nam for GEOsatellitetopologiesis anactivework item. nam supportfor LEO
constellationsis not planned(interestedusersareencouragedto developthis component).

16.2.9 Integration with other modules

Currenty, thesesatelliteextensionsdonot interoperatewith thewirelesscode,mobile-IPcode,andOTcl routingprotocols(in
particular, multicast).This is anactivework itemfor thensdevelopersandmoresupportalongtheselineswill beaddedlater.

16.2.10 Examplescripts

Examplescriptscanbefoundin the~ns/tcl/ex directory, including:

: sat-mixed.tcl A simulationwith amixtureof polarandgeostationarysatellites.

: sat-repeater.tcl Demonstratestheuseof asimplebent-pipegeostationarysatellite,andalsoerrormodels.

: sat-aloha.tcl Simulatesonehundredterminalsin a mesh-VSAT configurationusingan unslottedAloha MAC
protocolwith a “bent-pipe”geostationarysatellite. Terminalslisten to their own transmissions(aftera delay),andif
they do not successfullyreceive their own packetwithin a timeoutinterval, they performexponentialbackoff andthen
retransmitthepacket.
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Figure16.4:Linkedlist implementationin ns.

: sat-iridium.tcl Simulatesa broadbandLEO constellationwith parameterssimilar to that of the Iridium con-
stellation(with supportingscriptssat-iridium-links.tcl , sat-iridium-linkswithcross.tcl , and
sat-iridium-nodes.tcl ).

: sat-teledesic.tcl Simulatesa broadbandLEO constellationwith parameterssimilar to thoseproposedfor the
288satelliteTeledesicconstellation(with supportingscriptssat-teledesic-links.tcl andsat-teledesic-
nodes.tcl ).

In addition,thereis a testsuitescriptthattriesto exercisea lot of featuressimultaneously, it canbefoundat ~ns/tcl/test/test-
suite-sat.tcl.

16.3 Implementation

The codefor the implementationof satelliteextensionscanbe found in ~ns/{sat.h, sathandoff.{cc,h}, satlink.{cc,h}, satn-
ode.{cc,h}, satposition.{cc,h},satroute.{cc,h},sattrace.{cc,h}},and~ns/tcl/lib/ns-sat.tcl. Almost all of the mechanismis
implementedin C++.

In this section,we focuson someof the key componentsof the implementation;namely, the useof linked lists, the node
structure,anda detailedlook at thesatellitelink structure.

16.3.1 Useof link ed lists

Therearea numberof linkedlists usedheavily in theimplementation:

: class Node maintainsa(static)list of all objectsof classNode in thesimulator. ThevariableNode::nodehead_
storestheheadof the list. Thelinked list of nodesis usedfor centralizedrouting,for finding satellitesto handoff to,
andfor tracing.

: class Node maintainsa list of all (satellite) links on the node. Specifically, the list is a list of objectsof class
LinkHead . The variable linklisthead_ storesthe headof the list. The linked list of LinkHeadsis usedfor
checkingwhetheror not to handoff links, andto discover topologyadjacencies.

: class Channel maintainsa list of all objectsof classPhy on the channel. The headof the list is storedin the
variableif_head_ . This list is usedto determinethesetof interfaceson a channelthat shouldreceive a copy of a
packet.
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Figure16.5:Structureof class SatNode .

Figure16.4providesaschematicof how thelinkedlist isorganized.Eachobjectin thelist is linkedthrougha“LINK_ENTRY”
thatis aprotectedmemberof theclass.Thisentrycontainsapointerto thenext itemin thelist andalsoapointerto theaddress
of theprevious“next” pointerin theprecedingobject.Variousmacrosfoundin ~ns/list.h canbeusedto manipulatethelist;
theimplementationof linked-listsin ns is similar to thequeue implementationfoundin somevariantsof BSD UNIX.

16.3.2 Nodestructure

Figure16.5is aschematicof themaincomponentsof aSatNode . Thestructurebearsresemblanceto theMobileNode in
the wirelessextensions,but thereareseveraldifferences.Like all nsnodes,theSatNodehasan“entry” point to a seriesof
classifiers.Theaddressclassifiercontainsa slot tablefor forwardingpacketsto foreignnodes,but sinceOTcl routing is not
used,all packetsnot destinedfor this node(andhenceforwardedto theport classifier),aresentto thedefault target,which
pointsto a routingagent.Packetsdestinedon thenodefor port255areclassifiedasroutingpacketsandarealsoforwardedto
theroutingagent.

Eachnodecontainsoneor more“network stacks”that includea genericSatLinkHead at theentrypoint of the link. The
SatLinkHead is intendedto serveasanAPI to getat otherobjectsin thelink structure,soit containsanumberof pointers
(althoughtheAPI herehasnot beenfinalized).Packetsleaving thenetwork stackaresentto thenode’sentry. An important
featureis thateachpacket leaving anetwork stackhasits iface_ field in thecommonpacketheadercodedwith theunique
NetworkInterface index correspondingto the link. This valuecanbeusedto supportdistributedroutingasdescribed
below.

Thebaseclassroutingagentisclass SatRouteAgent ; it canbeusedin conjunctionwith centralizedrouting.SatRouteAgents
containa forwardingtablethatresolvesapacket’saddressto aparticularLinkHeadtarget–it is thejob of theSatRouteOb-
ject to populatethis tablecorrectly. The SatRouteAgentpopulatescertainfields in the headerandthensendsthe packet
down to theappropratelink. To implementadistributedroutingprotocol,anew SatRouteAgentcouldbedefined–thiswould
learnabouttopologyby noting the interfaceindex marked in eachpacket asit cameup the stack–a helperfunction in the
nodeintf_to_target() allows it to resolveanindex valueto a particularLinkHead.

Therearepointersto threeadditionalobjectsin a SatNode.First, eachSatNodecontainsa positionobject,discussedin the
previoussection.Second,eachSatNodecontainsaLinkHandoffMgr thatmonitorsfor opportunitiesto handlinks off and
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Figure16.6:Detailedlook at network interfacestack.

coordinatesthehandoffs. Satellitenodesandterminalnodeseachhavetheir specializedversionof aLinkHandoffMgr.

Finally, a numberof pointersto objectsarecontainedin a SatNode.We discussedlinklisthead_ andnodehead_ in
the previoussubsection.The uplink_ anddownlink_ pointersareusedfor convenienceunderthe assumptionthat, in
mostsimulations,a satelliteor a terminalhasonly oneuplink anddownlink channel.

16.3.3 Detailed look at satellite links

Figure 16.6 providesa moredetailedlook at how satellitelinks arecomposed.In this section,we describehow packets
moveup anddown thestack,andthekey thingsto noteat eachlayer. Thefile ~ns/tcl/lib/ns-sat.tclcontainsthevariousOTcl
instprocsthatassemblelinks accordingto Figure16.6.Wedescribethecompositestructurehereinasa“network stack.” Most
of thecodefor thevariouslink componentsis in ~ns/satlink.{cc,h}.

Theentrypoint to anetwork stackis theSatLinkHead object.TheSatLinkHeadobjectderivesfrom Class LinkHead ;
theaim of link headobjectsis to provide a uniform API for all network stacks.4 TheSatLinkHeadobjectcontainspointers
to theLL, Queue,MAC, Error model,andbothPhyobjects.TheSatLinkHeadobjectcanalsobequeriedasto whattypeof
network stackit is– e.g.,GSL, interplaneISL, crossseamISL, etc.. Valid codesfor the type_ field arecurrentlyfound in
~ns/sat.h.Finally, theSatLinkHeadstoresa booleanvariablelinkup_ that indicateswhetherthe link to at leastoneother
nodeon thechannelis up. TheC++ implementationof SatLinkHeadis foundin ~ns/satlink.{cc,h}.

Packetsleaving a nodepassthroughtheSatLinkHeadtransparentlyto theclass SatLL object. TheSatLL classderives
from LL (link layer). Link layer protocols(like ARQ protocols)canbe definedhere. The currentSatLL assignsa MAC
addressto thepacket. Notethatin thesatellitecase,wedonotuseanAddressResolutionProtocol(ARP); instead,wesimply
usethe MAC index_ variableasits address,andwe usea helperfunction to find the MAC addressof thecorresponding

4In theauthor’s opinion,all network stacksin ns shouldeventuallyhave aLinkHeadobjectat thefront– theclassSatLinkHeadwould thendisappear.
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interfaceof thenext-hopnode.Sinceclass LL derivesfrom class LinkDelay , thedelay_ parameterof LinkDelay
canbeusedto modelany processingdelayin thelink layer;by default thisdelayis zero.

Thenext objectanoutgoingpacket encountersis the interfacequeue.However, if tracingis enabled,tracingelementsmay
surroundthequeue,asshown in Figure16.6.This partof a satellitelink functionslikea conventionalns link.

Thenext layerdown is theMAC layer. TheMAC layerdrawspacketsfrom thequeue(or dequetrace)object–ahandshaking
betweentheMAC andthequeueallows theMAC to draw packetsout of thequeueasit needsthem.Thetransmissiontime
of a packet is modelledin theMAC also–theMAC computesthetransmissiondelayof thepacket (basedon thesumof the
LINK_HDRSIZE field definedin satlink.h andthesize field in thecommonpacket header),anddoesnot call up for
anotherpacketuntil thecurrentonehasbeen“sent” to thenext layerdown. Therefore,it is importantto setthebandwidthof
thelink correctlyat this layer. For convenience,thetransmittime is encodedin themac header;this informationcanbeused
at thereceiving MAC to calculatehow long it mustwait to detecta collisionon a packet,for example.

Next, thepacket is sentto atransmittinginterface(Phy_tx)of classSatPhy . Thisobjectjustsendsthepacket to theattached
channel.We notedearlierin this chapterthatall interfacesattachedto a channelarepartof the linked list for that channel.
This is not truefor transmitinterfaces,however. Only receive interfacesattachedto a channelcomprisethis linkedlist, since
only receive interfacesshouldgeta copy of transmittedpackets.Theuseof separatetransmitandreceive interfacesmirrors
therealworld wherefull-duplex satellitelinks aremadeup of RFchannelsatdifferentfrequencies.

Theoutgoingpacket is next sentto aSatChannel , which copiesthepacket to everyreceiving interface(of classSatPhy )
on thechannel.ThePhy_rxsendsthepacket to theMAC layer. At theMAC layer, thepacket is held for thedurationof its
transmissiontime (andany appropriatecollision detectionis performedif the MAC, suchasthe Aloha MAC, supportsit).
If thepacket is determinedto have arrivedsafelyat theMAC, it next passesto anErrorModel object,if it exists. If not,
the packet movesthroughany receive tracingobjectsto the SatLL object. The SatLL objectpassesthe packet up after a
processingdelay(again,by default, thevaluefor delay_ is zero).

The final objectthat a receivedpacket passesthroughis an objectof class NetworkInterface . This objectstamps
the iface_ field in the commonheaderwith thenetwork stack’s uniqueindex value. This is usedto keeptrackof which
network stackapacketarrivedon. Thepacket thengoesto theentry of theSatNode(usually, anaddressclassifier).

Finally, “geo-repeater”satellitesexist, asdescribedearlierin thischapter. Geo-repeaternetwork stacksareverysimple–they
only containa Phy_txanda Phy_rxof class RepeaterPhy , anda SatLinkHead.Packetsreceivedby a Phy_rxaresent
to the Phy_txwithout delay. The geo-repeatersatelliteis a degeneratesatellitenode,in that it doesnot containthingslike
tracingelements,handoff managers,routingagents,or any otherlink interfacesotherthanrepeaterinterfaces.

16.4 Commandsat a glance

Following is a list of commandsrelatedto satellitenetworking:

$ns_ satnode-polar <alt> <inc> <lon> <alpha> <plane> <linkargs> <chan>
This asimulatorwrappermethodfor creatinga polarsatellitenode.Two links, uplink anddownlink, arecreatedalongwith
two channels,uplink channelanddownlink channel.<alt> is thepolarsatellitealtitude,<inc> is orbit inclinationw.r.t
equator, <lon> is thelongitudeof ascendingnode,<alpha>givestheinitial positionof thesatellitealongthis orbit, <plane>
definestheplaneof thepolarsatellite.<linkargs>is a list of link argumentoptionsthatdefinesthenetwork interface(like
LL, Qtype,Qlim, PHY, MAC etc).

$ns_ satnode-geo <lon> <linkargs> <chan>
This is a wrappermethodfor creatingageosatellitenodethatfirst createsasatnodeplustwo link interfaces(uplink and
downlink) plustwo satellitechannels(uplink anddownlink). <chan>definesthetypeof channel.
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$ns_ satnode-geo-repeater <lon> <chan>
This is a wrappermethodfor makingageosatelliterepeaternodethatfirst createsa satnodeplustwo link interfaces(uplink
anddownlink) plustwo satellitechannels(uplink anddownlink).

$ns_ satnode-terminal <lat> <lon>
This is a wrappermethodthatsimply createsa terminalnode.The<lat> and<lon> definesthelatitudeandlongitude
respectively of theterminal.

$ns_ satnode <type> <args>
This is a moreprimitivemethodfor creatingsatnodesof type<type>which canbepolar, geoor terminal.

$satnode add-interface <type> <ll> <qtype> <qlim> <mac_bw> <phy>
This is aninternalmethodof Node/SatNodethatsetsup link layer, maclayer, interfacequeueandphysicallayerstructures
for thesatellitenodes.

$satnode add-isl <ltype> <node1> <node2> <bw> <qtype> <qlim>
This methodcreatesanISL (inter-satellitelink) betweenthetwo nodes.Thelink type(inter, intraor cross-seam),BW of the
link, thequeue-typeandqueue-limitareall specified.

$satnode add-gsl <ltype> <opt_ll> <opt_ifq> <opt_qlim> <opt_mac> <opt_bw> <opt_phy>
<opt_inlink> <opt_outlink>
This methodcreatesaGSL (groundto satellitelink). First a network stackis createdthatis definedby LL, IfQ, Qlim, MAC,
BW andPHY layers.Next thenodeis attachedto thechannelinlink andoutlink.
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Chapter 17

Restructuring ns nodeand newnodeAPIs

Therehasbeenrecentchangesmadeto structureof class Node in ns. This revisednodearchitecturewould allow more
flexible andmodularisedconstructionof differentnodedefinitionslike a MobileNodecapableof wirelesscommunicationor
a HierNodethatsupportshierarchicalroutingor just a simpleNodeor a completelynew nodetype. In this chapterwe will
introducethenew nodeAPIs,discussthedifferencesbetweentheold andnew OTcl interfacesandcomparetheadvantagesof
thisnew structureovertheold one.Thefunctionsandproceduresrelevantto thenew nodeAPIsmaybefoundin ns/tcl/lib/ns-
lib.tcl.

17.1 New NodeAPI

The new nodeAPI consistsof two parts. The first part consistsof node-configurationandsecondpart consistsof node-
creation. So in order to createa particulartype of nodes,we first have to configurefor the nodetype andthencreatethe
requirednumberof nodes.

17.1.1 Nodeconfiguration

Nodeconfigurationessentiallyconsistsof definingthedifferentnodecharacteristicsbeforecreatingthem.They mayconsist
of the typeof addressingstructureusedin thesimulation,definingthenetwork componentsfor mobilenodes,turningon or
off thetraceoptionsat Agent/Router/MAC levels,selectingthetypeof adhocroutingprotocolfor wirelessnodesor defining
their energy model.ThenodeconfigurationAPI in its entiretylooksasthefollowing:

OPTION_TYPE AVAILABLE OPTION_VALUES
------------- --------------------------

$ns_ node-config -addressingType flat or hierarchical or expanded
-adhocRouting DSDV or DSR or TORA or AODV
-llType LL
-macType Mac/802_11
-propType Propagation/TwoRayGround
-ifqType Queue/DropTail/PriQueue
-ifqLen 50
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-phyType Phy/WirelessPhy
-antType Antenna/OmniAntenna
-channelType Channel/WirelessChannel
-topoInstance $topo_instance
-wiredRouting ON or OFF
-mobileIP ON or OFF
-energyModel EnergyModel
-initialEnergy (in Joules)
-rxPower (in W)
-txPower (in W)
-agentTrace ON or OFF
-routerTrace ON or OFF
-macTrace ON or OFF
-movementTrace ON or OFF
-reset

Thedefault valuesfor all theaboveoptionsareNULL except-addressingTypewhosedefault valueis flat. Theoption-reset
canbeusedto resetall node-configparametersto their defaultvalue.

Thusnode-configurationfor a wireless,mobilenodethatrunsAODV asits adhocroutingprotocolin a hierarchicaltopology
would beasshown below. We decideto turn tracingon at the agentandrouterlevel only. Also we assumea topologyhas
beeninstantiatedwith "settopo[new Topography]".Thenode-configcommandwould look like thefollowing:

$ns_ node-config -addressingType hierarchical
-adhocRouting AODV
-llType LL
-macType Mac/802_11
-ifqType Queue/DropTail/PriQueue
-ifqLen 50
-antType Antenna/OmniAntenna
-propType Propagation/TwoRayGround
-phyType Phy/WirelessPhy
-topoInstance $topo
-channelType Channel/WirelessChannel
-agentTrace ON
-routerTrace ON
-macTrace OFF
-movementTrace OFF

Notethattheconfigcommandcanbebrokendown into separatelineslike

$ns_ node-config -addressingType hier
$ns_ node-config -macTrace ON

The optionsthat needto be changedmay only be called. For exampleafter configuringfor AODV mobilenodesasshown
above(andaftercreatingAODV mobilenodes),we mayconfigurefor AODV base-stationnodesin thefollowing way:

$ns_ node-config -wiredRouting ON
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While all otherfeaturesfor base-stationnodesandmobilenodesaresame,thebase-stationnodesarecapableof wiredrouting,
while mobilenodesarenot. In this waywe canchangenode-configurationonly whenit is required.

All nodeinstancescreatedaftera givennode-configurationcommandwill have thesamepropertyunlessa partor all of the
node-configcommandis executedwith differentparametervalues.And all parametervaluesremainunchangedunlessthey
areexpicitly changed.Soaftercreationof theAODV base-stationandmobilenodes,if we want to createsimplenodes,we
will usethefollowing node-configurationcommand:

$ns_ node-config -reset

This will setall parametervaluesto their default settingwhich basicallydefinesconfigurationof asimplenode.

17.1.2 NodeCreation

Oncethenodeof thegiventypehasbeenconfiguredasshown in theprevioussubsection(subsection17.1.1),thenext stepis
to createthenodes.Thenode-creationAPI basicallylooksvery similar to theold nodecreationAPI. Incaseof hierarchical
addressingthenodeaddresshasto bepassedasanargumentasshown below:

set node [$ns_ node]
## or

set node [$ns_ node $node_address] ;# incase of hierarchical
;# addressing.

Thusafterhaving configuredfor AODV mobilenodesasshown in theexamplein theprevioussubsection(subsection17.1.1),
we create"n=4" AODV mobilenodesasfollows:

set temp 1.0.0 1.0.1 1.0.2 1.0.3 ;# list of node addresses
for set i 0 $i < $n) incr i

set node_($i) [$ns_ node [lindex $temp $i]]
$node_($i) random-motion 0 ;# disable random motion

Thus4 mobilenodesarecreatedin cluster0 of domain1 (1.0.*) .
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17.2 Comparisonof newAPI vsold API

Thenew nodeAPI differsconsiderablyfrom theold methodof creatingnodesin ns.Following is alist of differencesbetween
thetwo:

New API Old API

ns_node-config ns_dsdv/dsr/tora-create-mobile-node

ns_node

No globalvariabledependency Strongglobaldependency

Namsupportexists(namtrace-all-wireless) No namsupport

Energy modelsupport No energy model

Globalinstancefor channelandtopologyremoved Globalinstancesof channelandtopology
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17.3 Advantagesof the new nodestructur e

Therevision of thenodestructurewasmainly madeto breakup thenodesrtuctureinto differentmodulesthatwould allow
mucheasierandefficient reconstructionof a new nodetypeandgive a cleanerandeasilyextensiblenodecreationinterface.
Theseveraladvantagesof thenew nodestructureover theold modelis listedasfollows:

1. Thenew modularisednodearchitectureallows muchmoreflexibility . TheAPI cannow beeasilyextendedto include
otherfeatures/optionsin thenodestructure.

2. Thenodestructurehasbeenbrokenup into differentmoduleslike thebasicnodemodule(default) , thenetwork stack,
thewired routingagent,theadhocroutingagent,theenergy modeletc. And this allows sharingof commonmodules
within thenodestructurebetweendifferenttypesof node.

3. Now wecancreateanew nodetypeby simplyplumbing- donotneedto recreatethewholenode.Also thereis noneed
to createnodeclassesobeying theNodeclass-hierarchy.

4. Themoreflexible, modular, efficient andeasilyextensiblenodemodelthuspromoteseasierandfasterfuturedevelop-
mentcomparedto theolder, morerigid version.

17.4 Compatibility

Thenew nodeAPI doesnotinterferewith any of theoldercodesincludingtheOTcl interfacefor old nodeconstruction,i.e it
is fully backwardcompatible.

17.5 Example scripts

Examplescriptsthatdemonstratesuseof new nodeAPI canbe found in ns/tcl/ex/wireless-demo-csci694.tcl.In this exam-
ple the new nodeAPI is usedto createmobilenodesfor a wirelesssimulation. You canalsoseeexamples(wireless1.tcl,
wireless2.tcland wireless3.tcl)usedin wirelesschapters(chap IX and X) in the ns-tutorialavailable from http://www-
mash.cs.berkeley.edu/ns/tutorial/index.html .

17.6 Validation testsfor new nodeAPI

Validationtestscriptfor new nodeAPI canbefoundin ns/tcl/test/test-suite-wireless-lan-newnode.tcl

17.7 Commandsat a glance

Following is a list of new nodeAPIs thatarecommonlyusedin simulationscripts:

$ns_ node-config -<config-parameter> <optional-val>
This commandis usedto configurenodes.Thedifferentconfig-parametersareaddressingType,differenttypeof thenetwork
stackcomponents,whethertracingwill beturnedon or not,mobileIPflag is trunedor not,energy modelis beingusedor not
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etc.An option-resetmaybeusedto setthenodeconfigurationto its defaultstate.Thedefaultsettingof node-config,i.e if no
valuesarespecified,createsa simplenode(baseclassNode)with flat addressing/routing.For thesyntaxdetailsseesection
17.1.1of thischapter.

$ns_ node <optional:node-address>
This commandcreatesa nodeof thetypeconfiguredby thecommand$ns_ node-configure describedabove. This
returnsahandleto thenodethuscreated.Theoptionalargument<node-address>is passedonly incaseof creating
hierarchicalnodes.A node-addressis normallya stringdenotingthehierarchicaladdressof thenode,viz."3.1.1".
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Chapter 18

Debugging ns

nsis a simulatorenginebuilt in C++ and hasan OTcl (Object-orientedTcl) interfacethat is usedfor configurationand
commands.Thusin orderto debugnswewill have to dealwith debuggingissuesinvolving bothOTcl andC++. Thischapter
givesdebuggingtips at Tcl andC++ level andshows how to move to-fro theTcl andC++ boundaries.It alsobriefly covers
memorydebuggingandmemoryconservationin ns.

18.1 Tcl-level Debugging

Ns supportsDon Libs’ Tcl debugger( seeits Postscriptdocumentationat http://expect.nist.gov/tcl-debug/tcl-debug.ps.Zand
its sourcecodeathttp://expect.nist.gov/tcl-debug/tcl-debug.tar.gz). Install theprogramor leavethesourcecodein adirectory
parallel to ns-2 and it will be built. Unlike expect, describedin the tcl-debug documentation,we do not supportthe -D
flag. To enterthe debugger, add the lines "debug 1" to your script at the appropriatelocation. In order to build ns with
thedebuggingflag turnedon, configurenswith configurationoption"–enable-debug" andincasetheTcl debuggerhasbeen
installedin adirectorynotparallelto ns-2,providethepathwith configurationoption"–with-tcldebug=<give/your/path/to/tcl-
debug/library>".

An usefuldebuggingcommandis $ns_ gen-map which maybeusedto list all OTcl objectsin a raw form. This is useful
to correlatethepositionandfunctionof anobjectgivenits name.Thenameof theobjectis theOTcl handle,usuallyof the
form _o### . For TclObjects,this is alsoavailablein a C++ debugger, suchasgdb,asthis->name_ .

18.2 C++-Level Debugging

Debuggingat C++ level canbedoneusingany standarddebugger. Thefollowing macrofor gdbmakesit easierto seewhat
happensin Tcl-basedsubroutines:

## for Tcl code
define pargvc
set $i=0
while $i < argc

p argv[$i]
set $i=$i+1
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end
end
document pargvc
Print out argc argv[i]’s common in Tcl code.
(presumes that argc and argv are defined)
end

18.3 Mixing Tcl and C debugging

It is apainfulrealitythatwhenlookingattheTcl codeanddebuggingTcl levelstuff, onewantstogetattheC-levelclasses,and
viceversa.This is asmallishhint onhow onecanmakethattaskeasier. If youarerunningnsthroughgdb,thenthefollowing
incantation(shown below) getsyou accessto theTcl debugger. Noteson how you canthenusethis debuggerandwhatyou
cando with it aredocumentedearlierin this chapterandat this URL (http://expect.nist.gov/tcl-debug/tcl-debug.ps.Z).

(gdb) run
Starting program: /nfs/prot/kannan/PhD/simulators/ns/n s-2/n s
...

Breakpoint 1, AddressClassifier::AddressClassifie r (this=0x12fbd8)
at classifier-addr.cc:47

(gdb) p this->name_
$1 = 0x2711e8 "_o73"
(gdb) call Tcl::instance().eval("debug 1")
15: lappend auto_path $dbg_library
dbg15.3> w
*0: application

15: lappend auto_path /usr/local/lib/dbg
dbg15.4> Simulator info instances
_o1
dbg15.5> _o1 now
0
dbg15.6> # and other fun stuff
dbg15.7> _o73 info class
Classifier/Addr
dbg15.8> _o73 info vars
slots_ shift_ off_ip_ offset_ off_flags_ mask_ off_cmn_
dbg15.9> c
(gdb) w
Ambiguous command "w": while, whatis, where, watch.
(gdb) where
#0 AddressClassifier::AddressClassifi er (this=0x12fbd8)

at classifier-addr.cc:47
#1 0x5c68 in AddressClassifierClass::create (this=0x10d6c8, argc=4,

argv=0xefffcdc0) at classifier-addr.cc:63
...
(gdb)

In a like manner, if you havestartednsthroughgdb,thenyoucanalwaysgetgdb’sattentionby sendinganinterrupt,usually
a<Ctrl-c> onberkeloidrones.However, notethatthesedo tamperwith thestackframe,andonoccasion,may(sometimes
can(andrarely, does))screw up thestacksothat,youmaynotbein apositionto resumeexecution.To its credit,gdbappears
to besmartenoughto warnyouaboutsuchinstanceswhenyoushouldtreadsoftly, andcarrya big stick.
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18.4 Memory Debugging

Thefirst thing to do if you run out of memoryis to makesureyou canuseall thememoryon yoursystem.Somesystemsby
default limit thememoryavailablefor individualprogramsto somethinglessthanall availablememory. To relaxthis,usethe
limit or ulimit command.Theseareshell functions—seethemanualpagefor yourshell for details.Limit is for csh,ulimit is
for sh/bash.

Simulationsof largenetworkscanconsumea lot of memory. Ns-2.0b17supportsGrayWatson’sdmalloclibrary (seeits web
documentationathttp://www.letters.com/dmalloc/andgetthesourcecodefromftp://ftp.letters.com/src/dmalloc/dmalloc.tar.gz
). To addit, install it on your systemor leave its sourcein a directoryparallelto ns-2andspecify–with-dmallocwhencon-
figuring ns. Thenbuild all componentsof nsfor which you wantmemoryinformationwith debuggingsymbols(this should
includeat leastns-2,possiblytclcl andotcl andmaybealsotcl).

18.4.1 Using dmalloc

In orderto usedmallocdo thefollowing:

{ Defineanalias

for csh: alias dmalloc ’eval ‘\dmalloc -C \!*‘’,
for bash: function dmalloc { eval ‘command dmalloc -b $*‘ }

{ Next turndebuggingon by typingdmalloc -l logfile low

{ Runyourprogram(whichwasconfiguredandbuilt with dmallocasdescribedabove).

{ Interpretlogfilebyrunningdmalloc_summarize ns <logfile . (Youneedtodownloaddmalloc_summarize
separately.)

On someplatforms you may needto link things statically to get dmalloc to work. On Solaris this is doneby linking
with theseoptions: "-Xlinker -B -Xlinker -static libraries -Xlinker -B -Xlinker -dynamic
-ldl -lX11 -lXext" . (You’ll needto changeMakefile. Thanksto HaoboYu andDougSmithfor working this out.)

Wecaninterpretasamplesummaryproducedfrom thisprocessonns-2/tcl/ex/newmcast/cmcast-100.tclwith anexit statement
afterthe200’th duplex-link-of-interefacesstatement:

Nsallocates6MB of memory.
1MB is dueto TclObject::bind
900KB is StringCreate,all in 32-bytechunks
700KB is NewVar, mostlyin 24-bytechunks
Dmalloc_summarizemustmapfunction namesto andfrom their addresses.It often can’t resolve addressesfor sharedli-
braries,so if you seelots of memoryallocatedby thingsbeginningwith “ra=”, that’s what it is. Thebestway to avoid this
problemis to build nsstatically(if not all, thenasmuchaspossible).

Dmalloc’smemoryallocationschemeis somewhatexpensive,plusthere’sbookkeepingcosts.Programslinkedagainstdmal-
loc will consumemorememorythanagainstmoststandardmallocs.

Dmalloccanalsodiagnoseothermemoryerrors(duplicatefrees,buffer overruns,etc.).Seeits documentationfor details.
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18.4.2 Memory Conservation Tips

Sometips to saving memory(someof theseuseexamplesfrom thecmcast-100.tclscript): If youhavemany links or nodes:

Avoid trace-all : $ns trace-all $f causestraceobjectsto bepushedon all links. If you only want to traceone
link, there’sno needfor thisoverhead.Saving is about14 KB/link.

Usearrays for sequencesof variables : Eachvariable,sayn$i in set n$i [$ns node] , hasa certainoverhead.If a
sequenceof nodesarecreatedasanarray, i.e. n($i) , thenonly onevariableis created,consumingmuchlessmemory.
Saving is about40+Byte/variable.

Avoid unnecessaryvariables : If anobjectwill notbereferredto lateron,avoid namingtheobject.E.g.set cmcast(1)
[new CtrMcast $ns $n(1) $ctrmcastcomp [list 1 1]] would bebetterif replacedby new CtrM-
cast $ns $n(1) $ctrmcastcomp [list 1 1] . Saving is about80 Byte/variable.

Run on top of FreeBSD: malloc()overheadon FreeBSDis lessthanon someothersystems.We will eventuallyport that
allocatorto otherplatofrms.

Dynamic binding (NEW) : Usingbind() in C++ consumesmemoryfor eachobjectyou create.This approachcanbevery
expensiveif youcreatemany identicalobjects.Changingbind() to delay_bind() changesthismemoryrequire-
mentto per-class.Seens/object.ccfor anexampleof how to do binding,eitherway.

18.4.3 Somestatisticscollectedby dmalloc

A memoryconsumptionproblemoccuredin recentsimulations(cmcast-[150,200,250].tcl), so we decidedto take a closer
look at scalingissue.Seepagehttp://www-mash.cs.berkeley.edu/ns/ns-scaling.html which demostratestheefforts in finding
thebottlneck.

Thefollowing tablesummarisestheresultsof investigatingthebottleneck:

KBytes cmcast-50.tcl(217Links) cmcast-100.tcl(950Links)

trace-all 8,084 28,541

turn off trace-all 5,095 15,465

usearray 5,091 15,459

removeunnecessayvariables 5,087 15,451

on SunOS 5,105 15,484

18.5 Memory Leaks

This sectiondealswith memoryleakproblemsin ns, bothin Tcl aswell asC/C++.

18.5.1 OTcl

OTcl, especiallyTclCL, providesawayto allocatenew objects.However, it doesnotaccordinglyprovideagarbagecollection
mechanismfor theseallocatedobjects.Thiscaneasilyleadto unintentionalmemoryleaks.Important:toolssuchasdmalloc
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andpurify areunableto detectthis kind of memoryleaks.For example,considerthis simplepieceof OTcl script:

set ns [new Simulator]
for set i 0 $i < 500 incr i

set a [new RandomVariable/Constant]

Onewouldexpectthatthememoryusageshouldstaythesameafterthefirst RandomVariableis allocated.However, because
OTcl doesnot have garbagecollection, when the secondRandomVariableis allocated,the previous one is not freed and
henceresultsin memoryleak. Unfortunately, thereis no easyfix for this, becausegarbagecollectionof allocatedobjectsis
essentiallyincompatiblewith thespirit of Tcl. Theonly way to fix this now is to alwaysexplicitly freeevery allocatedOTcl
objectin yourscript,in thesameway thatyou takecareof malloc-edobjectin C/C++.

18.5.2 C/C++

Anothersourceof memoryleak is in C/C++. This is mucheasierto trackgiventools thatarespecificallydesignedfor this
task,e.g.,dmallocandpurify. nshasa specialtargetns-pureto build purifiednsexecutable.First make surethat themacro
PURIFY in thensMakefile containstheright -collectorfor your linker (checkpurify manpageif you don’t know what this
is). Thensimply typemake ns-pure . Seeearliersectionsin this chapteron how to usenswith libdmalloc.
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Chapter 19

Energy Model in ns

Energy Model, as implementedin ns, is a nodeattribute. The energy model representslevel of energy in a mobile host.
Theenergy modelin a nodehasa initial valuewhich is the level of energy thenodehasat thebeginningof thesimulation.
This is known as initialEnergy_ . It alsohasa given energy usagefor every packet it transmitsandreceives. These
arecalledtxPower_ andrxPower_ . Thefiles wheretheenergy modelis definedare ns/energymodel[.ccand.h].Other
functions/methodsdescribedin this chaptermay be found in ns/wireless-phy.cc, ns/cmu-trace.cc,ns/tcl/lib[ns-lib.tcl, ns-
node.tcl,ns-mobilenode.tcl].

19.1 The C++ EnergyModel Class

Thebasicenergy modelis verysimpleandis definedby classEnergyModelasshown below:

class EnergyModel : public TclObject
public:

EnergyModel(double energy) energy_ = energy;
inline double energy() return energy_;
inline void setenergy(double e) energy_ = e;
virtual void DecrTxEnergy(double txtime, double P_tx)

energy_ -= (P_tx * txtime);

virtual void DecrRcvEnergy(double rcvtime, double P_rcv)
energy_ -= (P_rcv * rcvtime);

protected:
double energy_;

;

As seenfrom theEnergyModelClassdefinitionabove, thereis only a singleclassvariableenergy_ which representsthe
level of energy in thenodeat any giventime. TheconstructorEnergyModel(energy) requirestheinitial-energy to bepassed
alongasa parameter. Theotherclassmethodsareusedto decreasetheenergy level of thenodefor every packet transmitted
( DecrTxEnergy(txtime, P_tx) ) andevery packet received ( DecrRcvEnergy (rcvtime, P_rcv) ) by the
node.P_tx andP_rcv arethetransmittingandreceiving power (respectively) requiredby thenode’s interfaceor PHY. At
thebeginningof simulation,energy_ is setto initialEnergy_ which is thendecrementedfor every transmissionand
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receptionof packetsat thenode.Whentheenergy level at thenodegoesdown to zero,no morepacketscanbereceivedor
transmittedby thenode.If tracingis turnedon,line DEBUG: node <node-id> dropping pkts due to energy
= 0 is printedin thetracefile.

19.2 The OTcl interface

Sincetheenergy modelis anodeattribute,it maybedefinedby thefollowing nodeconfigurationAPIs:

$ns_ node-config -energyModel $energymodel \
-rxPower $p_rx \
-txPower $p_tx \
-initialEnergy $initialenergy

Optionalvaluesfor aboveconfigurationparametersof theenergy modelaregivenin thefollowing table:

Attrib ute optional values default values

-energyModel "EnergyModel" none

-rxPower receiving power in watts(e.g0.3) 281.8mW

-txPower transmittingpower in watts(e.g0.4) 281.8mW

-initialEnergy energy in joules(e.g0.1) 0.0
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Part III

Support
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Chapter 20

Mathematical Support

Thesimulatorincludesa smallcollectionof mathematicalfunctionsusedto implementrandomvariategenerationandinte-
gration.This areaof thesimulatoris currentlyundergoingsomechanges.

Theproceduresandfunctionsdescribedin this chaptercanbefoundin ~ns/rng.{cc,h}, ~ns/random.{cc,h}, ~ns/ranvar.{cc,
h}, ~ns/pareto.{cc,h}, ~ns/expoo.{cc,h}, ~ns/tcl/lib/ns-random.cc,and~ns/integrator.{cc, h}.

20.1 Random Number Generation

TheRNGclasscontainsan implementationof theminimal standardmultiplicative linearcongruentialgeneratorof Park and
Miller [18].

Multiple instancesof theRNGclasscanbecreatedto allow asimulationto draw randomnumbersfrom independentrandom
numberstreams.For instance,a userwho wantsto generatethesametraffic (basedon somerandomprocess)in 2 different
simulationexperimentsthat comparedifferent droppingalgorithmsthat are themselves basedon randomprocessesmay
chooseto basethetraffic generationononerandomnumberstreamandthedroppingalgorithmsonanotherstream.However,
whenusingmultiple RNG objectsin a simulationcareshouldbe taken to insurethat they areseededin sucha way asto
guaranteethatthey produceindependent,high-qualitystreamsof randomnumbers.Wedescribeapproachesto seedtheRNG
below.

Mostuserswill besatisfiedwith asingleinstanceof theRNG.Hence,adefaultRNG,createdatsimulatorinitialization time,
is provided.

C++ Support This randomnumbergeneratoris implementedby theRNGclass,definedin ~ns/rng.h:

class RNG : public TclObject {
enum RNGSources { RAW_SEED_SOURCE,PREDEF_SEED_SOURCE,HEURISTIC_SEED_SOURCE};

...
// These are primitive but maybe useful.
inline int uniform_positive_int() { // range [0, MAXINT]

return (int)(stream_.next());
}
inline double uniform_double() { // range [0.0, 1.0)
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return stream_.next_double();
}

inline int uniform(int k)
{ return (uniform_positive_int() % (unsigned)k); }

inline double uniform(double r)
{ return (r * uniform_double());}

inline double uniform(double a, double b)
{ return (a + uniform(b - a)); }

inline double exponential()
{ return (-log(uniform_double())); }

inline double exponential(double r)
{ return (r * exponential());}

inline double pareto(double scale, double shape)
{ return (scale * (1.0/pow(uniform_double(), 1.0/shape)));}

...
};

The uniform_positive_int methodgeneratesrandomintegersin the range | }E~������,����� . In particular, Additional
memberfunctionsprovidethefollowing randomvariategeneration:

uniform (doubler) generatea floating-pointnumberuniformly distributedon | }
~@�k�
uniform (doublea,doubleb) generatea floating-pointnumberuniformly distributedon | �>~����

exponential () generatea floating-pointnumberexponentiallydistributed(with parameter1) on | }
~����
integer (int k) generateanintegeruniformly distributedon | }E~c�C�����k���

TheRandomclass(in random.h)is anolderinterfaceto thestandardrandomnumberstream.

Here’sa sampleuseof RNGmodeledonRED.rng_is aninstanceof classRNG:

...
// drop probability is computed,pick randomnumberandact
double u = rng_->uniform_double();
if (u <= edv_.v_prob) {

edv_.count = 0;
if (edp_.setbit)

iph->flags() |= IP_ECN; /* ip ecnbit */
else

return (1);
}
...

Seedingthe random number generator Whendoingsimulationsoftenyou will eitherwant to getabsolutelyrepeatable
(deterministic)resultsor differentresultseachtime. Eachapproachrequiresa differentseedingmethod.

To get deterministicbehavior, invoke the set_seed () methodwith the first parametereitherRAW_SEED_SOURCEor
PREDEF_SEED_SOURCE.With araw seed,thesecondparameterspecifiesthenumericseedthatwill beused(any integer).
The alternative is predefinedseeds,wherethe secondselectsseedsfrom a tableof 64 known goodseeds(which happento
be about33 million stepsapartin the default randomnumbergenerationstream).Predefinedseedsareknow to provide a
goodrandomnumberstream,but therearelimited numbersof them.Raw seedsmaynot providea statisticallygoodrandom
numberstreambut areeasyto generate.

171



To get non-deterministicbehavior, pick a seedwith eitherRAW_SEED_SOURCEor HEURISTIC_SEED_SOURCE.For
raw streamsthe secondargumentspecifiesthe stream.For heuristicstreamsthe secondargumentis ignoredanda seedis
generatedbasedon thecurrenttime of dayanda counter. Both have thecaveatthatthey maynot providea statisticallygood
randomnumberstream.It is veryunlikely thatany two heuristicseedswill beidentical.

OTcl support TheRNGclasscanbeaccessedfrom OTcl. For example,a new RNGis createdandseededwith:

set rng [new RNG]
$rng seed 0 ;# seedstheRNGheuristically
$rng seed n ;# seedstheRNGwith valuen
$rng next-random ;# returnthenext randomnumber
$rng uniform a b ;# returna numberuniformlydistributedon [a, b]
$rng integer k ;# returnan integer uniformlydistributedon [0, (k-1)]
$rng exponential ;# returna numberfroman exponentialdistribution with average1.

Currentlythereis no way to selectpredefinedseedsfrom OTcl.

20.2 Random Variables

Theclass RandomVariable providesa thin layerof functionalityon top of thebaserandomnumbergeneratorandthe
default randomnumberstream.It is definedin ~ns/ranvar.h:

class RandomVariable : public TclObject {
public:

virtual double value() = 0;
int command(int argc, const char*const* argv);
RandomVariable();

protected:
RNG* rng_;

};

Classesderivedfrom this abstractclassimplementspecificdistributions. Eachdistribution is parameterizedwith thevalues
of appropriateparameters.Thevaluemethodis usedto returnavaluefrom thedistribution.

Thecurrentlydefineddistributions,andtheir associatedparametersare:

class UniformRandomVariable min_ , max_

class ExponentialRandomVariable avg_

class ParetoRandomVariable avg_ , shape_

class ConstantRandomVariable val_

class HyperExponentialRandomVariable avg_ , cov_

TheRandomVariableclassis availablein OTcl. For instance,to createarandomvariablethatgeneratesnumberuniformly on
[10, 20]:

set u [new RandomVariable/Uniform]
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$u set min_ 10
$u set max_ 20
$u value

By default,RandomVariableobjectsusethedefault randomnumbergeneratordescribedin theprevioussection.Theuse-rng
methodcanbeusedto associatea RandomVariablewith anon-defaultRNG:

set rng [new RNG]
$rng seed 0

set e [new RandomVariable/Exponential]
$e use-rng $rng

20.3 Integrals

The class Integrator supportsthe approximationof (continuous)integration by (discrete)sums; it is definedin
~ns/integrator.h as

Fromintegrator.h:
class Integrator : public TclObject {
public:

Integrator();
void set(double x, double y);
void newPoint(double x, double y);
int command(int argc, const char*const* argv);

protected:
double lastx_;
double lasty_;
double sum_;

};

Fromintegrator.cc:
Integrator::Integrator() : lastx_(0.), lasty_(0.), sum_(0.)
{

bind("lastx_", &lastx_);
bind("lasty_", &lasty_);
bind("sum_", &sum_);

}

void Integrator::set(double x, double y)
{

lastx_ = x;
lasty_ = y;
sum_ = 0.;

}

void Integrator::newPoint(double x, double y)
{

sum_ += (x - lastx_) * lasty_;
lastx_ = x;
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lasty_ = y;
}

int Integrator::command(int argc, const char*const* argv)
{

if (argc == 4) {
if (strcmp(argv[1], "newpoint") == 0) {

double x = atof(argv[2]);
double y = atof(argv[3]);
newPoint(x, y);
return (TCL_OK);

}
}
return (TclObject::command(argc, argv));

}

This classprovidesa baseclassusedby otherclassessuchasQueueMonitor thatkeeprunningsums.Eachnew element
of the runningsumis addedby the newPoint (x, y) function. After the � th executionof newPoint , the runningsumis
equalto �V�� � �T� �X� � ��� � �_� �X� � � where�>��� � �i�V} unlesslastx_ , lasty_ , or sum_ areresetvia OTcl. Notethata new
point in thesumcanbeaddedeitherby theC++ membernewPoint or theOTcl membernewpoint . Theuseof integrals
to computecertaintypesof averages(e.g.meanqueuelengths)is givenin (pp. 429–430,[11]).

20.4 ns-random

ns-random is an obsoleteway to generaterandom numbers. This information is provided only for backward com-
patibility .

ns-random is implementedin ~ns/misc.{cc,h}. Whencalledwith noargument,it generatesarandomnumberwith uniform
distribution between0 andMAXINT. Whenan integer argumentis provided, it seedsthe randomgeneraterwith the given
number. A specialcaseis whenns-random 0 is called,it randomlyseedsthegeneratorbasedoncurrenttime. This feature
is usefulto producenon-deterministicresultsacrossruns.

20.5 Somemathematical-support relatedobjects

INTEGRATOR OBJECTS IntegratorObjectssupporttheapproximatecomputationof continuousintegralsusingdiscretesums.
Therunningsum(integral)is computedas:sum_ += [lasty_ * (x lastx_)] where(x, y) is thelastelemententered
and(lastx_,lasty_)wasthe elementprevious to that addedto the sum. lastx_andlasty_areupdatedasnew elementsare
added.Thefirst samplepointdefaultsto (0,0)thatcanbechangedby changingthevaluesof (lastx_,lasty_).$integrator
newpoint <x> <y>
Add thepoint (x,y) to thesum.Notethatit doesnot makesensefor x to belessthanlastx_.

Thereareno configurationparametersspecificto this object.

StateVariablesare:

lastx_ x-coordinateof thelastsamplepoint.
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lasty_ y-coordinateof thelastsamplepoint.

sum_ Runningsum(i.e. theintegral)of thesamplepoints.

SAMPLES OBJECT SamplesObjectssupportthecomputationof meanandvariancestatisticsfor agivensample.

$samples mean
Returnsmeanof thesample.

$samples variance
Returnsvarianceof thesample.

$samples cnt
Returnsacountof thesamplepointsconsidered.

$samples reset
ResettheSamplesobjectto monitora freshsetof samples.

Thereareno configurationparametersor statevariablesspecificto this object.

20.6 Commandsat a glance

Following is a list of mathematicalsupportrelatedcommandscommonlyusedin simulationscripts:

set rng [new RNG]
This createsa new randomnumbergenerator.

$rng seed <0 or n>
This commandseedstheRNG.If 0 is specified,theRNGis seededheuristically. OtherwisetheRNGis seededwith the
value<n>.

$rng next-random
This returnsthenext randomnumberfrom RNG.

$rng uniform <a> <b>
This returnsa numberuniformly distributedon <a>and<b>.

$rng integer <k>
This returnsanintegeruniformly distributedon 0 andk-1.

$rng exponential
This returnsa numberthathasexponentialdistributionwith average1.

set rv [new Randomvariable/<type of random-variable>]
This createsaninstanceof a randomvariableobjectthatgeneratesrandomvariableswith specificdistribution. Thedifferent
typesof randomvariablesderivedfrom thebaseclassare:
RandomVariable/Uniform,RandomVariable/Exponential,RandomVariable/Pareto,RandomVariable/Constant,
RandomVariable/HyperExponential. Eachof thesedistribution typesareparameterizedwith valuesof appropriate
parameters.For detailsseesection20.2of this chapter.

$rv use-rng <rng>
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This methodis usedto associateda randomvariableobjectwith a non-defaultRNG.Otherwiseby default, therandom
variableobjectis associatedwith thedefault randomnumbergenerator.
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Chapter 21

Traceand Monitoring Support

Theproceduresandfunctionsdescribedin this chaptercanbefoundin ~ns/trace.{cc,h}, ~ns/tcl/lib/ns-trace.tcl,~ns/queue-
monitor.{cc, h}, ~ns/tcl/lib/ns-link.tcl,~ns/packet.h,~ns/flowmon.cc,and~ns/classifier-hash.cc.

Thereareanumberof waysof collectingoutputor tracedataonasimulation.Generally, tracedatais eitherdisplayeddirectly
during executionof the simulation,or (morecommonly)storedin a file to be post-processedandanalyzed.Therearetwo
primarybut distincttypesof monitoringcapabilitiescurrentlysupportedby thesimulator. Thefirst, calledtraces, recordeach
individualpacketasit arrives,departs,or is droppedata link or queue.Traceobjectsareconfiguredinto asimulationasnodes
in thenetwork topology, usuallywith a Tcl “Channel”objecthookedto them,representingthedestinationof collecteddata
(typically a tracefile in thecurrentdirectory).Theothertypesof objects,calledmonitors, recordcountsof variousinteresting
quantitiessuchaspacket andbytearrivals,departures,etc. Monitorscanmonitorcountsassociatedwith all packets,or on a
per-flow basisusinga flowmonitorbelow (Section21.7).

To supporttraces,there is a specialcommonheaderincluded in eachpacket (this format is definedin ~ns/packet.h as
hdr_cmn ). It presentlyincludesa uniqueidentifier on eachpacket, a packet type field (setby agentswhen they gener-
atepackets),a packet sizefield (in bytes,usedto determinethetransmissiontime for packets),andan interfacelabel (used
for computingmulticastdistribution trees).

Monitors aresupportedby a separatesetof objectsthatarecreatedandinsertedinto the network topologyaroundqueues.
They provideaplacewherearrivalstatisticsandtimesaregatheredandmakeuseof theclass Integrator (Section20.3)
to computestatisticsover time intervals.

21.1 TraceSupport

Thetracesupportin OTcl consistsof anumberof specializedclassesvisible in OTcl but implementedin C++,combinedwith
a setof Tcl helperproceduresandclassesdefinedin thens library.

All following OTcl classesaresupportedby underlyingC++ classesdefinedin ~ns/trace.cc.Objectsof the following types
areinserteddirectly in-line in thenetwork topology:
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Trace/Hop tracea “hop” (XXX whatdoesthis meanexactly; it is not really usedXXX)

Trace/Enque a packetarrival (usuallyat aqueue)

Trace/Deque a packetdeparture(usuallyat aqueue)

Trace/Drop packetdrop(packetdeliveredto drop-target)

Trace/Recv packet receiveeventat thedestinationnodeof a link

SnoopQueue/In on input,collecta time/sizesample(passpacketon)

SnoopQueue/Out on output,collecta time/sizesample(passpacketon)

SnoopQueue/Drop on drop,collecta time/sizesample(passpacketon)

SnoopQueue/EDrop on an"early" drop,collecta time/sizesample(passpacketon)

Objectsof the following typesareaddedin the simulationanda referencedby the objectslisted above. They areusedto
aggregatestatisticscollectedby theSnoopQueueobjects:

QueueMonitor receiveandaggregatecollectedsamplesfrom snoopers

QueueMonitor/ED queue-monitorcapableof distinguishingbetween“early” andstandardpacketdrops

QueueMonitor/ED/Flowmon per-flow statisticsmonitor(manager)

QueueMonitor/ED/Flow per-flow statisticscontainer

QueueMonitor/Compat a replacementfor a standardQueueMonitorwhennsv1 compatibilityis in use

21.1.1 OTcl Helper Functions

Thefollowing helperfunctionsmaybeusedwithin simulationscriptsto help in attachingtraceelements(see~ns/tcl/lib/ns-
lib.tcl); they areinstanceproceduresof theclassSimulator:

flush-trace {} flushbuffersfor all traceobjectsin simulation

create-trace { type file src dst } createa traceobject of type type betweenthe given src and dest
nodes. If file is non-null, it is interpretedasa Tcl channeland is
attachedto the newly-createdtraceobject. The procedurereturns
thehandleto thenewly createdtraceobject.

trace-queue { n1 n2 file } arrangefor tracingon thelink betweennodesn1 andn2. This func-
tion callscreate-trace,sothesamerulesapplywith respectto thefile
argument.

trace-callback{ ns command } arrangesto callcommandwhenaline is to betraced.Theprocedure
treatscommandasastringandevaluatesit for everyline traced.See
~ns/tcl/ex/callback_demo.tclfor additionaldetailsonusage.

monitor-queue { n1 n2 } this function calls the init-monitor function on the link be-
tweennodesn1 andn2.

drop-trace { n1 n2 trace } thegiventraceobjectis madethedrop-targetof thequeueassociated
with thelink betweennodesn1 andn2.

Thecreate-trace {} procedureis usedto createanew Trace objectof theappropriatekind andattachanTcl I/O channel
to it (typically a file handle).Thesrc_ anddst_ fieldsareareusedby theunderlyingC++ objectfor producingthetrace
outputfile sothat traceoutputcanincludethenodeaddressesdefiningtheendpointsof thelink which is beingtraced.Note
thatthey arenotusedfor matching. Specifically, thesevaluesin nowayrelateto thepacketheadersrc anddst fields,which
arealsodisplayedwhentracing.Seethedescriptionof theTrace classbelow (Section21.3).

The trace-queue functionenablesEnque , Deque, andDrop tracingon the link betweennodesn1 andn2 . TheLink
trace procedureis describedbelow (Section21.2).
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The monitor-queue function is constructedsimilarly to trace-queue . By calling the link’s init-monitor pro-
cedure,it arrangesfor thecreationof objects(SnoopQueue andQueueMonitor objects)which can,in turn, beusedto
ascertaintime-aggregatedqueuestatistics.

Thedrop-trace functionprovidesa way to specifyaQueue’s droptargetwithouthaving a directhandleof thequeue.

21.2 Library support and examples

TheSimulator proceduresdescribedabove requirethe trace and init-monitor methodsassociatedwith theOTcl
Link class.Severalsubclassesof link aredefined,themostcommonof which is calledSimpleLink . Thus,the trace
and init-monitor methodsareactuallypart of the SimpleLink classratherthanthe Link baseclass. The trace
functionis definedasfollows(in ns-link.tcl ):

#
# Build traceobjectsfor this link and
# updatetheobjectlinkage
#
SimpleLink instproc trace { ns f } {

$self instvar enqT_ deqT_ drpT_ queue_ link_ head_ fromNode_ toNode_
$self instvar drophead_

set enqT_ [$ns create-trace Enque $f $fromNode_ $toNode_]
set deqT_ [$ns create-trace Deque $f $fromNode_ $toNode_]
set drpT_ [$ns create-trace Drop $f $fromNode_ $toNode_]

$drpT_ target [$drophead_ target]
$drophead_ target $drpT_
$queue_ drop-target $drpT_

$deqT_ target [$queue_ target]
$queue_ target $deqT_

if { [$head_ info class] == "networkinterface" } {
$enqT_ target [$head_ target]
$head_ target $enqT_
# puts "head is i/f"

} else {
$enqT_ target $head_
set head_ $enqT_
# puts "head is not i/f"

}
}

This functionestablishesEnque , Deque, andDrop tracesin thesimulator$ns anddirectstheir outputto I/O handle$f .
The function assumesa queuehasbeenassociatedwith the link. It operatesby first creatingthreenew traceobjectsand
insertingtheEnque objectbeforethequeue,theDeque objectafterthequeue,andtheDrop objectbetweenthequeueand
its previousdroptarget.Notethatall traceoutputis directedto thesameI/O handle.

This functionperformsoneotheradditionaltasks.It checksto seeif a link containsanetwork interface,andif so,leavesit as
thefirst objectin thechainof objectsin thelink, but otherwiseinsertstheEnque objectasthefirst one.
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Thefollowing functions,init-monitor andattach-monitor , areusedto createasetof objectsusedto monitorqueue
sizesof aqueueassociatedwith a link. They aredefinedasfollows:

SimpleLink instproc attach-monitors { insnoop outsnoop dropsnoop qmon } {
$self instvar queue_ head_ snoopIn_ snoopOut_ snoopDrop_
$self instvar drophead_ qMonitor_

set snoopIn_ $insnoop
set snoopOut_ $outsnoop
set snoopDrop_ $dropsnoop

$snoopIn_ target $head_
set head_ $snoopIn_

$snoopOut_ target [$queue_ target]
$queue_ target $snoopOut_

$snoopDrop_ target [$drophead_ target]
$drophead_ target $snoopDrop_

$snoopIn_ set-monitor $qmon
$snoopOut_ set-monitor $qmon
$snoopDrop_ set-monitor $qmon
set qMonitor_ $qmon

}

#
# Insertobjectsthatallow usto monitorthequeuesize
# of this link. Returnthenameof theobjectthat
# canbequeriedto determinetheaveragequeuesize.
#
SimpleLink instproc init-monitor { ns qtrace sampleInterval} {

$self instvar qMonitor_ ns_ qtrace_ sampleInterval_

set ns_ $ns
set qtrace_ $qtrace
set sampleInterval_ $sampleInterval
set qMonitor_ [new QueueMonitor]

$self attach-monitors [new SnoopQueue/In] �
[new SnoopQueue/Out] [new SnoopQueue/Drop] $qMonitor_

set bytesInt_ [new Integrator]
$qMonitor_ set-bytes-integrator $bytesInt_
set pktsInt_ [new Integrator]
$qMonitor_ set-pkts-integrator $pktsInt_
return $qMonitor_

}

Thesefunctionsestablishqueuemonitoring on the SimpleLink object in the simulatorns . Queuemonitoring is im-
plementedby constructingthreeSnoopQueue objectsandoneQueueMonitor object. The SnoopQueue objectsare
linked in arounda Queue in a way similar to Trace objects. The SnoopQueue/In(Out) objectmonitorspacket ar-
rivals(departures)andreportsthemto an associatedQueueMonitor agent. In addition,a SnoopQueue/Out object is
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also usedto accumulatepacket drop statisticsto an associatedQueueMonitor object. For init-monitor the same
QueueMonitor objectis usedin all cases.The C++ definitionsof the SnoopQueue andQueueMonitor classesare
describedbelow.

21.3 The C++ TraceClass

UnderlyingC++objectsarecreatedin supportof theinterfacespecifiedin Section21.3andarelinkedinto thenetwork topol-
ogyasnetwork elements.ThesingleC++Trace classis usedto implementtheOTcl classesTrace/Hop , Trace/Enque ,
Trace/Deque , andTrace/Drop . Thetype_ field is usedto differentiateamongthevarioustypesof tracesany particu-
lar Trace objectmight implement.Currently, this field maycontainoneof thefollowing symboliccharacters:+ for enque,
- for deque,h for hop,andd for drop.Theoverall classis definedasfollows in ~ns/trace.cc:

class Trace : public Connector {
protected:

int type_;
nsaddr_t src_;
nsaddr_t dst_;
Tcl_Channel channel_;
int callback_;
char wrk_[256];
void format(int tt, int s, int d, Packet* p);
void annotate(const char* s);
int show_tcphdr_; // boolflags;backward compat

public:
Trace(int type);
~Trace();
int command(int argc, const char*const* argv);
void recv(Packet* p, Handler*);
void dump();
inline char* buffer() { return (wrk_); }

};

Thesrc_ , anddst_ internalstateis usedto labeltraceoutputandis independentof thecorrespondingfield namesin packet
headers.Themainrecv () methodis definedasfollows:

void Trace::recv(Packet* p, Handler* h)
{

format(type_, src_, dst_, p);
dump();
/* hack: if traceobjectnot attachedto anythingfreepacket */
if (target_ == 0)

Packet::free(p);
else

send(p, h); /* Connector::send() */
}

Thefunctionmerelyformatsatraceentryusingthesource,destination,andparticulartracetypecharacter. Thedump function
writes the formattedentryout to the I/O handleassociatedwith channel_ . The format function, in effect, dictatesthe
tracefile format.
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21.4 TraceFile Format

The Trace::format () methoddefinesthe tracefile format usedin tracefiles producedby the Trace class. It is con-
structedto maintainbackward compatibility with outputfiles in earlierversionsof the simulator(i.e., ns v1) so that ns v1
post-processingscriptscontinueto operate.Theimportantpiecesof its implementationareasfollows:

// this functionshouldretainsomebackward-compatibility,sothat
// scriptsdon’t break.
void Trace::format(int tt, int s, int d, Packet* p)
{

hdr_cmn *th = (hdr_cmn*)p->access(off_cmn_);
hdr_ip *iph = (hdr_ip*)p->access(off_ip_);
hdr_tcp *tcph = (hdr_tcp*)p->access(off_tcp_);
hdr_rtp *rh = (hdr_rtp*)p->access(off_rtp_);
packet_t t = th->ptype();
const char* name = packet_info.name(t);

if (name == 0)
abort();

int seqno;
/* XXX */
/* CBR’snowhaveseqno’s too */
if (t == PT_RTP || t == PT_CBR)

seqno = rh->seqno();
else if (t == PT_TCP || t == PT_ACK)

seqno = tcph->seqno();
else

seqno = -1;

...

if (!show_tcphdr_) {
sprintf(wrk_, "%c %g %d %d %s %d %s %d %d.%d %d.%d %d %d",

tt,
Scheduler::instance().clock(),
s,
d,
name,
th->size(),
flags,
iph->flowid() /* was p->class_ */,
iph->src() >> 8, iph->src() & 0xff, // XXX
iph->dst() >> 8, iph->dst() & 0xff, // XXX
seqno,
th->uid() /* was p->uid_ */);

} else {
sprintf(wrk_,
"%c %g %d %d %s %d %s %d %d.%d %d.%d %d %d %d 0x%x %d",

tt,
Scheduler::instance().clock(),
s,
d,
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name,
th->size(),
flags,
iph->flowid() /* was p->class_ */,
iph->src() >> 8, iph->src() & 0xff, // XXX
iph->dst() >> 8, iph->dst() & 0xff, // XXX
seqno,
th->uid(), /* was p->uid_ */
tcph->ackno(),
tcph->flags(),
tcph->hlen());

}

This function is somewhatunelegant,primarily dueto thedesireto maintainbackwardcompatibility. It formatsthesource,
destination,andtypefieldsdefinedin thetraceobject(not in thepacket headers), thecurrenttime,alongwith variouspacket
headerfields including, typeof packet (asa name),size,flags(symbolically),flow identifier, sourceanddestinationpacket
headerfields, sequencenumber(if present),and uniqueidentifier. The show_tcphdr_ variableindicateswhetherthe
traceoutputshouldappendtcp headerinformation(ack number, flags,headerlength)at the endof eachoutput line. This
is especiallyusefulfor simulationsusingFullTCPagents(Section28.3). An exampleof a tracefile (without thetcp header
fields)mighappearasfollows:

+ 1.84375 0 2 cbr 210 ------- 0 0.0 3.1 225 610
- 1.84375 0 2 cbr 210 ------- 0 0.0 3.1 225 610
r 1.84471 2 1 cbr 210 ------- 1 3.0 1.0 195 600
r 1.84566 2 0 ack 40 ------- 2 3.2 0.1 82 602
+ 1.84566 0 2 tcp 1000 ------- 2 0.1 3.2 102 611
- 1.84566 0 2 tcp 1000 ------- 2 0.1 3.2 102 611
r 1.84609 0 2 cbr 210 ------- 0 0.0 3.1 225 610
+ 1.84609 2 3 cbr 210 ------- 0 0.0 3.1 225 610
d 1.84609 2 3 cbr 210 ------- 0 0.0 3.1 225 610
- 1.8461 2 3 cbr 210 ------- 0 0.0 3.1 192 511
r 1.84612 3 2 cbr 210 ------- 1 3.0 1.0 196 603
+ 1.84612 2 1 cbr 210 ------- 1 3.0 1.0 196 603
- 1.84612 2 1 cbr 210 ------- 1 3.0 1.0 196 603
+ 1.84625 3 2 cbr 210 ------- 1 3.0 1.0 199 612

Herewesee14 traceentries,fiveenqueoperations(indicatedby “+” in thefirst column),four dequeoperations(indicatedby
“-”), four receive events(indicatedby “r”), andonedropevent. (this hadbetterbea tracefragment,or somepacketswould
have just vanished!).Thesimulatedtime (in seconds)at which eacheventoccurredis listedin thesecondcolumn.Thenext
two fields indicatebetweenwhich two nodestracingis happening.The next field is a descriptive namefor the the type of
packet seen(Section21.5).Thenext field is thepacket’s size,asencodedin its IP header. Thenext four charactersrepresent
specialflag bits which maybeenabled.Presentlyonly onesuchbit exists(explicit congestionnotification,or ECN). In this
example,ECN is not used.Thenext field givestheIP flow identifierfield asdefinedfor IP version6.1. Thesubsequenttwo
fields indicatethe packet’s sourceanddestinationnodeaddresses,respectively. The following field indicatesthe sequence
number.2 The last field is a uniquepacket identifier. Eachnew packet createdin the simulationis assigneda new, unique
identifier.

1In nsv1, eachpacket includedaclass field, whichwasusedby CBQto classifypackets.It thenfoundadditionaluseto differentiatebetween“flows”
at onetracepoint. In nsv2, theflow ID field is availablefor this purpose,but any additionalinformation(which wascommonlyoverloadedinto theclass
field in nsv1) shouldbeplacedin its own separatefield, possiblyin someotherheader

2In ns v1, all packets containeda sequencenumber, whereasin ns v2 only thoseAgentsinterestedin providing sequencingwill generatesequence
numbers.Thus,this field may not beuseful in ns v2 for packetsgeneratedby agentsthathave not filled in a sequencenumber. It is usedhereto remain
backwardcompatiblewith nsv1.
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21.5 Packet Types

Eachpacketcontainsapackettypefield usedby Trace::format to print out thetypeof packetencountered.Thetypefield
is definedin theTraceHeader class,andis consideredto bepartof thetracesupport;it is not interpretedelsewherein the
simulator. Initializationof thetypefield in packetsis performedby theAgent::allocpkt (void)method.Thetypefield is
setto integervaluesassociatedwith thedefinitionpassedto theAgent constructor(Section9.6.3).Thecurrently-supported
definitions,their values,andtheir associatedsymblicnamesareasfollows(definedin ~ns/packet.h):

enum packet_t {
PT_TCP,
PT_UDP,
PT_CBR,
PT_AUDIO,
PT_VIDEO,
PT_ACK,
PT_START,
PT_STOP,
PT_PRUNE,
PT_GRAFT,
PT_GRAFTACK,
PT_JOIN,
PT_ASSERT,
PT_MESSAGE,
PT_RTCP,
PT_RTP,
PT_RTPROTO_DV,
PT_CtrMcast_Encap,
PT_CtrMcast_Decap,
PT_SRM,
/* simple signalling messages */
PT_REQUEST,
PT_ACCEPT,
PT_CONFIRM,
PT_TEARDOWN,
PT_LIVE,// packet from live network
PT_REJECT,

PT_TELNET,// not needed: telnet use TCP
PT_FTP,
PT_PARETO,
PT_EXP,
PT_INVAL,
PT_HTTP,
/* new encapsulator */
PT_ENCAPSULATED,
PT_MFTP,
/* CMU/Monarch’s extnsions */
PT_ARP,
PT_MAC,
PT_TORA,
PT_DSR,
PT_AODV,
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// insert new packet types here

PT_NTYPE // This MUST be the LAST one
};

Theconstructorof classp_info gluestheseconstantswith their stringvalues:

p_info() {
name_[PT_TCP]= "tcp";
name_[PT_UDP]= "udp";
name_[PT_CBR]= "cbr";
name_[PT_AUDIO]= "audio";
...
name_[PT_NTYPE]= "undefined";
}

Seealsosection11.2.2for moredetails.

21.6 QueueMonitoring

Queuemonitoringrefersto thecapabilityof trackingthedynamicsof packetsat a queue(or otherobject).A queuemonitor
trackspacket arrival/departure/dropstatistics,andmay optionally computeaveragesof thesevalues. Monitoring may be
appliedall packets(aggregatestatistics),or per-flow statistics(usinga Flow Monitor).

Severalclassesareusedin supportingqueuemonitoring.Whenapacketarrivesatalink wherequeuemonitoringis enabled,it
generallypassesthroughaSnoopQueue objectwhenit arrivesandleaves(or is dropped).Theseobjectscontainareference
to aQueueMonitor object.

A QueueMonitor is definedasfollows(~ns/queue-monitor.cc):

class QueueMonitor : public TclObject {
public:

QueueMonitor() : bytesInt_(NULL), pktsInt_(NULL), delaySamp_(NULL),
size_(0), pkts_(0),
parrivals_(0), barrivals_(0),
pdepartures_(0), bdepartures_(0),
pdrops_(0), bdrops_(0),
srcId_(0), dstId_(0), channel_(0) {

bind("size_", &size_);
bind("pkts_", &pkts_);
bind("parrivals_", &parrivals_);
bind("barrivals_", &barrivals_);
bind("pdepartures_", &pdepartures_);
bind("bdepartures_", &bdepartures_);
bind("pdrops_", &pdrops_);
bind("bdrops_", &bdrops_);
bind("off_cmn_", &off_cmn_);

};
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int size() const { return (size_); }
int pkts() const { return (pkts_); }
int parrivals() const { return (parrivals_); }
int barrivals() const { return (barrivals_); }
int pdepartures() const { return (pdepartures_); }
int bdepartures() const { return (bdepartures_); }
int pdrops() const { return (pdrops_); }
int bdrops() const { return (bdrops_); }
void printStats();
virtual void in(Packet*);
virtual void out(Packet*);
virtual void drop(Packet*);
virtual void edrop(Packet*) { abort(); }; // not here
virtual int command(int argc, const char*const* argv);
...

// packetarrival to a queue
void QueueMonitor::in(Packet* p)
{

hdr_cmn* hdr = (hdr_cmn*)p->access(off_cmn_);
double now = Scheduler::instance().clock();
int pktsz = hdr->size();

barrivals_ += pktsz;
parrivals_++;
size_ += pktsz;
pkts_++;
if (bytesInt_)

bytesInt_->newPoint(now, double(size_));
if (pktsInt_)

pktsInt_->newPoint(now, double(pkts_));
if (delaySamp_)

hdr->timestamp() = now;
if (channel_)

printStats();
}

... in(), out(), drop() are all defined similarly ...

It additionto thepacketandbytecounters,a queuemonitormayoptionallyreferto objectsthatkeepanintegralof thequeue
sizeover time usingIntegrator objects,which aredefinedin Section20.3.The Integrator classprovidesa simple
implementationof integralapproximationby discretesums.

All boundvariablesbeginning with p refer to packet counts,andall variablesbeginning with b refer to byte counts. The
variablesize_ recordsthe instantaneousqueuesizein bytes,andthe variablepkts_ recordsthe samevaluein packets.
When a QueueMonitor is configuredto include the integral functions(on bytesor packets or both), it computesthe
approximateintegralof thequeuesize(in bytes)with respectto timeover theinterval | ����~+�w�I�p� , where��� is eitherthestartof
thesimulationor thelasttime thesum_ field of theunderlyingIntegrator classwasreset.

TheQueueMonitor classis not derivedfrom Connector , andis not linkeddirectly into thenetwork topology. Rather,
objectsof theSnoopQueue class(or its derivedclasses)areinsertedinto thenetwork topology, andtheseobjectscontain
referencesto anassociatedqueuemonitor. Ordinarily, multiple SnoopQueue objectswill referto thesamequeuemonitor.
Objectsconstructedout of theseclassesarelinkedin thesimulationtopologyasdescribedaboveandcall QueueMonitor
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out , in , or drop procedures,dependingon theparticulartypeof snoopy queue.

21.7 Per-Flow Monitoring

A collectionof specializedclassesareusedto to implementper-flow statisticsgathering.Theseclassesinclude:
QueueMonitor/ED/Flowmon , QueueMonitor/ED/Flow , andClassifier/Hash . Typically, anarriving packet
is inspectedto determineto which flow it belongs. This inspectionandflow mappingis performedby a classifierobject
(describedin section21.7.1).Oncethecorrectflow is determined,thepacketis passedto aflowmonitor, whichis responsible
for collectingper-flow state.Per-flow stateis containedin flowobjectsin aone-to-onerelationshipto theflowsknown by the
flow monitor. Typically, a flow monitorwill createflow objectson-demandwhenpacketsarrive thatcannotbemappedto an
already-known flow.

21.7.1 The Flow Monitor

TheQueueMonitor/ED/Flowmon classis responsiblefor managingthecreationof new flow objectswhenpacketsarrive
on previouslyunknown flowsandfor updatingexisting flow objects.Becauseit is a subclassof QueueMonitor , eachflow
monitorcontainsanaggregatecountof packet andbytearrivals,departures,anddrops.Thus,it is not necessaryto createa
separatequeuemonitorto recordaggregatestatistics.It providesthefollowing OTcl interface:

classifier get(set)classifierto mappacketsto flows

attach attachaTcl I/O channelto this monitor

dump dumpcontentsof flow monitorto Tcl channel

flows returnstringof flow objectnamesknown to this monitor

The classifier function setsor gets the nameof the previously-allocatedobject which will perform packet-to-flow
mappingfor theflow monitor. Typically, thetypeof classifierusedwill haveto do with thenotionof “flow” heldby theuser.
Oneof thehashbasedclassifiersthatinspectvariousIP-level headerfieldsis typically usedhere(e.g.fid, src/dst,src/dst/fid).
Note that while classifiersusually receive packetsandforward themon to downstreamobjects,the flow monitor usesthe
classifieronly for its packet mappingcapability, so the flow monitor actsasa passive monitor only anddoesnot actively
forwardpackets.

The attach and dump functionsare usedto associatea Tcl I/O streamwith the flow monitor, and dump its contents
on-demand.Thefile formatusedby thedump commandis describedbelow.

The flows function returnsa list of the namesof flows known by the flow monitor in a way understandableto Tcl. This
allows tcl codeto interrogateaflow monitorin orderto obtainhandlesto theindividualflows it maintains.

21.7.2 Flow Monitor Trace Format

The flow monitor definesa traceformat which may be usedby post-processingscriptsto determinevariouscountson a
per-flow basis.Theformatis definedby thefolling codein ~ns/flowmon.cc:

void
FlowMon::fformat(Flow* f)
{
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double now = Scheduler::instance().clock();
sprintf(wrk_, "%8.3f %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d

%d",
now,
f->flowid(), // flowid
0, // category
f->ptype(), // type (from common header)
f->flowid(), // flowid (formerly class)
f->src(),
f->dst(),
f->parrivals(), // arrivals this flow (pkts)
f->barrivals(), // arrivals this flow (bytes)
f->epdrops(), // early drops this flow (pkts)
f->ebdrops(), // early drops this flow (bytes)
parrivals(), // all arrivals (pkts)
barrivals(), // all arrivals (bytes)
epdrops(), // total early drops (pkts)
ebdrops(), // total early drops (bytes)
pdrops(), // total drops (pkts)
bdrops(), // total drops (bytes)
f->pdrops(), // drops this flow (pkts) [includes edrops]
f->bdrops() // drops this flow (bytes) [includes edrops]

);
};

Most of thefieldsareexplainedin thecodecomments.The“category” is historical,but is usedto maintainloosebackward-
compatibilitywith theflow managerformatin nsversion1.

21.7.3 The Flow Class

The classQueueMonitor/ED/Flow is usedby the flow monitor for containingper-flow counters. As a subclassof
QueueMonitor , it inheritsthestandardcountersfor arrivals,departures,anddrops,bothin packetsandbytes.In addition,
becauseeachflow is typically identifiedby somecombinationof the packet source,destination,andflow identifier fields,
theseobjectscontainsuchfields. It’sOTcl interfacecontainsonly boundvariables:

src_ sourceaddresson packetsfor thisflow

dst_ destinationaddresson packetsfor this flow

flowid_ flow id on packetsfor this flow

Note that packetsmay be mappedto flows (by classifiers)usingcriteria other thana src/dst/flowid triple. In suchcircum-
stances,only thosefieldsactuallyusedby theclassifierin performingthepacket-flow mappingshouldbeconsideredreliable.

21.8 Commandsat a glance

Following is a list of tracerelatedcommandscommonlyusedin simulationscripts:

$ns_ trace-all <tracefile>
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This is thecommandusedto setuptracingin ns.All tracesarewritten in the<tracefile>.

$ns_ namtrace-all <namtracefile>
This commandsetsup namtracingin ns.All namtracesarewritten in to the<namtracefile>.

$ns_ namtrace-all-wireless <namtracefile> <X> <Y>
This commandsetsup wirelessnamtracing.<X> and<Y> arethex-y co-ordinatesfor thewirelesstopologyandall
wirelessnamtracesarewritten into the<namtracefile>.

$ns_ nam-end-wireless <stoptime>
This tellsnamthesimulationstoptime givenin <stoptime>.

$ns_ trace-all-satlinks <tracefile>
This is a methodto tracesatellitelinks andwrite tracesinto <tracefile>.

$ns_ flush-trace
This commandflushesthetracebuffer andis typically calledbeforethesimulationrunends.

$ns_ get-nam-traceall
Returnsthenamtracefile descriptorstoredastheSimulatorinstancevariablecallednamtraceAllFile_ .

$ns_ get-ns-traceall
Similar to get-nam-traceall.This returnsthefile descriptorfor nstracefilewhich is storedastheSimulatorinstancecalled
traceAllFile_ .

$ns_ create-trace <type> <file> <src> <dst> <optional:op>
This commandcreatesa traceobjectof type<type>betweenthe<src>and<dst>nodes.Thetracesarewritten into the
<file>. <op>is theargumentthatmaybeusedto specifythetypeof trace,likenam.if <op>is not defined,thedefault trace
objectcreatedis for nstraces.

$ns_ trace-queue <n1> <n2> <optional:file>
This is a wrappermethodfor create-trace . Thiscommandcreatesa traceobjectfor tracingeventson thelink
representedby thenodes<n1>and<n2>.

$ns_ namtrace-queue <n1> <n2> <optional:file>
This is usedto createa traceobjectfor namtracingon thelink betweennodes<n1>and<n2>.Thismethodis verysimilar to
andis thenamtracecounterpartof methodtrace-queue .

$ns_ drop-trace <n1> <n2> <trace>
This commandmakesthegiven<trace>objectadrop-targetfor thequeueassociatedwith thelink betweennodes<n1>and
<n2>.

$ns_ monitor-queue <n1> <n2> <qtrace> <optional:sampleinterval>
This setsup a monitorthatkeepstrackof averagequeuelengthof thequeueon thelink betweennodes<n1>and<n2>.The
default valueof sampleinterval is 0.1.

$link trace-dynamics <ns> <fileID> Tracethedynamicsof this link andwrite theoutputto fileID filehandle.
nsis aninstanceof theSimulatoror MultiSim objectthatwascreatedto invokethesimulation.

Thetracefileformatis backwardcompatiblewith theoutputfiles in thensversion1 simulatorsothatns-1postprocessing
scriptscanstill beused.Tracerecordsof traffic for link objectswith Enque,Deque,receiveor DropTracinghave the
following form:
<code><time><hsrc><hdst><packet>
where
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<code> := [hd+-] h=hop d=drop +=enque -=deque r=receive <time> :=
simulation time in seconds
<hsrc> := first node address of hop/queuing link
<hdst> := second node address of hop/queuing link
<packet> := <type> <size> <flags> <flowID> <src.sport> <dst.dport> <seq>
<pktID>
<type> := tcp|telnet|cbr|ack etc.
<size> := packet size in bytes
<flags> := [CP] C=congestion, P=priority
<flowID> := flow identifier field as defined for IPv6
<src.sport> := transport address (src=node,sport=agent)
<dst.sport> := transport address (dst=node,dport=agent)
<seq> := packet sequence number
<pktID> := unique identifer for every new packet

Only thoseagentsinterestedin providing sequencingwill generatesequencenumbersandhencethis field maynot beuseful
for packetsgeneratedby someagents.For links thatuseREDgateways,thereareadditionaltracerecordsasfollows:
<code><time><value>
where

<code> := [Qap] Q=queue size, a=average queue size, p=packet dropping
probability
<time> := simulation time in seconds
<value> := value

Tracerecordsfor link dynamicsareof theform:
<code><time><state><src><dst>
where

<code> := [v]
<time> := simulation time in seconds
<state> := [link-up | link-down]
<src> := first node address of link
<dst> := second node address of link
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Chapter 22

Nam Trace

Namis a Tcl/Tk basedanimationtool that is usedto visualizethenssimulationsandrealworld packet tracedata.Thefirst
stepto usenamis to producea namtracefile. The namtracefile shouldcontaintopology information like nodes,links,
queues,nodeconnectivity etcaswell aspacket traceinformation.In this chapterwe shalldescribethenamtraceformatand
simplenscommands/APIsthatcanbeusedto producetopologyconfigurationsandcontrolanimationin nam.

22.1 Nam Trace format

TheC++ classTraceusedfor nstracingis usedfor namtracingaswell. Descriptionof thisclassmaybefoundundersection
21.3. ThemethodTrace::format()definesnamformatusedin namtracefiles which areusedby namfor visualizationof ns
simulations.TraceclassmethodTrace::format()is describedin section21.4of chapter21. If themacroNAM_TRACE has
beendefined(by default it is definedin trace.h),thenthefollowing codeis executedaspartof theTrace::format()function:

if (namChan_ != 0)
sprintf(nwrk_,

"%c -t "TIME_FORMAT" -s %d -d %d -p %s -e %d -c %d
-i %d -a %d -x %s.%s %s.%s %d %s %s",

tt,
Scheduler::instance().clock(),
s,
d,
name,
th->size(),
iph->flowid(),
th->uid(),
iph->flowid(),
src_nodeaddr,
src_portaddr,
dst_nodeaddr,
dst_portaddr,
seqno,flags,sname);

Every line in anamtracefile follows this format:
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<event-type> -t <time> ...

Dependingon theeventtype,therearedifferentflagsfollowing thetimeflag.

In the following we describenamtraceevent format in 7 classes:packet, node,nodemark, link/queue,agent,feature,and
miscellaneous.

22.1.1 Packet Traces

Whena traceline describesa packet,theeventtypemaybe+ (enqueue),- (dequeue),r (receive),d (drop),or h (hop).

’h’ Hop: Thepacketstartedto betransmittedonthelink from src_addrto dst_addrandis forwardedto thenext_hoptowards
its dst_addr.

’ r’ Receive: Thepacketfinishedtransmissionandstartedto bereceivedat thedestination.

’d Drop: The packet wasdroppedfrom queueor link from src_addrto dst_addr. Drop heredoesn’t distinguishbetween
droppingfrom queueor link. This is decidedby thedroptime.

’+’ Enterqueue:Thepacketenteredthequeuefrom src_addrto dst_addr.

’-’ Leavequeue:Thepacket left thequeuefrom src_addrto dst_addr.

Theotherflagshave thefollowing meaning:

-t <time> is thetime theeventoccurred.

-s <src> is theoriginatingnode.

-d <dst> is thedestinationnode.

-p <pkt-type> is thedescriptivenameof thetypeof packetseen.Seesection21.5for thedifferenttypesof packetssupported
in ns.

-e <extent> is thesize(in bytes)of thepacket.

-c <conv> is theconversationid or flow-id of thatsession.

-i <id> is thepacket id in theconversation.

-a <attr> is thepacketattribute,which is currentlyusedascolor id.

-x <src-na.pa><dst-sa.na><seq><flags><sname> is takenfromns-tracesandit givesthesourceanddestinationnodeand
port addresses,sequencenumber, flags(if any) andthetypeof message.For example -x 0.1 -2147483648.0
-1 ----- SRM_SESS denotesanSRMmessagebeingsentfrom node0 (port1).

In addition to the above nam format for packet eventsthereare nam tracesthat provide information aboutnam version,
hierarchicaladdressingstructure,node/link/queuestates,node-marks,protocolstates,colorandannotations.Thesenamtrace
outputstypically have thefollowing letters(or tags)astheir first field andthey representthe following tracetypes:n (node
state),m (nodemarking),l (link state),q (queue),a (protocolstate),f (protocolstatevariable),V (namversion),A (hierarchy
information),c (namcolor)andv (annotations).
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22.1.2 Nodestate

Thenamtraceformatdefiningnodestateis:
n -t <time> -a <src-addr> -s <src-id> -S <state> -v <shape> -c <color> -i <l-color> -
o <color>
"n" denotesthenodestate.Flags"-t" indicatestime and"-a" and"-s" denotesthenodeaddressandid. "-S" givesthenode
statetransition.Thepossiblevalues:

{ UP, DOWN indicatesnoderecoveryandfailure.

{ COLORindicatesnodecolorchange.If COLORis given,a following -c <color> is expectedwhichgivesthenew
colorvalue.Also, flag -o is expectedsothatbacktracingcanrestoretheold colorof a node.

{ DLABEL indicatesaddition of label to node. If DLABEL is given, a following -l <old-label>-L <new-label> is
expectedthatgivestheold-label,if any (for backtracing)andcurrentlabel.Shapegivesthenodeshape.Thecolor of a
nodelabelcanbespecifiedvia the-i flag.

As anexample,theline
n -t * -a 4 -s 4 -S UP -v circle -c tan -i tan
definesa nodewith addressandid of 4 thathastheshapeof a circle,andcolor of tanandlabel-color(-i) of tan.

22.1.3 NodeMarking

Nodemarksarecoloredconcentriccirclesaroundnodes.They arecreatedby:

m -t <time> -n <mark name> -s <node> -c <color> -h <shape> -o <color>

andcanbedeletedby:

m -t <time> -n <mark name> -s <node> -X

Notethatoncecreated,anodemarkcannotchangeits shape.Thepossiblechoicesfor shapesare,circle,square,andhexagon.
They aredefinedaslower-casestringsexactlyasabove. A namtraceshowing nodemarkis:

m -t 4 -s 0 -n m1 -c blue -h circle

indicatingnode0 is markedwith a bluecircle at time 4.0.Thenameof themarkis m1.

22.1.4 Link/Queue State

Thenamtracefor link andqueuestatesaregivenby (respectively):

l -t <time> -s <src> -d <dst> -S <state> -c <color> -o orientation -r <bw> -D <delay>
q -t <time> -s <src> -d <dst> -a <attr>
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where<state> and<color> indicatethesameattributes(andthesameformat)asdescribedabovein thenodestatetraces.
Flag-o givesthelink orientation(anglebetweenlink andhorizontal).Flags-r and-D givethebandwidth(in Mb) anddelay
(in ms),respectively. An exampleof a link traceis:

l -t * -s 0 -d 1 -S UP -r 1500000 -D 0.01 -c black -o right

Queuesarevisualizedin namasa straightline alongwhich packets(small squares)arepacked. In queuetraceevents,flag
-a specifiestheorientationof theline of thequeue(anglebetweenthequeueline andthehorizontalline, counter-clockwise).
For example,thefollowing line specifiesa queuethatgrows vertically upwardswith respectto thescreen(here0.5 means
theangleof thequeueline is   ¡ ):

q -t * -s 0 -d 1 -a 0.5

22.1.5 Agent Tracing

Agent traceeventsareusedto visualizeprotocolstate.They arealwaysassociatedwith nodes.An agenteventhasa name,
which is a uniqueidentifierof theagent.An agentis shown asa squarewith its nameinside,anda line link thesquareto its
associatednode

Agenteventsareconstructedusingthefollowing format:

a -t <time> -n <agent name> -s <src>

Becausein ns, agentsmaybedetachedfrom nodes,anagentmaybe“destructed”in namwith:

a -t <time> -n <agent name> -s <src> -X

For example,thefollowing namtraceline createsanagentnamedsrm(5) associatedwith node5 at time0:

a -t 0.00000000000000000 -s 5 -n srm(5)

22.1.6 Variable Tracing

To visualizestatevariablesassociatedwith a protocolagent,we usethefeaturetraceevents.Currentlywe allow a featureto
displaya simplevariable,i.e.,avariablewith asinglevalue.Noticethatthevalueis simpletreatedasa string(withoutwhite
space).Every featureis requiredto beassociatedwith anagent.Then,it canbeaddedor modifiedat any time after its agent
is created.Thetraceline to createa featureis:

f -t <time> -s <src> -a <agentname> -T <type> -n <varname> -v <value> -o <prev value>

Flag<type> is “l” for a list, “v” for asimplevariable,“s” for astoppedtimer, “u” for anup-countingtimer, “d” for adown-
countingtimer. However, only “v” is implementedin ns. Flag -v <value> givesthenew valueof thevariable.Variable
valuesaresimpleASCII stringsobeying theTCL stringquotingconventions.List valuesobey theTCL list conventions.Timer
valuesareASCII numeric. Flag -o <prev value> givesthe previousvalueof the variable. This is usedin backward
animation.Hereis anexampleof a simplefeatureevent:
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\code{f -t 0.00000000000000000 -s 1 -n C1_ -a srm(1) -v 2.25000 -T v}\\

Featuresmaybedeletedusing:

f -t <time> -a <agent name> -n <var name> -o <prev value> -X

22.1.7 MiscellaneousTraceEvents

Thereareothertraceeventsin additionto theformatsdescribedabove:

Annotation This eventis representedby eventtype“v”. It is usedfor genericannotation:

v -t <time> <TCL script string>

Noticethatthiseventis verygeneric,in thatit mayincludeanarbitrarytcl scriptto beexecutedatagiventime,aslong
asit is in oneline (no morethan256characters).Theremaybewhite spacesin thestring. Theorderof flag andthe
stringis important.

Hereis anexampleof this event:

v -t 4 sim_annotation 4 3 node 0 added one mark

Thisline callsaspecialtcl functionsim_annotation in nam,whichinsertsthegivenstringnode 0 added one
mark into nam’sannotationpane.

Color Nam allows oneto associatecolor nameswith integers. This is very useful in coloring packets,whereflow id of a
packet is usedto color thepacketusingthecorrespondingcolor:

c -t <time> -i <color id> -n <color name>

Noticethecolor nameshouldbeoneof thenameslistedin color databasein X11 (/usr/X11/lib/rgb.txt).

Version Thefollowing line definethenamversionasrequiredto visualizethegiventrace:

V -t <time> -v <version> -a <attr>

Normally thereis only oneversionstringin a giventracefile,andit is usuallythefirst line of thefile.

Hierar chy Hierarchicaladdressinformationis definedby:

A -t <time> -n <levels> -o <address-space size> -c <mcastshift> -a <mcastmask> -
h <nth level> -m <mask in nth level> -s <shift in nth level>

This tracegivesthedetailsof hierarchy, if hierarchicaladdressingis beingusedfor simulation.Flag -n <levels>
indicatethe total numberof hierarchicaltiers, which is 1 for flat addressing,2 for a 2-level hierarchyetc. Flag -o
<address space size> denotesthetotalnumberof bitsusedfor addressing.Flag-h <nth level> specifies
the level of theaddresshierarchy. Flag -m <mask> and-s <shift> describestheaddressmaskandthebit shift
of a givenlevel in theaddresshierarchy, respectively. Hereis anexampleof a tracefor topologywith 3 level hierachy:

A -t * -n 3 -p 0 -o 0xffffffff -c 31 -a 1
A -t * -h 1 -m 1023 -s 22
A -t * -h 2 -m 2047 -s 11
A -t * -h 3 -m 2047 -s 0

Thefunctionsthatimplementthedifferentnamtraceformatsdescribedabovemaybefoundin thefollowingfiles: ns/trace.cc,
ns/trace.h,ns/tcl/lib/ns-namsupp.tcl.
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22.2 Ns commandsfor creatingand controlling nam animations

ThissectiondescribesdifferentAPIs in nsthatmaybeusedto manipulatenamanimationsfor objectslikenodes,links, queues
andagents.Theimplementationof mostof theseAPIs is containedin ns/tcl/lib/ns-namsupp.tcl.Demonstrationof namAPIs
maybefoundin ns/tcl/ex/nam-example.tcl.

22.2.1 Node

Nodesarecreatedfrom the “n” traceevent in tracefile. Eachnoderepresentsa hostor a router. Nam terminatesif there
areduplicatedefinitionsof the samenode. Attributesspecificto nodearecolor, shape,label, label-color, positionof label
andadding/deletingmarkon thenode.Eachnodecanhave 3 shapes:circle (default),square,or hexagon.But oncecreated,
the shapeof a nodecannotbe changedduring the simulation. Differentnodemay have differentcolors,andits color may
bechangedduringanimation.The following OTcl proceduresareusedto setnodeattributes,they aremethodsof theclass
Node:

$node color [color] ;# sets color of node
$node shape [shape] ;# sets shape of node
$node label [label] ;# sets label on node
$node label-color [lcolor] ;# sets color of label
$node label-at [ldirection] ;# sets position of label
$node add-mark [name] [color] [shape] ;# adds a mark to node
$node delete-mark [name] ;# deletes mark from node

22.2.2 Link/Queue

Links arecreatedbetweennodesto form a network topology. namlinks areinternallysimplex, but it is invisible to theusers.
The traceevent “l” createstwo simplex links andothernecessarysetups,henceit looks to usersidenticalto a duplex link.
Link mayhavemany colorsandit canchangeits colorduringanimation.Queuesareconstructedin nambetweentwo nodes.
Unlike link, namqueueis associatedto a simplex link. Thetraceevent“q” only createsa queuefor a simplex link. In nam,
queuesarevisualizedasstackedpackets.Packetsarestackedalonga line, andtheanglebetweentheline andthehorizontal
line canbespecifiedin thetraceevent“q”. Commandsto setupdifferentanimationattributesof a link areasfollows:

$ns duplex-link-op <attribute> <value>

The<attribute>maybeoneof thefollowing: orient,color, queuePos.Orientor thelink orientationdefinestheanglebetween
thelink andhorizontal.Theoptionalorientationvaluesmaybedifinedin degreesor by text likeright (0), right-up(45),right-
down (-45), left (180),left-up (135),left-down (-135),up (90),down (-90). ThequeuePosor positionof queueis definedas
theangleof thequeueline with horizontal.Examplesfor eachattributearegivenasfollowing :

$ns duplex-link-op orient right ;# orientation is set as right. The order
;# in which links are created in nam
;# depends on calling order of this function.

$ns duplex-link-op color "green"
$ns duplex-link-op queuePos 0.5
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22.2.3 Agent and Features

Agentsareusedto separateprotocolstatesfrom nodes.They arealwaysassociatedwith nodes.An agenthasa name,which
is a uniqueidentifier of the agent. It is shown asa squarewith its nameinside,anda line link the squareto its associated
node.Thefollowing arecommandsthatsupportagenttracing:

$ns add-agent-trace <agent> <name> <optional:tracefile>
$ns delete-agent-trace <agent>
$ns monitor-agent-trace <agent>

Oncetheabovecommandis usedto createanagentin namtrace,thetracevar methodof thensagentcanbeusedto create
featuretracesof a givenvariablein theagent.For example,thefollowing codesegmentcreatestracesof thevariableC1_ in
anSRMagent$srm(0) :

$ns attach-agent $n($i) $srm(0)
$ns add-agent-trace $srm($i) srm(0)
$ns monitor-agent-trace $srm(0) ;# turn nam monitor on from the start
$srm(0) tracevar C1_

22.2.4 SomeGeneric Commands

$ns color <color-id> definescolor index for nam. Oncespecified,color-id canbe usedin placeof the color
namein namtraces.

$ns trace-annotate <annotation> insertsanannotationin nam. Notice that if <annotation> containswhite
spaces,it mustbequotedusingthedoublequote.An exampleof thiswouldbe$ns at $time "$ns trace-annotate
Ëvent A happened "̈ Thisannotationappearsin thenamwindow andis usedto controlplayingof namby events.
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Part IV

Routing
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Chapter 23

Unicast Routing

This sectiondescribesthestructureof unicastroutingin ns. We begin by describingthe interfaceto theuser(Section23.1),
throughmethodsin theclass Simulator andtheclass RouteLogic . We thendescribeconfigurationmechanisms
for specialisedrouting(Section23.2)suchasasymmetricrouting,or equalcostmultipathroutingThenext sectiondescribes
thetheconfigurationmechanismsfor individual routingstrategiesandprotocols(Section23.3).We concludewith acompre-
hensive look at theinternalarchitecture(Section23.4)of routingin ns.

Theproceduresandfunctionsdescribedin this chaptercanbe found in ~ns/tcl/lib/ns-route.tcl,~ns/tcl/rtglib/route-proto.tcl,
~ns/tcl/mcast/McastProto.tcl,and~ns/rtProtoDV.{cc, h}.

23.1 The Interface to the Simulation Operator (The API)

Theuserlevel simulationscriptrequiresonecommand:to specifytheunicastroutingstrategy or protocolsfor thesimulation.
A routing strategy is a generalmechanismby which ns will computeroutesfor the simulation. Thereare threerouting
strategiesin ns: Static,Session,andDynamic.Conversely, aroutingprotocolis arealisationof aspecificalgorithm.Currently,
StaticandSessionrouting usethe Dijkstra’s all-pairsSPFalgorithm[]; onetype of dynamicrouting strategy is currently
implemented:the DistributedBellman-Ford algorithm[]. In ns, we blur the distinctionbetweenstrategy andprotocol for
staticandsessionrouting,consideringthemsimply asprotocols1.

rtproto {} is the instanceprocedurein theclass Simulator thatspecifiestheunicastroutingprotocolto beusedin
thesimulation.It takesmultiplearguments,thefirst of which is mandatory;this first argumentidentifiestheroutingprotocol
to be used. Subsequentargumentsspecify the nodesthat will run the instanceof this protocol. The default is to run the
samerouting protocolon all the nodesin the topology. As an example,the following commandsillustrate the useof the
rtproto {} command.

$ns rtproto Static ;# Enablestaticroutestrategy for thesimulation
$ns rtproto Session ;# Enablesessionroutingfor this simulation
$ns rtproto DV $n1 $n2 $n3 ;# RunDV agentson nodes$n1,$n2,and$n3

If a simulationscript doesnot specifyany rtproto {} command,thenns will run Static routing on all the nodesin the
topology.

1Theconsiderationis thatstaticandsessionroutingstrategies/protocolsareimplementedasagentsderivedfrom theclass Agent/rtProto similar
to how thedifferentdynamicroutingprotocolsareimplemented;hencetheblurreddistinctions.
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Multiple rtproto {} linesfor thesameor differentroutingprotocolscanoccurin asimulationscript.However, asimulation
cannotusebothcentralisedroutingmechanismssuchasstaticor sessionroutinganddetaileddynamicroutingprotocolssuch
asDV.

In dynamicrouting, eachnodecanbe runningmorethanonerouting protocol. In suchsituations,more thanonerouting
protocolcanhave a routeto the samedestination.Therefore,eachprotocolaffixesa preferencevalueto eachof its routes.
Thesevaluesarenon-negativeintegersin therange0.. .255.Thelowerthevalue,themorepreferredtheroute.Whenmultiple
routing protocolagentshave a routeto the samedestination,the mostpreferredrouteis chosenandinstalledin the node’s
forwardingtables.If morethanoneagenthasthemostpreferredroutes,theoneswith the lowestmetric is chosen.We call
the leastcostroutefrom the mostpreferredprotocolthe “candidate”route. If therearemultiple candidateroutesfrom the
sameor differentprotocols,then,currently, oneof theagent’s routesis randomlychosen2.

PreferenceAssignmentand Control Eachprotocolagentstoresan arrayof routepreferences,rtpref_ . Thereis one
elementperdestination,indexedby thenodehandle.Thedefault preferencevaluesusedby eachprotocolarederivedfrom a
classvariable,preference_ , for thatprotocol.Thecurrentdefaultsare:

Agent/rtProto set preference_ 200 ;# globaldefaultpreference
Agent/rtProto/Direct 3 set preference_ 100
Agent/rtProto/DV set preference_ 120

A simulationscriptcancontrol routingby alteringthepreferencefor routesin oneof threeways: alter thepreferencefor a
specificroutelearnedvia a particularprotocolagent,alterthepreferencefor all routeslearnedby theagent,or altertheclass
variablesfor theagentbeforetheagentis created.

Link Cost Assignmentand Control In thecurrentlyimplementedrouteprotocols,themetricof a routeto a destination,
at a node,is the cost to reachthe destinationfrom that node. It is possibleto changethe link costsat eachof the links.
Theinstanceprocedurecost {} is invokedas$ns cost ¢ node1 £¤¢ node2 £¥¢ cost £ , andsetsthecostof thelink from
¢ node1£ to ¢ node2£ to ¢ cost£ .

$ns cost $n1 $n2 10 ;# setcostof link from $n1to $n2to 10
$ns cost $n2 $n1 5 ;# setcostof link in reversedirectionto 5
[$ns link $n1 $n2] cost? ;# querycostof link from$n1to $n2
[$ns link $n2 $n1] cost? ;# querycostof link in reversedirection

Notice that the proceduresetsthe cost along one direction only. Similarly, the procedurecost? {} returnsthe cost of
traversingthespecifiedunidirectionallink. Thedefaultcostof a link is 1.

23.2 Other Configuration Mechanismsfor SpecialisedRouting

It is possibleto adjustpreferenceandcostmechanismsto get two specialtypesof routeconfigurations:asymmetricrouting,
andmultipathrouting.

2This really is undesirable,andmaybefixedatsomepoint. Thefix will probablybeto favor theagentsin classpreferenceorder. A userlevel simulation
relying on this behavior, or gettinginto this situationin specifictopologiesis not recommended.

3Direct is aspecialroutingstrategy thatis usedin conjunctionwith Dynamicrouting. Wewill describethis in greaterdetailaspartof theroutearchitec-
turedescription.
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Asymmetric Routing Asymmetricroutingoccurswhenthepathfrom node � � to node � ¡ is differentfrom thepathfrom
� ¡ to � � . Thefollowing showsasimpletopology, andcostconfigurationthatcanachievesucharesult:

Nodes � � and � ¡ use different
paths to reach each other. All
otherpairsof nodesusesymmet-
ric pathsto reacheachother.

r1

n1 n2

r2

$ns cost $n1 $r1 2
$ns cost $n2 $r2 2
$ns cost $r1 $n2 3

Any routingprotocolthatuseslink costsasthemetriccanobservesuchasymmetricroutingif thelink costsareappropriately
configured4.

MultiP ath Routing Eachnodecanbe individually configuredto usemultiple separatepathsto a particulardestination.
The instancevariablemultiPath_ determineswhetheror not thatnodewill usemultiple pathsto any destination.Each
nodeinitialises its instancevariablefrom a classvariableof the samename. If multiple candidateroutesto a destination
areavailable,all of which are learnedthroughthe sameprotocol, then that nodecanuseall of the differentroutesto the
destinationsimultaneously. A typical configurationis asshown below:

Node set multiPath_ 1 ;# All new nodesin thesimulationusemultiPathswhere applicable
or alternately

set n1 [$ns Node] ;# onlyenable$n1to usemultiPathswhere applicable
$n1 set multiPath_ 1

Currently, only DV routingcangeneratemultipathroutes.

23.3 Protocol SpecificConfiguration Parameters

Static Routing The static route computationstrategy is the default route computationmechanismin ns. This strategy
usesthe Dijkstra’s all-pairsSPFalgorithm[]. The routecomputationalgorithmis run exactly onceprior to the startof the
simulation.Theroutesarecomputedusinganadjacency matrixandlink costsof all thelinks in thetopology.

SessionRouting Thestaticroutingstrategy describedearlieronly computesroutesfor thetopologyoncein thecourseof a
simulation.If theabovestaticroutingis usedandthetopologychangeswhile thesimulationis in progress,somesourcesand
destinationsmaybecometemporarilyunreachablefrom eachotherfor a shorttime.

Sessionroutingstrategy is almostidenticalto staticrouting, in that it runsthe Dijkstra all-pairsSPFalgorithmprior to the
startof thesimulation,usingthe adjacency matrix andlink costsof the links in the topology. However, it will alsorun the
samealgorithmto recomputeroutesin theeventthatthetopologychangesduringthecourseof a simulation.In otherwords,
routerecomputationandrecovery is doneinstantaneouslyandtherewill not betransientroutingoutageasin staticrouting.

Sessionroutingprovidescompleteandinstantaneousroutingchangesin thepresenceof topologydynamics.If thetopologyis
alwaysconnected,thereis end-to-endconnectivity at all timesduringthecourseof thesimulation.However, theusershould
notethattheinstantaneousrouterecomputationof sessionroutingdoesnot preventtemporaryviolationsof causality, suchas
packet reordering,aroundtheinstantthatthetopologychanges.

4Link costscanalsobeusedto favouror disregardspecificlinks in orderto achieve particulartopologyconfigurations.
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DV Routing DV routing is the implementationof Distributed Bellman-Ford (or DistanceVector) routing in ns. The
implementationsendsperiodic route updatesevery advertInterval . This variableis a classvariablein the class
Agent/rtProto/DV . Its defaultvalueis 2 seconds.

In additionto periodicupdates,eachagentalsosendstriggeredupdates;it doesthis whenever the forwardingtablesin the
nodechange.This occurseitherdueto changesin thetopology, or becauseanagentat thenodereceiveda routeupdate,and
recomputedandinstallednew routes.

Eachagentemploys the split horizon with poisonedreversemechanismsto advertiseits routesto adjacentpeers. “Split
horizon” is themechanismby which anagentwill not advertisetherouteto a destinationout of theinterfacethat it is using
to reachthatdestination.In a “Split horizonwith poisonedreverse”mechanism,theagentwill advertisethatrouteout of that
interfacewith a metricof infinity.

EachDV agentusesadefaultpreference_ of 120.Thevalueis determinedby theclassvariableof thesamename.

EachagentusestheclassvariableINFINITY (setat 32) to determinethevalidity of a route.

23.4 Inter nals and Ar chitecture of Routing

We startwith a discussionof the classesassociatedwith unicastrouting, andthe codepathusedto configureandexecute
eachof thedifferentroutingprotocols.We concludewith a descriptionof theinterfacebetweenunicastroutingandnetwork
dynamics,andthatbetweenunicastandmulticastrouting.

23.4.1 The classes

Therearefour mainclasses,theclassRouteLogic,theclassrtObject,theclassrtPeer, andthebaseclassAgent/rtProtofor all
protocols.In addition,theroutingarchitectureextendstheclassesSimulator, Link, NodeandClassifier.

class RouteLogic This classdefinestwo methodsto configureunicastrouting,andonemethodto queryit for route
information. It alsodefinesan instanceprocedurethat is applicablewhen the topology is dynamic. We discussthis last
procedurein conjunctionwith theinterfaceto network dynamics.

{ The instanceprocedureregister {} is invokedby Simulator::rtproto {}. It takesthe protocolanda list of
nodesasarguments,andconstructsaninstancevariable,rtprotos_ , asanarray;thearrayindex is thenameof the
protocol,andthevalueis thelist of nodesthatwill run this protocol.

{ Theconfigure {} readsthertprotos_ instancevariable,andfor eachelementin thearray, invokesrouteprotocol
methodsto performtheappropriateinitializations.It is invokedby thesimulatorrunprocedure.

For eachprotocol ¢ rt-proto£ indexedin thertprotos_ array, this routineinvokesAgent/rtProto/ ¢ rt-proto £
init-all rtprotos_( ¢ rt-proto £ ) .

If thereareno elementsin rtprotos_ , theroutineinvokesStaticrouting,asAgent/rtProto/Static init-
all .

{ The instanceprocedurelookup {} takestwo nodenumbers,�w�.¦�§I¨�¦ � and �w�.¦�§I¨�¦ ¡ , asargument;it returnsthe id of
theneighbornodethat �w�.¦�§I¨�¦ � usesto reach�w�.¦�§I¨�¦ ¡ .

Theprocedureis usedby thestaticroutecomputationprocedureto querythecomputedroutesandpopulatetheroutes
at eachof thenodes.It is alsousedby themulticastroutingprotocolsto performtheappropriateRPFcheck.
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Note that this procedureoverloadsan instproc-like of thesamename.TheprocedurequeriestheappropriatertOb-
ject entitiesif they exist (which they will if dynamicrouting strategiesareusedin the simulation);otherwise,the
procedureinvokestheinstproc-like to obtaintherelevantinformation.

class rtObject is usedin simulationsthatusedynamicrouting.Eachnodehasa rtObjectassociatedwith it, thatacts
asa co-ordinatorfor thedifferentroutingprotocolsthatoperateat a node.At any node,thertObjectat thatnodetrackseach
of the protocolsoperatingat that node;it computesandinstallsthe nestrouteto eachdestinationavailablevia eachof the
protocols.In theeventthattheroutingtableschange,or thetopologychanges,thertObjectwill alerttheprotocolsto take the
appropriateaction.

The classdefinesthe procedureinit-all {}; this proceduretakesa list of nodesasarguments,andcreatesa rtObjectat
eachof thenodesin its argumentlist. It subsequentlyinvokesits compute-routes .

Theassumptionis thattheconstructorfor eachof thenew objectswill instantiatethe“Direct” routeprotocolateachof these
nodes.This routeprotocol is responsiblefor computingthe routesto immediatelyadjacentneighbors.Whencompute-
routes {} is runby theinit-all {} procedure,thesedirectroutesareinstalledin thenodeby theappropriaterouteobject.

Theotherinstanceproceduresin this classare:

{ init {} Theconstructorsetsup pointersfrom itself to thenode,in its instancevariablenode_ , andfrom thenodeto
itself, throughtheNodeinstanceprocedureinit-routing {} andtheNodeinstancevariablertObject_ . It then
initializesanarrayof nextHop_ , rtpref_ , metric_ , rtVia_ . Theindex of eachof thesearraysis thehandleof
thedestinationnode.

ThenextHop_ containsthelink thatwill beusedto reachtheparticulardestination;rtpref_ andmetric_ arethe
preferenceandmetric for therouteinstalledin thenode;rtVia_ is thenameof theagentwhoserouteis installedin
thenode.

The constructoralso createsthe instanceof the Direct route protocol, and invokescompute-routes {} for that
protocol.

{ add-proto {} createsaninstanceof theprotocol,storesa referenceto it in its arrayof protocols,rtProtos_ . The
index of thearrayis thenameof theprotocol.It alsoattachestheprotocolobjectto thenode,andreturnsthehandleof
theprotocolobject.

{ lookup {} takesadestinationnodehandle,andreturnstheid of theneighbornodethatis usedto reachthedestination.

If multiple pathsarein use,thenit returnsa list of theneighbornodesthatwill beused.

If thenodedoesnot havearouteto thedestination,theprocedurewill return-1.

{ compute-routes {} is the coreprocedurein this class. It first checksto seeif any of the routing protocolsat the
nodehave computedany new routes. If they have, it will determinethe bestroute to eachdestinationfrom among
all the protocols. If any routeshave changed,the procedurewill notify eachof the protocolsof the numberof such
changes,in caseany of theseprotocolswantsto senda freshupdate.Finally, it will alsonotify any multicastprotocol
thatnew unicastroutetableshavebeencomputed.

The routinecheckstheprotocolagent’s instancevariable,rtsChanged_ to seeif any of the routesin thatprotocol
have changedsincethe protocolwaslast examined.It thenusesthe protocol’s instancevariablearrays,nextHop_ ,
rtpref_ , andmetric_ to computeits own arrays. The rtObjectwill install or modify any of the routesas the
changesarefound.

If any of theroutesat thenodehavechanged,thertObjectwill invoketheprotocolagent’s instanceprocedures,send-
updates {} with thenumberof changesasargument.It will theninvokethemulticastrouteobject,if it exists.

Thenext setof routinesareusedto querythertObjectfor variousstateinformation.
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{ dump-routes {} takesa outputfile descriptorasargument,andwritesout therouting tableat thatnodeon thatfile
descriptor.

A typicaldumpoutputis:

{ rtProto? {} takesa routeprotocolasargument,andreturnsa handleto the instanceof the protocolrunningat the
node.

{ nextHop? {} takesadestinationnodehandle,andreturnsthelink thatis usedto reachthatdestination.

{ Similarly, rtpref? {} andmetric? {} take a destinationnodehandleasargument,andreturnthe preferenceand
metricof therouteto thedestinationinstalledat thenode.

Theclass rtPeer is acontainerclassusedby theprotocolagents.Eachobjectstorestheaddressof thepeeragent,and
the metricandpreferencefor eachrouteadvertisedby thatpeer. A protocolagentwill storeoneobjectperpeer. Theclass
maintainstheinstancevariableaddr_ , andtheinstancevariablearrays,metric_ andrtpref_ ; thearrayindicesarethe
destinationnodehandles.

The classinstanceprocedures,metric {} andpreference {}, take onedestinationandvalue,andsetthe respective ar-
ray variable. The procedures,metric? {} andpreference? {}, take a destinationandreturnthe currentvaluefor that
destination.Theinstanceprocedureaddr? {} returnstheaddressof thepeeragent.

class Agent/rtProto This classis thebaseclassfrom which all routingprotocolagentsarederived. Eachprotocol
agentmustdefinetheprocedureinit-all {} to initialize thecompleteprotocol,andpossiblyinstanceproceduresinit {},
compute-routes {}, andsend-updates {}. In addition, if the topologyis dynamic,andthe protocolsupportsroute
computationto reactto changesin thetopology, thentheprotocolshoulddefinetheprocedurecompute-all {}, andpossi-
bly theinstanceprocedureintf-changed {}. In thissection,wewill briefly describetheinterfacefor thebasicprocedures.
We will deferthe descriptionof compute-all {} and intf-changed {} to the sectionon network dynamics.We also
deferthedescriptionof thedetailsof eachof theprotocolsto their separatesectionat theendof thechapter.

— The procedureinit-all {} is a global initialization procedurefor the class. It may be givena list of the nodesas
anargument.This the list of nodesthatshouldrun this routingprotocol. However, centralisedroutingprotocolssuch
asstaticandsessionrouting will ignorethis argument;detaileddynamicrouting protocolssuchasDV will usethis
argumentlist to instantiateprotocolsagentsat eachof thenodesspecified.

Note that derived classesin OTcl do not inherit the proceduresdefinedin the baseclass. Therefore,every derived
routingprotocolclassmustdefineits own proceduresexplicitly.

— The instanceprocedureinit {} is the constructorfor protocolagentsthat are created. The baseclassconstructor
initializes the default preferencefor objectsin this class,identifiesthe interfacesincidenton the nodeandtheir cur-
rent status. The interfacesare indexed by the neighborhandleandstoredin the instancevariablearray, ifs_ ; the
correspondingstatusinstancevariablearrayis ifstat_ .

Centralizedroutingprotocolssuchasstaticandsessionroutingdonotcreateseparateagentspernode,andthereforedo
not accessany of theseinstanceprocedures.

— Theinstanceprocedurecompute-routes {} computestheactualroutesfor theprotocol.Thecomputationis based
on therouteslearnedby theprotocol,andvariesfrom protocolto protocol.

This routineis invokedby thertObjectwhenever the topologychanges.It is alsoinvokedwhenthenodereceivesan
updatefor theprotocol.

If theroutinecomputesnew routes,rtObject::compute-routes {} needsto beinvokedto recomputeandpossi-
bly installnew routesat thenode.Theactualinvokingof thertObjectis doneby theprocedurethatinvokedthis routine
in thefirst place.
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— Theinstanceproceduresend-updates {} is invokedby thertObjectwheneverthenoderoutingtableshavechanged,
andfreshupdateshave to besentto all peers.ThertObjectpassesasargumentthenumberof changesthatweredone.
This proceduremay alsobe invokedwhenthereareno changesto the routes,but the topologyincidenton the node
changesstate.Thenumberof changesis usedto determinethelist of peersto which a routeupdatemustbesent.

Otherproceduresrelateto respondingto topologychangesandaredescribedlater(Section23.4.2).

Other Extensionsto the Simulator, Node,Link, and Classifier

— We have discussedthemethodsrtproto {} andcost {} in theclassSimulatorearlier(Section23.1). Theoneother
methodusedinternallyis get-routelogic {}; this procedurereturnstheinstanceof routelogicin thesimulation.

Themethodis usedby theclassSimulator, andunicastandmulticastrouting.

— TheclassNodecontainstheseadditionalinstanceproceduresto supportdynamicunicastrouting: init-routing {},
add-routes {}, delete-routes {}, andrtObject? {}.

Theinstanceprocedureinit-routing {} is invokedby thertObject atthenode.It storesapointerto thertObject,
in its instancevariablertObject_ , for latermanipulationor retrieval. It alsochecksitsclassvariabletoseeif it should
usemultiPathrouting,andsetsup an instancevariableto thateffect. If multiPathroutingcouldbeused,the instance
variablearrayroutes_ storesa countof thenumberof pathsinstalledfor eachdestination.This is theonly arrayin
unicastroutingthatis indexedby thenodeid, ratherthanthenodehandle.

TheinstanceprocedurertObject? {} returnsthertObjecthandlefor thatnode.

The instanceprocedureadd-routes {} takesa nodeid, anda list of links. It will addthe list of links asthe routes
to reachthe destinationidentifiedby the nodeid. The realizationof multiPath routing is doneby usinga separate
Classifier/multiPath.For any givendestinationid ¦ , if this nodehasmultiple pathsto ¦ , thenthemainclassifierpoints
to this multipathclassifierinsteadof the link to reachthe destination. Eachof the multiple pathsidentified by the
interfacesbeingusedis installedin themultipathclassifier. Themultipathclassifierwill useeachof thelinks installed
in it for succeedingpacketsforwardedto it.

Theinstanceproceduredelete-routes {} takesa nodeid, a list of interfaces,anda nullAgent. It removeseachof
the interfacesin the list from the installedlist of interfaces.If theentrydid not previously usea multipathclassifier,
thenit musthavehadonly oneroute,andtherouteentryis setto point to thenullAgentspecified.

Q: WHY DOESIT NOT POINT TO NULLAGENT IF THE ENTRIESIN THE MPATHCLASSIFIERGOESTO
ZERO?

— The main extensionto the classLink for unicastrouting is to supportthe notion of link costs.The instancevariable
cost_ containsthecostof theunidirectionallink. Theinstanceprocedurescost {} andcost? {} setandgetthecost
on thelink.

Note that cost {} takesthe costasargument. It is preferableto usethe simulatormethodto set the costvariable,
similar to thesimulatorinstanceproceduresto setthequeueor delayon a link.

— Theclass Classifier containsthreenew procedures,two of which overloadsanexisting instproc-like,andthe
othertwo providenew functionality.

The instanceprocedureinstall {} overloadstheexisting instproc-like of thesamename.Theprocedurestoresthe
entrybeinginstalledin theinstancevariablearray, elements_ , andtheninvokestheinstproc-like.

The instanceprocedureinstallNext {} alsooverloadstheexisting instproc-like of thesamename.This instproc-
likesimply installstheentryinto thenext availableslot.

Theinstanceprocedureadjacents {} returnsa list of ¢ key, value£ pairsof all elementsinstalledin theclassifier.
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23.4.2 Interface to Network Dynamicsand Multicast

This sectiondescribesthemethodsappliedin unicastroutingto respondto changesin thetopology. Thecompletesequence
of actionsthat causethe changesin the topology, andfire the appropriateactionsis describedin a differentsection. The
responseto topologychangesfalls into two categories:actionstakenby individualagentsateachof thenodes,andactionsto
betakenglobally for theentireprotocol.

DetailedroutingprotocolssuchastheDV implementationrequireactionsto be performedby individual protocolagentsat
the affectednodes.Centralizedrouting protocolssuchasstaticandsessionrouting fall into the latter category exclusively.
Detailedrouting protocolscould usesuchtechniquesto gatherstatisticsrelatedto the operationof the routing protocol;
however, no suchcodeis currentlyimplementedin ns.

Actions at the individual nodes Following any changein the topology, the network dynamicsmodelswill first invoke
rtObject::intf-changed {} at eachof theaffectednodes.For eachof theunicastroutingprotocolsoperatingat that
node, rtObject::intf-changed {} will invoke eachindividual protocol’s instanceprocedure,intf-changed {},
followedby thatprotocol’scompute-routes {}.

After eachprotocolhascomputedits individual routesrtObject::intf-changed {} invokescompute-routes {}
to possiblyinstall new routes. If new routeswereinstalledin the node,rtObject::compute-routes {} will invoke
send-updates {} for eachof the protocolsoperatingat the node. The procedurewill alsoflag the multicastrouteob-
ject of the route changesat the node,indicating the numberof changesthat have beenexecuted. rtObject::flag-
multicast {} will, in turn,notify themulticastrouteobjectto take appropriateaction.

The oneexceptionto the interfacebetweenunicastandmulticastrouting is the interactionbetweendynamicdensemode
multicastanddetailedunicastrouting.This dynamicDMimplementationin nsassumesneighbornodeswill sendanimplicit
updatewhenever their routeschange,without actuallysendingtheupdate.It thenusesthis implicit informationto compute
appropriateparent-childrelationshipsfor themulticastspanningtrees.Therefore,detailedunicastroutingwill invokertOb-
ject_ flag-multicast 1 wheneverit receivesarouteupdateaswell, evenif thatupdatedoesnot resultin any change
in its own routingtables.

Global Actions Oncethe detailedactionsat eachof the affectednodesis completed,the network dynamicsmodelswill
notify theRouteLogicinstance(RouteLogic::notify {}) of changesto topology. Thisprocedureinvokestheprocedure
compute-all {} for eachof theprotocolsthatwereever installedat any of thenodes.Centralizedroutingprotocolssuch
assessionroutingusethissignalto recomputetheroutesto thetopology. Finally, theRouteLogic::notify {} procedure
notifiesany instancesof centralisedmulticastthatareoperatingat thenode.

23.5 Protocol Inter nals

In this section,we describeany leftoverdetailsof eachof theroutingprotocolagents.Notethat this is theonly placewhere
we describetheinternalrouteprotocolagent,“Direct” routing.

Dir ectRouting Thisprotocoltracksthestateof theincidentlinks, andmaintainsroutesto immediatelyadjacentneighbors
only. As with theotherprotocols,it maintainsinstancevariablearraysof nextHop_ , rtpref_ , andmetric_ , indexedby
thehandleof eachof thepossibledestinationsin thetopology.

The instanceprocedurecompute-routes {} computesroutesbasedon the currentstateof the link, andthe previously
known stateof theincidentlinks.
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No otherproceduresor instanceproceduresaredefinedfor thisprotocol.

Static Routing Theprocedurecompute-routes {} in theclass RouteLogic first createstheadjacency matrix,and
theninvokestheC++ method,compute_routes () of theshadow object.Finally, theprocedureretrievestheresultof the
routecomputation,andinsertstheappropriateroutesat eachof thenodesin thetopology.

Theclassonly definestheprocedureinit-all {} thatinvokescompute-routes {}.

SessionRouting Theclassdefinestheprocedureinit-all {} to computetheroutesat thestartof thesimulation.It also
definestheprocedurecompute-all {} to computetherouteswhenthetopologychanges.Eachof theseproceduresdirectly
invokescompute-routes {}.

DV Routing In adynamicroutingstrategy, nodessendandreceivemessages,andcomputetheroutesin thetopologybased
on the messagesexchanged.The procedureinit-all {} takesa list of nodesasthe argument;the default is the list of
nodesin the topology. At eachof the nodesin the argument,the procedurestartsthe class rtObject anda class
Agent/rtProto/DV agents.It thendeterminesthe DV peersfor eachof the newly createdDV agents,andcreatesthe
relevantrtPeer objects.

The constructorfor the DV agentinitializes a numberof instancevariables;eachagentstoresan array, indexed by the
destinationnodehandle,of thepreferenceandmetric,theinterface(or link) to thenext hop,andtheremotepeerincidenton
the interface,for the bestrouteto eachdestinationcomputedby the agent.The agentcreatestheseinstancevariables,and
thenschedulessendingits first updatewithin thefirst 0.5secondsof simulationstart.

Eachagentstoresthelist of its peersindexedby thehandleof thepeernode.Eachpeeris a separatepeerstructurethatholds
theaddressof thepeeragent,themetricandpreferenceof therouteto eachdestinationadvertisedby thatpeer. Wediscussthe
rtPeerstructurelaterwhendiscusstheroutearchitecture.Thepeerstructuresareinitialized by theprocedureadd-peer {}
invokedby init-all {}.

The routine send-periodic-update {} invokessend-updates {} to sendthe actualupdates. It then reschedules
sendingthenext periodicupdateafteradvertInterval jitterredslightly to avoid possiblesynchronizationeffects.

send-updates {} will sendupdatesto a selectsetof peers.If any of theroutesat thatnodehave changed,or for periodic
updates,the procedurewill sendupdatesto all peers.Otherwise,if someincident links have just recovered,the procedure
will sendupdatesto theadjacentpeerson thoseincidentlinks only.

send-updates {} usestheproceduresend-to-peer {} to sendtheactualupdates.Thisprocedurepackagestheupdate,
taking thesplit-horizonandpoisonreversemechanismsinto account.It invokesthe instproc-like, send-update {} (Note
thesingularcase)to sendtheactualupdate.Theactualrouteupdateis storedin theclassvariablemsg_ indexedby a non-
decreasingintegerasindex. The instproc-like only sendstheindex to msg_ to theremotepeer. This eliminatestheneedto
convert from OTcl stringsto alternateformatsandback.

Whena peerreceivesa routeupdateit first checksto determineif theupdatefrom differsfrom thepreviousones.Theagent
will computenew routesif theupdatecontainsnew information.

23.6 Unicast routing objects

Routelogicandrtobjectaretwo objectsthat aresignificantto unicastrouting in ns. Routelogic,essentially, representsthe
routing tablethat is createdandmaintainedcentrallyfor every unicastsimulation.Routeobjectis theobjectthatevery node
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takingpart in dynamicunicastrouting,hasaninstanceof. Notethatnodeswill not have aninstanceof this objectif Session
routingis doneasa detailedroutingprotocolis notbeingsimulatedin thiscase.Themethodsfor routelogicandrouteobjects
arementionedin thenext section.

23.7 Commandsat a glance

Following is a list of unicastroutingrelatedcommandsusedin simulationscripts:

$ns_ rtproto <routing-proto> <args>
where<routing-proto>definesthetypeof routingprotocolto beused,like Static,Manual,Session, DV etc.argsmaydefine
thelist of nodeson which theprotocolis to berun. Thenodelist defaultsto all nodesin thetopology.

Internalmethods:

$ns_ compute-routes
This commandcomputesnext_hop informationfor all nodesin thetopologyusingthetopologyconnectivity. This
next_hop info is thenusedto populatethenodeclassifiersor theroutingtables.compute-routescallscompute-flat-routes
or compute-hier-routesdependingon thetypeof addressingbeingusedfor thesimulation.

$ns_ get-routelogic
This returnsa handleto theRouteLogicobject(theroutingtable),if onehasbeencreated.Otherwisea new routingtable
objectis created.

$ns_ dump-routelogic-nh
This dumpsnext hopinformationin theroutingtable.

$ns_ dump-routelogic-distance
This dumpsthedistanceinformationin theroutingtable.

$node add-route <dst> <Target>
This is a methodusedto addroutingentries(nexthopinformation)in thenode’sroutingtable.Thenexthopto <dst>from
this nodeis the<target>objectandthis info is addedto thenode’sclassifier.

$routelogic lookup <srcid> <destid>
Returnstheid of thenodethatis thenext hopfrom thenodewith id srcidto thenodewith id destid.

$routelogic dump <nodeid>
Dumptheroutingtablesof all nodeswhoseid is lessthannodeid.Nodeidsaretypically assignedto nodesin ascending
fashionstartingfrom 0 by their orderof creation.

rtobject dump-routes <fileID>
Dumptheroutingtableto theoutputchannelspecifiedby fileID. fileID mustbeafile handlereturnedby theTcl open
commandandit musthavebeenopenedfor writing.

$rtobject rtProto? <proto>
Returnsahandleto theroutingprotocolagentspecifiedby protoif it existsat thatnode.Returnsanemptystringotherwise.

$rtobject nextHop? <destID>
Returnstheid of thenodethatis thenext hopto thedestinationspecifiedby thenodeid, <destID>.

$rtobject rtpref? destID
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Returnsthepreferencefor therouteto destinationnodegivenby destid.

$rtobject metric? destID
Returnsmetricfor therouteto destid.
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Chapter 24

Multicast Routing

This sectiondescribesthe usageand the internalsof multicastrouting implementationin ns. We first describethe user
interfaceto enablemulticastrouting(Section24.1),specifythemulticastroutingprotocolto beusedandthevariousmethods
andconfigurationparametersspecificto theprotocolscurrentlysupportedin ns. We thendescribein detail theinternalsand
thearchitectureof themulticastroutingimplementationin ns(Section24.2).

Theproceduresandfunctionsdescribedin thischaptercanbefoundin variousfilesin thedirectories~ns/tcl/mcast,~ns/tcl/ctr-
mcast;additionalsupportroutinesarein ~ns/mcast_ctrl.{cc,h},~ns/tcl/lib/ns-lib.tcl, and~ns/tcl/lib/ns-node.tcl.

24.1 Multicast API

Multicastforwardingrequiresenhancementsto thenodesandlinks in thetopology. Therefore,theusermustspecifymulticast
requirementsto theSimulatorclassbeforecreatingthetopology. This is donein oneof two ways:

set ns [new Simulator -multicast on]
or

set ns [new Simulator]
$ns multicast

Whenmulticastextensionsare thusenabled,nodeswill be createdwith additionalclassifiersandreplicatorsfor multicast
forwarding,andlinks will containelementsto assignincominginterfacelabelsto all packetsenteringanode.

A multicastrouting strategy is the mechanismby which the multicastdistribution tree is computedin the simulation. ns
supportsthreemultiastroutecomputationstrategies:centralised,densemode(DM)or sharedtreemode(ST).

The methodmrtproto {} in the ClassSimulatorspecifieseitherthe routecomputationstrategy, for centralisedmulticast
routing,or thespecificdetailedmulticastroutingprotocolthatshouldbeused.

Thefollowing areexamplesof valid invocationsof multicastroutingin ns:

set cmc [$ns mrtproto CtrMcast] ;# specifycentralizedmulticastfor all nodes
;# cmcis thehandlefor multicastprotocolobject

$ns mrtproto DM ;# specifydensemodemulticastfor all nodes
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$ns mrtproto ST ;# specifysharedtreemodeto run onall nodes

Notice in the above examplesthat CtrMcastreturnsa handlethat can be usedfor additionalconfigurationof centralised
multicastrouting.Theotherroutingprotocolswill returna null string.All thenodesin thetopologywill run instancesof the
sameprotocol.

Multiple multicastroutingprotocolscanberun at a node,but in this casetheusermustspecifywhich protocolownswhich
incominginterface.For thisfinercontrolmrtproto-iifs {} is used.

New/unusedmulticastaddressareallocatedusingtheprocedureallocaddr {}. allocaddr {} is a classprocedurein the
classNode.

Theagentsusetheinstanceproceduresjoin-group {} andleave-group {}, in theclassNodeto join andleavemulticast
groups.Theseprocedurestake two mandatoryarguments.Thefirst argumentidentifiesthecorrespondingagentandsecond
argumentspecifiesthegroupaddress.

An exampleof a relatively simplemulticastconfigurationis:

set ns [new Simulator -multicast on] ;# enablemulticastrouting
set group [ Node allocaddr] ;# allocatea multicastaddress
set node0 [$ns node] ;# createmulticastcapablenodes
set node1 [$ns node]
$ns duplex-link $node0 $node1 1.5Mb 10ms DropTail

set mproto DM ;# configuremulticastprotocol
set mrthandle [ $ns mrtproto $mproto] ;# all nodeswill containmulticastprotocolagents
set udp [new Agent/UDP] ;# createa sourceagentat node0
$ns attach-agent $node0 $udp
set src [new Application/Traffic/CBR]
$src attach-agent $udp
$udp set dst_addr_ $group
$udp set dst_port_ 0

set rcvr [new Agent/LossMonitor] ;# createa receiveragentat node1
$ns attach-agent $node1 $rcvr
$ns at 0.3 " $node1 join-group $rcvr $group" ;# join thegroupat simulationtime0.3(sec)

24.1.1 Multicast Behavior Monitor Configuration

nssupportsamulticastmonitormodulethatcantraceuser-definedpacketactivity. Themodulecountsthenumberof packets
in transitperiodicallyandprints theresultsto specifiedfiles. attach {} enablesa monitormoduleto print outputto a file.
trace-topo {} insetsmonitor modulesinto all links. filter {} allows accountingon specifiedpacket header, field in
the header),andvaluefor the field). Calling filter {} repeatedlywill result in an AND effect on the filtering condition.
print-trace {} notifiesthemonitormoduleto begin dumpingdata.ptype() is a globalarrarythat takesa packet type
name(asseenin trace-all {} output)andmapsit into thecorrespondingvalue.A simpleconfigurationto filter cbrpackets
on a particulargroupis:

set mcastmonitor [$ns McastMonitor]
set chan [open cbr.tr w] ;# opentracefile
$mmonitor attach $chan1 ;# attach tracefile to McastMoniotorobject
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$mcastmonitor set period_ 0.02 ;# default0.03(sec)
$mmonitor trace-topo ;# traceentire topology
$mmonitor filter Commonptype_ $ptype(cbr) ;# filter on ptype_in Commonheader
$mmonitor filter IP dst_ $group ;# AND filter ondst_addressin IP header
$mmonitor print-trace ;# begin dumpingperiodictracesto specifiedfiles

Thefollowing sampleoutputillustratestheoutputfile format(time,count):

0.16 0
0.17999999999999999 0
0.19999999999999998 0
0.21999999999999997 6
0.23999999999999996 11
0.25999999999999995 12
0.27999999999999997 12

24.1.2 Protocol Specificconfiguration

In this section,webriefly illustratetheprotocolspecificconfigurationmechanismsfor all theprotocolsimplementedin ns.

Centralized Multicast Thecentralizedmulticastis a sparsemodeimplementationof multicastsimilar to PIM-SM [8]. A
RendezvousPoint (RP) rootedsharedtreeis built for a multicastgroup. Theactualsendingof prune,join messagesetc. to
setup stateat thenodesis not simulated.A centralizedcomputationagentis usedto computethe forwardingtreesandset
up multicastforwardingstate, ¢ S,G£ at therelevantnodesasnew receiversjoin a group.Datapacketsfrom thesendersto a
groupareunicastto theRP. Notethatdatapacketsfrom thesendersareunicastto theRPevenif therearenoreceiversfor the
group.

Themethodof enablingcentralisedmulticastroutingin a simulationis:

set mproto CtrMcast ;# setmulticastprotocol
set mrthandle [$ns mrtproto $mproto]

Thecommandproceduremrtproto {} returnsa handleto themulticastprotocolobject.This handlecanbeusedto control
the RP andthe boot-strap-router(BSR),switch tree-typesfor a particulargroup,from sharedtreesto sourcespecifictrees,
andrecomputemulticastroutes.

$mrthandle set_c_rp $node0 $node1 ;# settheRPs
$mrthandle set_c_bsr $node0:0 $node1:1 ;# settheBSR,specifiedaslist of node:priority

$mrthandle get_c_rp $node0 $group ;# get thecurrentRP???
$mrthandle get_c_bsr $node0 ;# get thecurrentBSR

$mrthandle switch-treetype $group ;# to sourcespecificor sharedtree

$mrthandle compute-mroutes ;# recomputeroutes.usuallyinvokedautomaticallyasneeded

Note that whenever network dynamicsoccuror unicastrouting changes,compute-mroutes {} could be invoked to re-
computethe multicastroutes. The instantaneousre-computationfeatureof centralisedalgorithmsmay result in causality
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violationsduringthetransientperiods.

DenseMode The DenseMode protocol(DM.tcl ) is an implementationof a dense–mode–like protocol. Dependingon
the valueof DM classvariableCacheMissMode it canrun in oneof two modes.If CacheMissMode is setto pimdm
(default),PIM-DM-lik eforwardingruleswill beused.Alternatively, CacheMissMode canbesetto dvmrp (looselybased
onDVMRP [19]). Themaindifferencebetweenthesetwo modesis thatDVMRP maintainsparent–childrelationshipsamong
nodesto reducethenumberof links overwhichdatapacketsarebroadcast.Theimplementationworksonpoint-to-pointlinks
aswell asLANs andadaptsto thenetwork dynamics(links goingup anddown).

Any nodethatreceivesdatafor a particulargroupfor which it hasno downstreamreceivers,senda pruneupstream.A prune
messagecausestheupstreamnodeto initiate prunestateat thatnode.Theprunestatepreventsthatnodefrom sendingdata
for thatgroupdownstreamto the nodethat sentthe original prunemessagewhile the stateis active. The time durationfor
which a prunestateis active is configuredthroughtheDM classvariable,PruneTimeout . A typical DM configurationis
shown below:

DM set PruneTimeout 0.3 ;# default0.5(sec)
DM set CacheMissMode dvmrp ;# defaultpimdm
$ns mrtproto DM

Shared TreeMode SimplifiedsparsemodeST.tcl is a versionof a shared–treemulticastprotocol.Classvariablearray
RP_ indexedby groupdetermineswhich nodeis theRPfor a particulargroup.For example:

ST set RP_($group) $node0
$ns mrtproto ST

At the time the multicastsimulationis started,the protocolwill createandinstall encapsulatorobjectsat nodesthat have
multicastsenders,decapsulatorobjectsat RPsandconnectthem.To join a group,a nodesendsa graft messagetowardsthe
RPof thegroup. To leave a group,it sendsa prunemessage.Theprotocolcurrentlydoesnot supportdynamicchangesand
LANs.

Bi-dir ectional Shared TreeMode BST.tcl is an experimentalversionof a bi–directionalsharedtreeprotocol. As in
sharedtreemode,RPsmustbeconfiguredmanuallyby usingtheclassarrayRP_. Theprotocolcurrentlydoesnot support
dynamicchangesandLANs.

24.2 Inter nals of Multicast Routing

We describethe internalsin threeparts: first the classesto implementandsupportmulticastrouting; second,the specific
protocolimplementationdetails;andfinally, providea list of thevariablesthatareusedin theimplementations.

24.2.1 The classes

Themainclassesin the implementationaretheclass mrtObject andtheclass McastProtocol . Therearealso
extensionsto thebaseclasses:Simulator, Node,Classifier, etc. We describetheseclassesandextensionsin this subsection.
Thespecificprotocolimplementationsalsouseadjunctdatastructuresfor specifictasks,suchastimermechanismsby detailed
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densemode,encapsulation/decapsulationagentsfor centralisedmulticastetc.; wedeferthedescriptionof theseobjectsto the
sectionon thedescriptionof theparticularprotocolitself.

mrtObject class Thereis onemrtObject(akaArbiter) objectpermulticastcapablenode.This objectsupportstheability
for anodeto runmultiplemulticastroutingprotocolsby maintaininganarrayof multicastprotocolsindexedby theincoming
interface. Thus,if thereareseveralmulticastprotocolsat a node,eachinterfaceis ownedby just oneprotocol. Therefore,
this objectsupportsthe ability for a nodeto run multiple multicastroutingprotocols.Thenodeusesthearbiterto perform
protocolactions,eitherto aspecificprotocolinstanceactiveat thatnode,or to all protocolinstancesat thatnode.

addproto {instance,[iiflist]} addsthehandlefor aprotocolinstanceto its arrayof protocols.Thesecond
optionalargumentis theincominginterfacelist controlledby theprotocol.
If thisargumentis anemptylist or notspecified,theprotocolis assumedto
run onall interfaces(justoneprotocol).

getType {protocol} returnsthehandleto theprotocolinstanceactive at thatnodethatmatches
thespecifiedtype(first andonly argument).This function is oftenusedto
locatea protocol’speerat anothernode.An emptystring is returnedif the
protocolof thegiventypecouldnot befound.

all-mprotos {op, args} internalroutineto execute“op” with “args ” on all protocolinstancesac-
tiveat thatnode.

start {}

stop {} start/stopexecutionof all protocols.

notify {dummy} is calledwhenatopologychangeoccurs.Thedummyargumentis currently
not used.

dump-mroutes {file-handle,[grp], [src]} dumpmulticastroutesto specifiedfile-handle.

join-group {G, S} signalsall protocolinstancesto join ¢ S,G£ .
leave-group {G, S} signalsall protocolinstancesto leave ¢ S,G£ .

upcall {code,s,g, iif} signalledby nodeon forwarding errors in classifier; this routine in turn
signalsthe protocol instancethat owns the incoming interface(iif ) by
invoking theappropriatehandlefunctionfor thatparticularcode.

drop {rep, s,g, iif} Calledon packetdrop,possiblyto pruneaninterface.

In addition,the mrtObjectclasssupportsthe conceptof well known groups,i.e., thosegroupsthat do not requireexplicit
protocolsupport.Two well known groups,ALL_ROUTERSandALL_PIM_ROUTERSarepredefinedin ns.

Theclass mrtObject definestwo classproceduresto setandgetinformationaboutthesewell known groups.

registerWellKnownGroups {name} assignsname awell known groupaddress.

getWellKnownGroup {name} returnstheaddressallocatedto well known group,name. If name is notreg-
isteredasawell knowngroup,thenit returnstheaddressfor ALL_ROUTERS.

McastProtocolclass This is thebaseclassfor theimplementationof all themulticastprotocols.It containsbasicmulticast
functions:

start {}, stop {} Setthestatus_ of executionof this protocolinstance.

getStatus {} returnthestatusof executionof thisprotocolinstance.

getType {} returnthetypeof protocolexecutedby this instance.

upcall {codeargs} invoked when the nodeclassifiersignalsan error, eitherdueto a cache-missor a wrong-iif for
incoming packet. This routine invokes the protocol specifichandle,handle- ¢ code £ {} with
specifiedargs to handlethesignal.
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A few wordsaboutinterfaces.Multicastimplementationin nsassumesduplex links i.e. if thereis asimplex link from node1
to node2, theremustbeareversesimplex link from node2 to node1. To beableto tell from whichlink apacketwasreceived,
multicastsimulatorconfigureslinks with an interfacelabellerat theendof eachlink, which labelspacketswith a particular
anduniquelabel(id). Thus,“incoming interface”is referredto this labelandis a numbergreateror equalto zero.Incoming
interfacevaluecanbenegative(-1) for a specialcasewhenthepacketwassentby a local to thegivennodeagent.

In contrast,an“outgoinginterface”refersto anobjecthandler, usuallya headof a link which canbeinstalledat a replicator.
This destinctionis important: incominginterfaceis a numericlabel to a packet, while outgoinginterfaceis a handlerto an
objectthat is ableto receivepackets,e.g. headof a link.

24.2.2 Extensionsto other classesin ns

In theearlierchapterdescribingnodesin ns(Chapter5), wedescribedtheinternalstructureof thenodein ns. To briefly recap
thatdescription,thenodeentryfor a multicastnodeis theswitch_ . It looksat thehighestbit to decideif thedestinationis
a multicastor unicastpacket. Multicastpacketsareforwardedto a multicastclassifierwhich maintainsa list of replicators;
thereis onereplicatorper ¢ source,group£ tuple.Replicatorscopy theincomingpacketandforwardto all outgoinginterfaces.

ClassNode Nodesupportfor multicastis realizedin two primaryways:it servesasafocalpoint for accessto themulticast
protocols,in the areasof addressallocation,control andmanagement,andgroupmembershipdynamics;andsecondly, it
providesprimitivesto accessandcontrolinterfaceson links incidenton thatnode.
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expandaddr {},

allocaddr {} Classproceduresfor addressmanagement.expandaddr {} increasestheaddressspace
from 128multicastcapablenodesto ��� � �©� . allocaddr {} allocatesthenext available
multicastaddress.

start-mcast {},

stop-mcast {} To startandstopmulticastroutingat thatnode.

notify-mcast {} notify-mcast {} signalsthemrtObjectat thatnodeto recomputemulticastroutesfol-
lowing a topologychangeor unicastrouteupdatefrom a neighbour.

getArbiter {} returnsa handleto mrtObjectoperatingat thatnode.

dump-routes {file-handle} to dumpthemulticastforwardingtablesat thatnode.

new-group {s g iif code} Whena multicastdatapacket is received,andthemulticastclassifiercannotfind theslot
correspondingto thatdatapacket, it invokesNode nstproc new-group {} to estab-
lish theappropriateentry. Thecodeindicatesthereasonfor notfindingtheslot. Currently
therearetwo possibilities,cache-missandwrong-iif. This procedurenotifiesthearbiter
instanceto establishthenew group.

join-group {a g} An agent at a node that joins a particular group invokes “node join-group
<agent> <group> ”. The nodesignalsthe mrtObjectto join the particulargroup ,
andaddsagent to its list of agentsat thatgroup . It thenaddsagent to all replicators
associatedwith group .

leave-group {a g} Node instproc leave-group reversesthe processdescribedearlier. It disables
theoutgoinginterfacesto the receiver agentsfor all the replicatorsof the group,deletes
the receiver agentsfrom the local Agents_ list; it then invokes the arbiter instance’s
leave-group {}.

add-mfc {s g iif oiflist} Node instproc add-mfc addsa multicastforwarding cache entry for a particular
¢ source,group,iif £ . Themechanismis:

{ createa new replicator(if onedoesnot alreadyexist),

{ updatethereplicator_ instancevariablearrayat thenode,

{ addall outgoinginterfacesandlocalagentsto theappropriatereplicator,

{ invokethemulticastclassifier’sadd-rep {} to createaslot for thereplicatorin the
multicastclassifier.

del-mfc {s g oiflist} disableseachoif in oiflist from thereplicatorfor ¢ s,g£ .
Thelist of primitivesaccessibleat thenodeto controlits interfacesarelistedbelow.
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add-iif {ifid link},

add-oif {link if} Invoked during link creationto prep the nodeaboutits incoming interfacelabel andoutgoing
interfaceobject.

get-all-oifs {} Returnsall oifs for thisnode.

get-all-iifs {} Returnsall iifs for this node.

iif2link {ifid} Returnsthelink objectlabelledwith giveninterfacelabel.

link2iif {link} Returnstheincominginterfacelabelfor thegiven link .

oif2link {oif} Returnsthelink objectcorrespondingto thegivenoutgoinginterface.

link2oif {link} Returnstheoutgoinginterfacefor the link (nsobjectthatis incidentto thenode).

rpf-nbr {src} Returnsa handleto theneighbournodethatis its next hopto thespecifiedsrc .

getReps {s g} Returnsa handleto thereplicatorthatmatches¢ s,g£ . Eitherargumentcanbea wildcard(*).

getReps-raw {s g} As above,but returnsa list of ¢ key, handle£ pairs.

clearReps {s g} Removesall replicatorsassociatedwith ¢ s,g£ .

ClassLink and SimpleLink This classprovidesmethodsto checkthe typeof link, andthe label it affixeson individual
packetsthattraverseit. Thereis oneadditionalmethodto actuallyplacetheinterfaceobjectson this link. Thesemethodsare:

if-label? {} returnstheinterfacelabelaffixedby this link to packetsthattraverseit.

enable-mcast {} Internalprocedurecalledby the SimpleLink constructorto addappropriateobjectsandstatefor
multicast.By default, (andfor thepoint-to-pointlink case)it placesa NetworkInterfaceobjectat
theendof thelink, andsignalsthenodeson incidenton thelink aboutthis link.

ClassNetworkInterface This is a simpleconnectorthat is placedon eachlink. It affixesits label id to eachpacket that
traversesit. Thepacketid is usedby thedestinationnodeincidentonthatlink to identify thelink by which thepacketreached
it. Thelabel id is configuredby theLink constructor. This objectis aninternalobject,andis not designedto bemanipulated
by userlevel simulationscripts.Theobjectonly supportstwo methods:

label {ifid} assignsifid thatthis objectwill affix to eachpacket.

label {} returnsthelabelthatthis objectaffixesto eachpacket.

Theglobalclassvariable,ifacenum_ , specifiesthenext availableifid number.

ClassMulticast Classifier Classifier/Multicast maintainsa multicastforwarding cache. Thereis onemulticast
classifierpernode.Thenodestoresa referenceto this classifierin its instancevariablemulticlassifier_ . Whenthis
classifierreceivesa packet, it looksat the ¢ source,group£ informationin thepacketheaders,andtheinterfacethatthepacket
arrivedfrom (theincominginterfaceor iif); doesa lookupin theMFC andidentifiestheslot thatshouldbeusedto forward
thatpacket. Theslot will point to theappropriatereplicator.

However, if theclassifierdoesnot have anentryfor this ¢ source,group£ , or theiif for this entryis different,it will invokean
upcallnew-group {} for theclassifier, with oneof two codesto identify theproblem:

{ cache-miss indicatesthattheclassifierdid not find any ¢ source,group£ entries;

{ wrong-iif indicatesthattheclassifierfound ¢ source,group£ entries,but nonematchingtheinterfacethatthispacket
arrivedon.
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Theseupcallsto TCL give it a chanceto correctthe situation: install an appropriateMFC–entry(for cache-miss ) or
changetheincominginterfacefor theexistingMFC–entry(for wrong-iif ). Thereturnvalueof theupcalldetermineswhat
classifierwill do with thepacket. If thereturnvalueis “1”, it will assumethatTCL upcallhasappropriatelymodifiedMFC
will try to classifypacket (lookupMFC) for thesecondtime. If thereturnvalueis “0”, no further lookupswill bedone,and
thepacketwill bethusdropped.

add-rep {} createsaslot in theclassifierandaddsa replicatorfor ¢ source,group,iif £ to thatslot.

ClassReplicator Whenareplicatorreceivesapacket,it copiesthepacket to all of its slots.Eachslotpointsto anoutgoing
interfacefor a particular ¢ source,group£ .
If no slot is found,theC++ replicatorinvokestheclassinstanceproceduredrop {} to triggerprotocolspecificactions.We
will describetheprotocolspecificactionsin thenext section,whenwedescribetheinternalproceduresof eachof themulticast
routingprotocols.

Thereareinstanceproceduresto controltheelementsin eachslot:

insert {oif} insertinganew outgoinginterfaceto thenext availableslot.

disable {oif} disabletheslot pointingto thespecifiedoif.

enable {oif} enabletheslot pointingto thespecifiedoif.

is-active {} returnstrueif thereplicatorhasat leastoneactiveslot.

exists {oif} returnstrueif theslot pointingto thespecifiedoif is active.

change-iface {source,group,oldiif, newiif} modifiedtheiif entryfor theparticularreplicator.

24.2.3 Protocol Inter nals

We now describetheimplementationof thedifferentmulticastroutingprotocolagents.

Centralized Multicast

CtrMcast is inherits from McastProtocol . OneCtrMcastagentneedsto be createdfor eachnode. Thereis a cen-
tral CtrMcastCompagentto computeand install multicastroutesfor the entire topology. EachCtrMcastagentprocesses
membershipdynamiccommands,andredirectstheCtrMcastCompagentto recomputetheappropriateroutes.
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join-group {} registersthe new memberwith the CtrMCastComp agent,andinvokesthatagentto re-
computeroutesfor thatmember.

leave-group {} is theinverseof join-group {}.

handle-cache-miss {} calledwhenno properforwardingentry is foundfor a particularpacket source.In caseof
centralizedmulticast,it meansa new sourcehasstartedsendingdatapackets. Thus, the
CtrMcastagentregistersthis new sourcewith theCtrMcastComp agent.If thereareany
membersin thatgroup,computethenew multicasttree.If thegroupis in RPT(sharedtree)
mode,then

1. createanencapsulationagentat thesource;

2. a correspondingdecapsulationagentis createdat theRP;

3. thetwo agentsareconnectedby unicast;and

4. the ¢ S,G£ entrypointsits outgoinginterfaceto theencapsulationagent.

CtrMcastComp is thecentralisedmulticastroutecomputationagent.

reset-mroutes {} resetsall multicastforwardingentries.

compute-mroutes {} (re)computesall multicastforwardingentries.

compute-tree {source,group} computesa multicasttreefor onesourceto reachall the receiversin a
specificgroup.

compute-branch {source,group,member} is executedwhen a receiver joins a multicastgroup. It could also be
invoked by compute-tree {} whenit itself is recomputingthe mul-
ticasttree,andhasto reparentall receivers. The algorithmstartsat the
receiver, recursively finding successive next hops,until it eitherreaches
the sourceor RP, or it reachesa nodethat is alreadya part of the rele-
vant multicasttree. During the process,several new replicatorsandan
outgoinginterfacewill beinstalled.

prune-branch {source,group,member} is similar to compute-branch {} excepttheoutgoinginterfaceis dis-
abled; if the outgoinginterfacelist is emptyat that node,it will walk
up themulticasttree,pruningat eachof the intermediatenodes,until it
reachesa nodethathasa non-emptyoutgoinginterfacelist for the par-
ticular multicasttree.
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DenseMode

join-group {group} sendsgraft messagesupstreamif ¢ S,G£ doesnot containany ac-
tive outgoingslots (i.e., no downstreamreceivers). If the next
hoptowardsthesourceisaLAN, icrementsacounterof receivers
for a particulargroupfor theLAN

leave-group {group} decrementsLAN counters.

handle-cache-miss {srcID groupiface} depending on the value of CacheMissMode calls ei-
ther handle-cache-miss-pimdm or handle-cache-
miss-dvmrp .

handle-cache-miss-pimdm {srcID groupiface} if thepacket wasreceivedon thecorrectiif (from thenodethat
is thenext hoptowardsthesource),fanout thepacketon all oifs
excepttheoif that leadsbackto thenext–hop–neighborandoifs
thatareLANs for which thisnodeis nota forwarder. Otherwise,
if theinterfacewasincorrect,senda pruneback.

handle-cache-miss-dvmrp {srcID groupiface} fansout the packet only to nodesfor which this nodeis a next
hoptowardsthesource(parent).

drop {replicatorsourcegroupiface} sendsaprunemessagebackto theprevioushop.

recv-prune {from sourcegroupiface} resetstheprunetimerif theinterfacehadbeenprunedpreviously;
otherwise,it startstheprunetimeranddisablestheinterface;fur-
thermore,if theoutgoinginterfacelist becomesempty, it propa-
gatestheprunemessageupstream.

recv-graft {from sourcegroupiface} cancelsany existing prunetimer, andre-enablesthe prunedin-
terface. If the outgoinginterfacelist was previously empty, it
forwardsthegraftupstream.

handle-wrong-iif {srcID groupiface} This is invoked when the multicast classifierdrops a packet
becauseit arrived on the wrong interface,and invoked new-
group {}. This routine is invoked by mrtObject inst-
proc new-group {}. When invoked, it sendsa prunemes-
sagebackto thesource.
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24.2.4 The internal variables

ClassmrtObject

protocols_ An arrayof handlesof protocol instancesactive at the nodeat which this protocoloperates
indexedby incominginterface.

mask-wkgroups Classvariable—definesthemaskusedto identify well known groups.

wkgroups Classarrayvariable—arrayof allocatedwell known groupsaddresses,indexed by the group
name.wkgroups (Allocd) is a specialvariableindicatingthehighestcurrentlyallocatedwell
known group.

McastProtocol

status_ takesvalues“up” or “down”, to indicatethestatusof executionof theprotocolinstance.

type_ containsthetype(classname)of protocolexecutedby this instance,e.g., DM, or ST.

Simulator
multiSim_ 1 if multicastsimulationis enabled,0 otherwise.

MrtHandle_ handleto thecentralisedmulticastsimulationobject.

Node
switch_ handlefor classifierthatlooksat thehighbit of thedestinationaddressin eachpacket to deter-

minewhetherit is a multicastpacket (bit = 1) or aunicastpacket (bit = 0).

multiclassifier_ handleto classifierthatperformsthe ¢ s,g, iif £ match.

replicator_ arrayindexedby ¢ s,g£ of handlesthatreplicatea multicastpacketon to therequiredlinks.

Agents_ arrayindexedby multicastgroupof thelist of agentsat thelocalnodethatlistento thespecific
group.

outLink_ Cachedlist of outgoinginterfacesat this node.

inLink_ Cachedlist of incominginterfacesat thisnode.

Link andSimpleLink
iif_ handlefor theNetworkInterfaceobjectplacedon this link.

head_ first objecton thelink, a no-opconnector. However, this objectcontainstheinstancevariable,
link_ , thatpointsto thecontainerLink object.

NetworkInterface

ifacenum_ Classvariable—holdsthenext availableinterfacenumber.

24.3 Commandsat a glance

Following is a list of commandsusedfor multicastsimulations:

set ns [new Simulator -mcast on]
This turnsthemulticastflagon for thethegivensimulation,at thetimeof creationof thesimulatorobject.

ns_ multicast
This like thecommandaboveturnsthemulticastflag on.

ns_ multicast?
This returnstrueif multicastflaghasbeenturnedon for thesimulationandreturnsfalseif multicastis not turnedon.
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$ns_ mrtproto <mproto> <optional:nodelist>
This commandspecifiesthetypeof multicastprotocol<mproto>to beusedlikeDM, CtrMcastetc.As anadditional
argument,thelist of nodes<nodelist>thatwill runaninstanceof detailedroutingprotocol(otherthancentralisedmcast)can
alsobepassed.

$ns_ mrtproto-iifs <mproto> <node> <iifs>
This commandallowsa finercontrolthanmrtproto.Sincemultiple mcastprotocolscanberunat a node,this command
specifieswhich mcastprotocol<mproto>to run atwhich of theincominginterfacesgivenby <iifs> in the<node>.

Node allocaddr
This returnsa new/unusedmulticastaddressthatmaybeusedto assignamulticastaddressto agroup.

Node expandaddr
This commandexpandstheaddressspacefrom 16 bits to 30bits. However thiscommandhasbeenreplacedby "ns_
set-address-format-expanded" .

$node_ join-group <agent> <grp>
This commandis usedwhenthe<agent>at thenodejoinsa particulargroup<grp>.

$node_ leave-group <agent> <grp>
This is usedwhenthe<agent>at thenodesdecidesto leave thegroup<grp>.

Internalmethods:
$ns_ run-mcast
This commandstartsmulticastroutingat all nodes.

$ns_ clear-mcast
This stopdmcastroutingatall nodes.

$node_ enable-mcast <sim>
This allowsspecialmcastsupportingmechanisms(likea mcastclassifier)to beaddedto themcast-enablednode.<sim>is
theahandleto thesimulatorobject.

In additionto theinternalmethodslistedherethereareothermethodsspecificto protocolslikecentralizedmcast(CtrMcast),
densemode(DM), sharedtreemode(ST) or bi-directionalsharedtreemode(BST),NodeandLink classmethodsand
NetworkInterfaceandMulticastclassifiermethodsspecificto multicastrouting.All mcastrelatedfilesmaybefoundunder
ns/tcl/mcastdirectory.

Centralised Multicast A handleto theCtrMcastCompobjectis returnedwhentheprotocolis specifiedas‘CtrMcast’ in
mrtproto.Ctrmcastmethodsare:
$ctrmcastcomp switch-treetype group-addr
Switchfrom theRendezvousPointrootedsharedtreeto source-specifictreesfor thegroupspecifiedby group-addr.
Notethatthis methodcannotbeusedto switchfrom source-specifictreesbackto a sharedtreefor a multicastgroup.

$ctrmcastcomp set_c_rp <node-list>
ThissetstheRPs.

$ctrmcastcomp set_c_bsr <node0:0> <node1:1>
ThissetstheBSR,specifiedaslist of node:priority.

$ctrmcastcomp get_c_rp <node> <group>
ReturnstheRPfor thegroupasseenby thenodenodefor themulticastgroupwith addressgroup-addr. Notethat
differentnodesmayseedifferentRPsfor thegroupif thenetwork is partitionedasthenodesmightbein different
partitions.

$ctrmcastcomp get_c_bsr <node>
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ReturnsthecurrentBSRfor thegroup.

$ctrmcastcomp compute-mroutes
This recomputesmulticastroutesin theeventof network dynamicsor a changein unicastroutes.

DenseMode Thedensemode(DM) protocolcanberunasPIM-DM (default)or DVMRP dependingon theclassvariable
CacheMissMode . Therearenomethodsspecificto this mcastprotocolobject.Classvariablesare:

PruneTimeout Timeoutvaluefor prunestateatnodes.defaultsto 0.5sec.

CacheMissMode Usedto setPIM-DM or DVMRP typeforwardingrules.

SharedTree Thereareno methodsfor this class.Variablesare:

RP_ RP_indexedby groupdetermineswhich nodeis theRPfor a particulargroup.

Bidir ectional SharedTree Thereareno methodsfor thisclass.Variableis sameasthatof SharedTreedescribedabove.
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Chapter 25

Network Dynamics

Thischapterdescribesthecapabilitiesin nsto makethesimulationtopologiesdynamic.Westartwith theinstanceprocedures
to theclassSimulatorthatareusefulto asimulationscript(Section25.1).Thenext sectiondescribestheinternalarchitecture
(Section25.2), including the different classesand instancevariablesand procedures;the following sectiondescribesthe
interactionwith unicastrouting (Section25.3). This aspectof network dynamicsis still somewhatexperimentalin ns. The
last sectionof this chapteroutlinessomeof the deficienciesin the currentrealization(Section25.4)of network dynamics,
someoneor which maybefixedin thefuture.

The proceduresand functionsdescribedin this chaptercan be found in ~ns/tcl/rtglib/dynamics.tcland ~ns/tcl/lib/route-
proto.tcl.

25.1 The user level API

Theuserlevel interfaceto network dynamicsis a collectionof instanceproceduresin theclassSimulator, andoneprocedure
to traceandlog thedynamicsactivity. Reflectinga ratherpoorchoiceof names,theseproceduresarertmodel , rtmodel-
delete , andrtmodel-at . Thereis oneotherprocedure,rtmodel-configure , that is usedinternally by the class
Simulatorto configurethertmodelsjust prior to simulationstart.We describethismethodlater(Section25.2).

— The instanceprocedurertmodel {} definesa model to be appliedto the nodesand links in the topology. Some
examplesof this commandasit wouldbeusedin asimulationscriptare:

$ns rtmodel Exponential 0.8 1.0 1.0 $n1
$ns rtmodel Trace dynamics.trc $n2 $n3
$ns rtmodel Deterministic 20.0 20.0 $node(1) $node(5)

Theprocedurerequiresat leastthreearguments:

{ Thefirst two argumentsdefinethemodelthatwill beused,andtheparametersto configurethemodel.

The currently implementedmodelsin ns areExponential(On/Off), Deterministic(On/Off), Trace(driven), or
Manual(one-shot)models.

{ Thenumber, format,andinterpretationof theconfigurationparametersis specificto theparticularmodel.

1. Theexponentialon/off modeltakesfour parameters:¢ [start time], up interval, down interval, [finish time]£ .
¢ starttime£ defaultsto }
ª¬«�­�ª from thestartof thesimulation,¢ finishtime£ defaultsto theendof thesimulation.
¢ up interval£ and ¢ down interval£ specifythemeanof theexponentialdistribution definingthetime that the
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nodeor link will be up anddown respectively. The default up anddown interval valuesare �k}�­�ª and �I­�ª
respectively. Any of thesevaluescanbespecifiedas“ � ” to default to theoriginal value.
Thefollowing areexamplespecificationsof parametersto this model:

0.8 1.0 1.0 ;# start at }
ª ®�­�ª , up/down= ��ª }�­�ª , finishis default
5.0 0.5 ;# start is default,up/down= «
ª }�­�~(}
ª¬«�­�ª , finishis default
- 0.7 ;# start,up interval aredefault,down= }
ª°¯0­�ª , finishis default
- - - 10 ;# start,up,downaredefault,finishat �c}�­�ª

2. Thedeterministicon/off modelis similar to theexponentialmodelabove,andtakesfour parameters:¢ [start
time],upinterval,downinterval, [finish time]£ . ¢ starttime£ defaultsto thestartof thesimulation,¢ finishtime£
defaultsto the endof the simulation. Only the interpretationof the up anddown interval is different; ¢ up
interval£ and ¢ down interval£ specifytheexactdurationthatthenodeor link will beupanddownrespectively.
Thedefaultvaluesfor theseparametersare: ¢ starttime£ is }Eª «�­�ª from startof simulation, ¢ upinterval£ is �
ª }�­�ª ,
¢ down interval£ is ��ª }�­�ª , and ¢ finish time£ is thedurationof thesimulation.

3. Thetracedrivenmodeltakesoneparameter:thenameof thetracefile. Theformatof the input tracefile is
identicalto that outputby the dynamicstracemodules,viz., v ¢ time £ link- ¢ operation £±¢ node1 £
¢ node2 £ . Linesthatdonot correspondto thenodeor link specifiedareignored.

v 0.8123 link-up 3 5
v 3.5124 link-down 3 5

4. Themanualone-shotmodeltakestwo parameters:theoperationto beperformed,andthetime thatit is to be
performed.

{ Therestof theargumentsto thertmodel {} proceduredefinethenodeor link thatthemodelwill beappliedto.
If only onenodeis specified,it is assumedthat thenodewill fail. This is modeledby makingthe links incident
on thenodefail. If two nodesarespecified,thenthecommandassumesthat the two areadjacentto eachother,
andthemodelis appliedto thelink incidenton thetwo nodes.If morethantwo nodesarespecified,only thefirst
is considered,thesubsequentargumentsareignored.

{ instancevariable,traceAllFile_ is set.

Thecommandreturnsthehandleto themodelthatwascreatedin thiscall.

Internally, rtmodel {} storesthelist of routemodelscreatedin theclassSimulatorinstancevariable,rtModel_ .

— The instanceprocedurertmodel-delete {} takesthe handleof a routemodelasargument,removesit from the
rtModel_ list, anddeletestheroutemodel.

— Theinstanceprocedurertmodel-at {} is a specialinterfaceto theManualmodelof network dynamics.

Thecommandtakesthetime,operation,andnodeor link asarguments,andappliestheoperationto thenodeor link at
thespecifiedtime. Exampleusesof thiscommandare:

$ns rtmodel-at 3.5 up $n0
$ns rtmodel-at 3.9 up $n(3) $n(5)
$ns rtmodel-at 40 down $n4

Finally, theinstanceproceduretrace-dynamics {} of theclassrtModel enablestracingof thedynamicseffectedby this
model.It is usedas:

set fh [open "dyn.tr" w]
$rtmodel1 trace-dynamics $fh
$rtmodel2 trace-dynamics $fh
$rtmodel1 trace-dynamics stdout

In this example,$rtmodel1 writesout traceentriesto bothdyn.trandstdout;$rtmodel2 only writesout traceentriesto
dyn.tr. A typical sequenceof traceentrieswrittenout by eithermodelmightbe:
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v 0.8123 link-up 3 5
v 0.8123 link-up 5 3
v 3.5124 link-down 3 5
v 3.5124 link-down 5 3

Theselinesabove indicatethatLink ¢ 3, 5£ failedat }
ª ®
�I�0²�­�ª , andrecoveredat time ²
ª¬«³�I�.´�­�ª

25.2 The Inter nal Ar chitecture

Eachmodelof network dynamicsis implementedasa separateclass,derivedfrom the baseclass rtModel . We begin
by describingthebaseclassrtModel andthederivedclasses(Section25.2.1).Thenetwork dynamicsmodelsuseaninternal
queuingstructureto ensurethatsimultaneouseventsarecorrectlyhandled,theclass rtQueue . Thenext subsection(Sec-
tion 25.2.2)describestheinternalsof thisstructure.Finally, wedescribetheextensionsto theexistingclasses(Section25.3.1):
theNode,Link, andothers.

25.2.1 The classrtModel

To usea new routemodel,theroutinertmodel {} createsan instanceof theappropriatetype,definesthenodeor link that
the modelwill operateupon,configuresthe model,andpossiblyenablestracing; The individual instanceproceduresthat
accomplishthis in piecesare:

Theconstructorfor thebaseclassstoresa referenceto theSimulatorin its instancevariable,ns_ . It alsoinitializesthe
startTime_ andfinishTime_ from theclassvariablesof thesamename.

Theinstanceprocedureset-elementsidentifiesthenodeor link thatthemodelwill operateupon.Thecommandstores
two arrays:links_ , of thelinks thatthemodelwill actupon;nodes_ , of theincidentnodesthatwill beaffectedby
thelink failureor recoverycausedby themodel.

Thedefaultprocedurein thebaseclassto setthemodelconfigurationparametersis set-parms.It assumesawell defined
starttime,up interval, down interval, anda finish time,andsetsup configurationparametersfor someclassof models.
It storesthesevaluesin theinstancevariables:startTime_ , upInterval_ , downInterval_ , finishTime_ .
Theexponentialanddeterministicmodelsusethis default routine,thetracebasedandmanualmodelsdefinetheir own
procedures.

Theinstanceproceduretrace {} enablestrace-dynamics {} oneachof thelinks thatit affects.Additionaldetails
on trace-dynamics {} is discussedin thesectionon extensionsto theclassLink (Section25.3.1).

Thenext sequenceof configurationstepsaretakenjustprior to thestartof thesimulator. nsinvokesrtmodel-configure {}
just beforestartingthesimulation.This instanceprocedurefirst acquiresan instanceof theclassrtQueue,andtheninvokes
configure {} for eachroutemodelin its list, rtModel_ .

Theinstanceprocedureconfigure {} makeseachlink that is is appliedto dynamic;this is thesetof links storedin
its instancevariablearray, links_ . Thentheprocedureschedulesits first event.

Thedefault instanceprocedureset-first-event {} schedulesthefirst eventto takeall thelinks “down” at
$startTime_ + upInterval_ . Individual typesof routemodelsderivedfrom this baseclassshouldredefinetihs
function.
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Two instanceproceduresin the baseclass, set-event {} andset-event-exact {}, can be usedto schedule
eventsin theroutequeue.

set-event {interval, operation}schedulesoperation after interval secondsfrom thecurrenttime; it usesthe
procedureset-event-exact {} below.

set-event-exact {fireTime,operation}schedulesoperation to executeat fireTime .

If thetime for executionis greaterthanthe finishTime_ , thentheonly possibleactionis to take a failedlink “up”.

Finally, thebaseclassprovidesthemethodsto take the links up{} or down{}. Eachmethodinvokestheappropriate
procedureoneachof thelinks in theinstancevariable,links_ .

Exponential Themodelschedulesits first eventto take thelinks down at startTime_ + E(upInterval_ );

It alsodefinesthe procedures,up{} anddown{}; eachprocedureinvokesthe baseclassprocedureto performthe actual
operation.This routinethenreschedulesthenext eventatE(upInterval ) or E(downInterval_ ) respectively.

Deterministic Themodeldefinestheprocedures,up{} anddown{}; eachprocedureinvokesthebaseclassprocedureto
performthe actualoperation.This routinethenreschedulesthe next eventat upInterval or downInterval_ respec-
tively.

Trace Themodelredefinestheinstanceprocedureset-parms {} to operana tracefile, andseteventsbasedon thatinput.

Theinstanceprocedureget-next-event {} returnsthenext valid eventfrom thetracefile. A valid eventis aneventthat
is applicableto oneof thelinks in this object’s links_ variable.

Theinstanceprocedureset-trace-events {} usesget-next-event {} to schedulethenext valid event.

Themodelredefinesset-first-event {}, up{}, anddown{} to useset-trace-events {}.

Manual The model is designedto fire exactly once. The instanceprocedureset-parms {} takesan operationandthe
time to executethatoperationasarguments.set-first-event {} will scheduletheeventat theappropriatemoment.

Thisroutinealsoredefinesnotify {} to deletetheobjectinstancewhentheoperationis completed.Thisnotionof theobject
deletingitself is fragilecode.

Sincetheobjectonly firesonceanddoesnto haveto berescheduled,it doesnotoverloadtheproceduresup{} or down{}.

25.2.2 class rtQueue

Thesimulatorneedsto co-ordinatemultiple simultaneousnetwork dynamicsevents,especiallyto ensurethe right coherent
behaviour. Hence,thenetwork dynamicsmodelsusetheir own internalroutequeueto scheduledynamicsevents. Thereis
oneinstanceof this objectin thesimulator, in theclassSimulatorinstancevariablertq_ .

Thequeueobjectstoresanarrayof queuedoperationsin its instancevariable,rtq_ . Theindex is thetimeatwhich theevent
will execute.Eachelementis thelist of operationsthatwill executeat thattime.

Theinstanceproceduresinsq {} andinsq-i {} caninsertanelementinto thequeue.
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Thefirst argumentis thetime at which this operationwill execute.insq {} takestheexacttime asargument;insq-
i {} takestheinterval asargument,andschedulestheoperationinterval secondsafterthecurrenttime.

Thefollowing argumentsspecifytheobject,$obj , theinstanceprocedureof thatobject,$iproc , andthearguments
to thatprocedure,$args .

Theseargumentsareplacedinto theroutequeuefor executionat theappropriatetime.

Theinstanceprocedurerunq {} executeseval $obj $iproc $args at theappropriateinstant.After all theeventsfor
thatinstanceareexecuted,runq {} will notify {} eachobjectabouttheexecution.

Finally, theinstanceproceduredelq {} canremoveaqueuedactionwith thetimeandthenameof theobject.

25.3 Interaction with UnicastRouting

In anearliersection,we haddescribedhow unicastrouting reacts(Section23.4.2)to changesto the topology. This section
detailsthestepsby which thenetwork dynamicscodewill notify thenodesandroutingaboutthechangesto thetopology.

1. rtQueue::runq {} will invoketheproceduresspecifiedby eachof theroutemodelinstances.After all of theactions
arecompleted,runq {} will notify eachof themodels.

2. notify {} will theninvoke instanceproceduresat all of thenodesthatwereincidentto theaffectedlinks. Eachroute
modelstoresthelist of nodesin its instancevariablearray, nodes_ .

It will thennotify theRouteLogicinstanceof topologychanges.

3. ThertModelobjectinvokestheclassNodeinstanceprocedureintf-changed {} for eachof theaffectednodes.

4. Node::intf-changed {} will notify any rtObject at thenodeof thepossiblechangesto thetopology.

Recallthattheserouteobjectsarecreatedwhenthesimulationusesdetaileddynamicunicastrouting.

25.3.1 Extensionsto Other Classes

Theexistingclassesassumethatthetopologyis staticby default. In thissection,wedocumentthenecessarychangesto these
classesto supportdynamictopologies.

We have alreadydescribedthe instanceproceduresin the class Simulator to createor manipulateroutemodels,i.e.,
rtmodel {}, rtmodel-at {}, rtmodel-delete {}, andrtmodel-configure {} in earliersections(Section25.2.1).
Similarly, theclass Node containsthe instanceprocedureintf-changed {} thatwe describedin theprevioussection
(Section25.3).

Thenetwork dynamicscodeoperateson individual links. Eachmodelcurrentlytranslatesits specificationinto operationson
theappropriatelinks. Thefollowing paragraphsdescribetheclassLink andrelatedclasses.

class DynamicLink Thisclassis theonly TclObjectin thenetwork dynamicscode.Theshadow classis calledclass
DynaLink . Theclasssupportsoneboundvariable,status_ . status_ is 1 whenthe link is up, and0 whenthe link is
down. The shadow object’s recv () methodchecksthe status_ variable,to decidewhetheror not a packet shouldbe
forwarded.
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class Link This classsupportstheprimitives:up anddown, andup? to setandquerystatus_ . Theseprimitivesare
instanceproceduresof theclass.

Theinstanceproceduresup{} anddown{} setstatus_ to 1 and0 respectively.

In addition,whenthelink fails,down{} will resetall connectorsthatmake up thelink. Eachconnector, includingall
queuesandthedelayobjectwill flushanddropany packetsthat it currentlystores.This emulatesthepacket dropdue
to link failure.

Bothproceduresthenwrite traceentriesto eachfile handlein thelist, dynT_ .

Theinstanceprocedureup? {} returnsthecurrentvalueof status_ .

In addition,theclasscontainstheinstanceprocedureall-connectors {}. Thisproceduretakesanoperationasargument,
andappliestheoperationuniformly to all of theclassinstancevariablesthatarehandlesfor TclObjects.

class SimpleLink The classsupportstwo instanceproceduresdynamic {} and trace-dynamics {}. We have
alreadydescribedthelatterprocedurewhendescribingthetrace {} procedurein theclassrtModel.

Theinstanceproceduredynamic {} insertsaDynamicLinkobject(Section6.2)at theheadof thequeue.It pointsthedown-
targetof theobjectto thedroptargetof thelink, drpT_ , if theobjectis defined,or to thenullAgent_ in thesimulator. It
alsosignalseachconnectorin thelink thatthelink is now dynamic.

Most connectorsignorethis signalto be becomedynamic;theexceptionis DelayLink object. This objectwill normally
scheduleeachpacket it receivesfor receptionby the destinationnodeat the appropriatetime. Whenthe link is dynamic,
theobjectwill queueeachpacket internally; it schedulesonly oneeventfor thenext packet thatwill bedelivered,insteadof
oneeventperpacket normally. If thelink fails, theroutemodelwill signala reset , at which point, theshadow objectwill
executeits resetinstproc-like,andflushall packetsin its internalqueue.AdditionaldetailsabouttheDelayLinkcanbefound
in anotherchapter(Chapter8).

25.4 Deficenciesin the Curr ent Network DynamicsAPI

Therearea numberof deficenciesin thecurrentAPI thatshouldbechangedin thenext iteration:

1. Thereis noway to specifya clusterof nodesor links thatbehave in lock-stepdynamicsynchrony.

2. Nodefailureshouldbedealtwith asits own mechanism,ratherthana secondgradecitizenof link failure. This shows
up in a numberof situations,suchas:

(a) Themethodof emulatingnodefailureasthe failureof the incidentlinks is broken. Ideally, nodefailureshould
causeall agentsincidenton thenodeto bereset.

(b) Thereis no tracingassociatedwith nodefailure.

3. If two distinctroutemodelsareappliedto two separatelinks incidentonacommonnode,andthetwo links experience
a topologychangeat thesameinstant,thenthenodewill benotifiedmorethanonce.

25.5 Commandsat a glance

Following is a list of commandsusedto simulatedynamicscenariosin ns:
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$ns_ rtmodel <model> <model-params> <args>
This commanddefinesthedynamicmodel(currentlyimplementedmodelsare:Deterministic,Exponential,Manualor
Trace)to beappliedto nodesandlinks in thetopology. Thefirst two argumentsconsistsof thertmodelandtheparameterto
configurethemodel.<args>standsfor differenttypeof argumentsexpectedwith differentdynamicmodeltypes.This
returnsahandleto amodelobjectcorrespondingto thespecifiedmodel.

{ In theDeterministicmodel<model-params>is <start-time>,<up-interval>,<down-interval>,<finish-time>.Starting
from start-timethelink is madeup for up-interval anddown for down-interval till finish-timeis reached.Thedefault
valuesfor start-time,up-interval, downinterval are0.5s,2.0s,1.0srespectively. finishtimedefaultsto theendof the
simulation.Thestart-timedefaultsto 0.5sin orderto let theroutingprotocolcomputationquiesce.

{ If theExponentialmodelis usedmodel-paramsis of theform <up-interval>,<down-interval>wherethelink up-time
is anexponentialdistributionaroundthemeanupinterval andthelink down-timeis anexponentialdistributionaround
themeandown-interval. Default valuesfor up-interval anddown-interval are10sand1srespectively.

{ If theManualdistribution is usedmodel-paramsis <at><op>whereat specifiesthetime at which theoperationop
shouldoccur. op is oneof up,down. TheManualdistributioncouldbespecifiedalternatelyusingthertmodel-at
methoddescribedlaterin thesection.

{ If Traceis specifiedasthemodelthelink/nodedynamicsis readfrom aTracefile.Themodel-paramsargumentwould
in this casebethefile-handleof theTracefilethathasthedynamicsinformation.Thetracefileformatis identicalto the
traceoutputgeneratedby thetrace-dynamicslink method(seeTRACEAND MONITORINGMETHODSSECTION).

$ns_ rtmodel-delete <model>
This commandtakesthehandleof theroutemodel<model>asanargument,removesit from thelist of rtmodelsmaintained
by simulatoranddeletesthemodel.

$ns_ rtmodel-at <at> <op> <args>
This commandis a specialinterfaceto theManualmodelof network dynamics.It takesthetime <at>,typeof operation
<op>andnodeor link onwhich to applytheoperation<args>asthearguments.At time<at>,theoperation<op>which
maybeupor down is appliedto a nodeor link.

$rtmodel trace <ns> <f> <optional:op>
This enablestracingof dynamicseffectedby thismodelin thelinks. <ns>is aninstanceof thesimulator, <f> theoutputfile
to write thetracesto and<op>is anoptionalargumentthatmaybeusedto definea typeof operation(likenam).This is a
wrapperfor theclassLink proceduretrace-dynamics .

$link trace-dynamics <ns> <f> <optional:op>
This is a classlink instanceprocedurethatis usedto setuptracingof dynamicsin thatparticularlink. Theargumentsare
sameasthatof classrtModel’sproceduretrace describedabove.

$link dynamic
This commandinsertsaDynamicLinkobjectat theheadof thequeueandsignalsto all connectorsin thelink thatthelink is
now dynamic.

Internalprocedures:
$ns_ rtmodel-configure
This is aninternalprocedurethatconfiguresall dynamicmodelsthatarepresentin thelist of modelsmaintainedby the
simulator.
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Chapter 26

Hierar chical Routing

This chapterdescribesthe internalsof hierarchicalrouting implementedin ns. This chapterconsistsof two sections.In the
first sectionwe give an overview of hierarchicalrouting. In the secondsectionwe walk throughthe API’s usedfor setting
hierarchicalroutinganddescribethearchitecture,internalsandcodepathfor hier rtg in theprocess.

The functions and proceduresdescribedin this chaptercan be found in ~ns/tcl/lib/ns-hiernode.tcl,tcl/lib/ns-address.tcl,
tcl/lib/ns-route.tclandroute.cc.

26.1 Overview of Hierar chical Routing

Hierarchicalroutingwasmainlydevised,amongotherthings,to reducememoryrequirementsof simulationsoververy large
topologies.A topologyis brokendown into several layersof hierarchy, thusdownsizingtherouting table. Thetablesizeis
reducedfrom � ¡

, for flat routing, to aboutlog n for hierarchicalrouting. However someoverheadcostsresultsasnumber
of hierarchylevelsareincreased.Optimumresultswerefound for 3 levelsof hierarchyandthe currentns implementation
supportsuptoa maximumof 3 levelsof hierarchicalrouting.

To beableto usehierarchicalroutingfor thesimulations,we needto definethehierarchyof thetopologyaswell asprovide
thenodeswith hierarchicaladdressing.In flat routing,everynodeknowsabouteveryothernodein thetopology, thusresulting
in routing tablesizeto the orderof � ¡

. For hierarchicalrouting,eachnodeknows only aboutthosenodesin its level. For
all otherdestinationsoutsideits level it forwardsthepacketsto theborderrouterof its level. Thustheroutingtablesizegets
downsizedto theorderof aboutlog n.

26.2 Usageof Hierar chical routing

Hierarchicalroutingrequiressomeadditionalfeaturesandmechanismsfor thesimualtion.For example,a new nodeobject
calledHierNodeis beendefinedfor hierrtg. Thereforetheusermustspecifyhierarchicalroutingrequirementsbeforecreating
topology. This is doneasshown below:

First, theaddressformat( ) or theaddressspaceusedfor nodeandport address,needsto besetin thehierarchicalmode.It
maybedonein oneof thetwo ways:

set ns [new Simulator]
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$ns set-address-format hierarchical

This setsthenodeaddressspaceto a3 level hierarchyassigning8 bits in eachlevel.

or,

$ns set-address-format hierarchical <n hierarchy levels> <# bits in
level 1> ...<# bits in nth level>

which createsa nodeaddressspacefor n levelsof hierarchyassigningbits asspecifiedfor every level.

ThisotherthancreatingahierarchicaladdressspacealsosetsaflagcalledEnableHierRt_andsetstheSimulatorclassvariable
node_factory_to HierNode.Thereforewhennodesarecreatedby callingSimulatormethod“node” asin :

$nsnode0.0.1,a HierNodeis createdwith anaddressof 0.0.1;

ClassAddrParamsis usedto storethe topologyhierarchylike numberof levelsof hierarchy, numberof areasin eachlevel
like numberof domains,numberof clustersandnumberof nodesin eachcluster.

TheAPI for supplyingtheseinformationto AddrParamsis shown below:

AddrParams set domain_num_ 2
lappend cluster_num 2 2
AddrParams set cluster_num_ $cluster_num
lappend eilastlevel 2 3 2 3
AddrParams set nodes_num_ $eilastlevel

Thisdefinesa topologywith 2 domains,sayD1 andD2 with 2 clusterseach(C11& C12in D1 andC21& C22in D2). Then
numberof nodesin eachof these4 clustersis specifiedas2,3,2and3 respectively.

Thedefaultvaluesusedby AddrParamsprovidea topologywith asingledomainwith 4 clusters,with eachclusterconsisting
of 5 nodes.

Appropriatemaskandshift valuesaregeneratedby AddrParamsfor thehierarchicalnodeaddressspace.

EachHierNodeat thetime of its creationcalls themethod‘mk-default-classifier” to setupn numbersof addressclassifiers
for n levelsof hierarchydefinedin thetopology.

HierNode instproc mk-default-classifier
$self instvar np_ id_ classifiers_ agents_ dmux_ neighbor_ address_
# puts "id=$id_"
set levels [AddrParams set hlevel_]
for set n 1 $n <= $levels incr n

set classifiers_($n) [new Classifier/Addr]
$classifiers_($n) set mask_ [AddrParams set NodeMask_($n)]
$classifiers_($n) set shift_ [AddrParams set NodeShift_($n)]

At the time of routecomputation,a call is madeto add-hrouteinsteadof the conventionaladd-routeusedfor flat-routing.
Add-hroutepopulatesclassifiersasshown in theotcl methodbelow:
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HierNode instproc add-hroute dst target
$self instvar classifiers_ rtsize_
set al [$self split-addrstr $dst]
set l [llength $al]
for set i 1 $i <= $l incr i

set d [lindex $al [expr $i-1]]
if $i == $l

$classifiers_($i) install $d $target
else

$classifiers_($i) install $d $classifiers_([expr $i + 1])

# increase the routing table size counter - keeps track of rtg
# table size for each node

set rtsize_ [expr $rtsize_ + 1]

For an exampleof 3 level of hierarchy, the level 1 classifierdemuxesfor domains,level 2 for all clustersinsidethe node’s
domainandfinally classifier3 demuxesfor all nodesin theparticularclusterthatthenodeitself resides.For sucha topology,
a HierNodewith addressof 0.1.2lookslike thefigurebelow:

Thusthe sizeof the routing tablesareconsiderablyreducedfrom � ¡
asseenfor flat routing whereeachnodehadto store

the next_hop info of all othernodesin the topology. Instead,for hierarchicalrouting, a given nodeneedsto know about
its neighboursin its own cluster, aboutthe all clustersin its domainand aboutall the domains. This saves on memory
consumptionaswell asrun-timefor thesimulationsusingseveralthousandsof nodesin their topology.

233



26.3 Creating largeHierar chical topologies

The previous sectiondescribesmethodsto createhierarchicaltopologiesby hand. However, there is a script available
in ns that converts Georgia-tech’s SGB-graphsinto ns compatiblehierarchicaltopologies. Pleaserefer to http://www-
mash.CS.Berkeley.EDU/ns/ns-topogen.htmlfor downloadingaswell asinstructionson usingthehierarchicalconverterpack-
age.

Seehier-rtg-10.tclandhier-rtg-100.tclin ~ns/tcl/ex for examplescriptsof hier routingon smallandlargetopologiesrespec-
tively.

26.4 Hierar chical Routing with SessionSim

Hierarchicalroutingmaybeusedin conjunctionwith Sessionsimulations(seeChapter33). Session-level simulationswhich
areusedfor runningmulticastsimulationsover very largetopologies,gainsadditionallyin termsof memorysavings if used
with hierarchicalrouting. Seesimulationscript~ns/tcl/ex/newmcast/session-hier.tcl for anexampleof sessionsimover hier
rtg.

26.5 Commandsat a glance

Following is a list of hierarchicalrouting/addressingrelatedcommandsusedin simulationscripts:

$ns_ set-address-format hierarchical
This commandwasusedto setuphierarchicaladdressingin ns. Howeverwith therecentchangesin nodeAPIs, this
commandhasbeenreplacedby
ns_ node-config -addressType hierarchical
This createsa default topologyof 3 levelsof hierarchy, assigning8 bits to eachlevel.

$ns_ set-address-format hierarchical <nlevels> <#bits in level1>....<#bits in level
n>
This commandcreatesa hierarchyof <nlevels>andassignsthebits in eachlevel asspecifiedin thearguments.

AddrParams set domain_num_ <n_domains>
AddrParams set cluster_num_ <n_clusters>
AddrParams set nodes_num_ <n_nodes>

TheaboveAPIs areusedto specifythehierarchicaltopology, i.e thenumberof domains,clustersandnodespresentin the
topology. Default valuesusedby AddrParams(i.e if nothingis specified)providea topologywith asingledomainwith 4
clusters,with eachclusterconsistingof 5 nodes.

Internalprocedures:
$Hiernode_ add-hroute <dst> <target>
This procedureis usedto addnext-hopentriesof a destination<dst>for agiven<target>.Sincehier-nodeshavemultiple
classifiers,onefor eachlevel of hierarchy, add-hroutepopulateshier-classifierscorrectlyandshouldbeusedin placeof
add-routeusedfor flat-routing.

$hiernode_ split-addrstr <str>
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This splitsup ahierarchicaladrressstring(saya.b.c) into a list of theaddressesat eachlevel (i.e, a,bandc).
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Chapter 27

UDP Agents

27.1 UDP Agents

UDP agentsare implementedin udp.{cc, h} . A UDP agentacceptsdatain variablesizechunksfrom an application,
andsegmentsthedataif needed.UDP packetsalsocontaina monotonicallyincreasingsequencenumberandanRTP times-
tamp.AlthoughrealUDP packetsdo not containsequencenumbersor timestamps,this sequencenumberdoesnot incur any
simulatedoverhead,andcanbeusefulfor tracefileanalysisor for simulatingUDP-basedapplications.

Thedefaultmaximumsegmentsize(MSS)for UDP agentsis 1000byte:

Agent/UDP set packetSize_ 1000 ;# maxsegmentsize

This OTcl instvar is boundto theC++ agentvariablesize_ .

ApplicationscanaccessUDPagentsvia thesendmsg () functionin C++,or via thesend or sendmsg methodsin OTcl, as
describedin section31.2.3.

Thefollowing is a simpleexampleof how aUDP agentmaybeusedin a program.In theexample,theCBRtraffic generator
is startedat time 1.0,at which time thegeneratorbeginsto periodicallycall theUDP agentsendmsg () function.

set ns [new Simulator]
set n0 [$ns node]
set n1 [$ns node]
$ns duplex-link $n0 $n1 5Mb 2ms DropTail

set udp0 [new Agent/UDP]
$ns attach-agent $n0 $udp0
set cbr0 [new Application/Traffic/CBR]
$cbr0 attach-agent $udp0
$udp0 set packetSize_ 536 ;# setMSSto 536bytes

set null0 [new Agent/Null]
$ns attach-agent $n1 $null0
$ns connect $udp0 $null0
$ns at 1.0 "$cbr0 start"
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27.2 Commandsat a glance

Thefollowing commandsareusedto setupUDP agentsin simulationscripts:

set udp0 [new Agent/UDP]
This createsaninstanceof theUDP agent.

$ns_ attach-agent <node> <agent>
This is a commoncommandusedto attachany <agent>to a given<node>.

$traffic-gen attach-agent <agent>
This aclassApplication/Traffic/<traffictype>methodwhich connectsthetraffic generatorto thegiven<agent>.For
example,if we wantto setupaCBR traffic flow for theudpagent,udp1,we giventhefollowing commands

set cbr1 [new Application/Traffic/CBR]
$cbr1 attach-agent $udp1

$ns_ connect <src-agent> <dst-agent>
This commandsetsup anend-to-endconnectionbetweentwo agents(at thetransportlayer).

$udp set packetSize_ <pktsize>
$udp set dst_addr_ <address>
$udp set dst_port_ <portnum>
$udp set class_ <class-type>
$udp set ttl_ <time-to-live>
..... etc

Theabovearedifferentparametervaluesthatmaybesetasshown abovefor udpagents.Thedefault valuescanbefoundin
ns/tcl/lib/ns-default.tcl.

For a typical exampleof settingupanUDP agentusedin a simulation,seetheabovesection27.1.
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Chapter 28

TCP Agents

Thissectiondescribestheoperationof theTCPagentsin ns. Therearetwo majortypesof TCPagents:one-wayagentsanda
two-way agent.One-wayagentsarefurthersubdividedinto a setof TCPsenders(which obey differentcongestionanderror
control techniques)andreceivers(“sinks”). Thetwo-wayagentis symmetricin thesensethatit representsbotha senderand
receiver. It is still underdevelopment.

The files describedin this sectionaretoo numerousto enumeratehere. Basicallyit coversmostfiles matchingthe regular
expression~ns/tcp*.{cc, h}.

Theone-wayTCPsendingagentscurrentlysupportedare:

{ Agent/TCP- a “tahoe”TCPsender
{ Agent/TCP/Reno- a “Reno” TCPsender
{ Agent/TCP/NewReno- Renowith amodification
{ Agent/TCP/Sack1- TCPwith selective repeat(followsRFC2018)
{ Agent/TCP/Vegas- TCPVegas
{ Agent/TCP/Fack- RenoTCPwith “forwardacknowledgment”

Theone-wayTCPreceiving agentscurrentlysupportedare:

{ Agent/TCPSink- TCPsinkwith oneACK perpacket
{ Agent/TCPSink/DelAck- TCPsinkwith configurabledelayperACK
{ Agent/TCPSink/Sack1- selectiveACK sink (followsRFC2018)
{ Agent/TCPSink/Sack1/DelAck- Sack1with DelAck

Thetwo-wayexperimentalsendercurrentlysupportsonly a Renoform of TCP:

{ Agent/TCP/FullTcp

The sectioncomprisesthreeparts: the first part is a simpleoverview andexampleof configuringthe baseTCP send/sink
agents(thesink requiresno configuration).Thesecondpartdescribesthe internalsof thebasesendagent,andlastpart is a
descriptionof theextensionsfor theothertypesof agentsthathavebeenincludedin thesimulator.
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28.1 One-Way TCP Senders

Thesimulatorsupportsseveralversionsof anabstractedTCPsender. Theseobjectsattemptto capturetheessenceof theTCP
congestionanderrorcontrolbehaviors,but arenot intendedto befaithful replicasof real-world TCPimplementations.They
do not containa dynamicwindow advertisement,they do segmentnumberandACK numbercomputationsentirelyin packet
units,thereis no SYN/FIN connectionestablishment/teardown, andno datais ever transferred(e.g. no checksumsor urgent
data).

28.1.1 The BaseTCP Sender(TahoeTCP)

The “Tahoe”TCP agentAgent/TCP performscongestioncontrol andround-trip-timeestimationin a way similar to the
versionof TCP releasedwith the 4.3BSD“Tahoe” UN’X systemreleasefrom UC Berkeley. The congestionwindow is
increasedby onepacketpernew ACK receivedduringslow-start(when µ��7�w¦ _ ¶¤­k­c�@·E�.§I­I· _) andis increasedby �¸z¹yº�» _ for
eachnew ACK receivedduringcongestionavoidance(when µ��7�w¦ _ ¼¤­I­c�@·
�.§.­I· _).

Responsesto Congestion TahoeTCPassumesa packet hasbeenlost (dueto congestion)whenit observesNUMDUPACKS
(definedin tcp.h , currently3) duplicateACKs,or whenaretransmissiontimerexpires.In eithercase,TahoeTCPreactsby
settingssthresh_ to half of thecurrentwindow size(theminimumof cwnd_ andwindow_ ) or 2, whichever is larger. It
theninitializescwnd_ backto thevalueof windowInit_ . Thiswill typically causetheTCPto enterslow-start.

Round-Trip Time Estimation and RTO Timeout Selection Four variablesare usedto estimatethe round-trip time
andset the retransmissiontimer: rtt_, srtt_, rttvar_, tcpTick_, and backoff_ . TCP initializes rttvar
to ²�½.�sµ�¾E¿7À�µd� _ andbackoff to 1. Whenany future retransmissiontimer is set, it’s timeout is set to the currenttime plusÁÃÂ.Ä �)�����X�,Å�´�Æ�Å¥�I��~+Ç�´�� seconds,where � is thecurrentbackoff value, � is thevalueof tcpTick, � is thevalueof srtt, and Æ
is thevalueof rttvar.

Round-triptimesamplesarrivewith new ACKs. TheRTT sampleis computedasthedifferencebetweenthecurrenttimeand
a “time echo”field in theACK packet. Whenthefirst sampleis taken,its valueis usedastheinitial valuefor srtt_ . Half
thefirst sampleis usedastheinitial valuefor rttvar_ . For subsequentsamples,thevaluesareupdatedasfollows:

­c�I���2� ¯
®ÉÈ ­c�k���$Å �

®ÉÈ ­k��ÊË¾>ÌX§

�I����Æ^���,� ²
´ÍÈ �I����Æ^���ÎÅ �

´ÍÈ
Ï ­k��ÊQ¾ÐÌX§p�Í­c�k��� Ï

28.1.2 Configuration

RunninganTCPsimulationrequirescreatingandconfiguringtheagent,attachinganapplication-level datasource(a traffic
generator),andstartingtheagentandthetraffic generator.

28.1.3 SimpleConfiguration

Creating the Agent
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set ns [new Simulator] ;# preambleinitialization
set node1 [$ns node] ;# agentto resideon this node
set node2 [$ns node] ;# agentto resideon this node

set tcp1 [$ns create-connection TCP $node1 TCPSink $node2 42]
$tcp set window_ 50 ;# configuretheTCPagent

set ftp1 [new Application/FTP]
$ftp1 attach-agent $tcp1

$ns at 0.0 "$ftp start"

This exampleillustratestheuseof thesimulatorbuilt-in functioncreate-connection . Theargumentsto this function
are: thesourceagentto create,thesourcenode,thetargetagentto create,thetargetnode,andtheflow ID to beusedon the
connection.The function operatesby creatingthe two agents,settingthe flow ID fields in the agents,attachingthe source
andtargetagentsto their respective nodes,andfinally connectingtheagents(i.e. settingappropriatesourceanddestination
addressesandports).Thereturnvalueof thefunctionis thenameof thesourceagentcreated.

TCP Data Source The TCP agentdoesnot generateany applicationdataon its own; instead,the simulationusercan
connectany traffic generationmoduleto theTCPagentto generatedata.Two applicationsarecommonlyusedfor TCP:FTP
andTelnet. FTPrepresentsa bulk datatransferof largesize,andtelnetchoosesits transfersizesrandomlyfrom tcplib (see
thefile tcplib-telnet.cc . Detailson configuringtheseapplicationsourceobjectsarein Section31.4.

28.1.4 Other Configuration Parameters

In additionto thewindow_ parameterlistedabove, theTCPagentsupportsadditionalconfigurationvariables.Eachof the
variablesdescribedin this subsectionis botha classvariableandan instancevariable.Changingtheclassvariablechanges
thedefaultvaluefor all agentsthatarecreatedsubsequently. Changingtheinstancevariableof a particularagentonly affects
thevaluesusedby thatagent.For example,

Agent/TCP set window_ 100 ;# Changestheclassvariable
$tcp set window_ 2.0 ;# Changeswindow_for the$tcpobjectonly

Thedefault parametersfor eachTCPagentare:

Agent/TCP set window_ 20 ;# maxboundon windowsize
Agent/TCP set windowInit_ 1 ;# initial/r esetvalueof cwnd
Agent/TCP set windowOption_ 1 ;# congavoidalgorithm(1: standard)
Agent/TCP set windowConstant_ 4 ;# usedonly whenwindowOption!= 1
Agent/TCP set windowThresh_ 0.002 ;# usedin computingaveragedwindow
Agent/TCP set overhead_ 0 ;# !=0 addsrandomtimebetweensends
Agent/TCP set ecn_ 0 ;# TCPshouldreactto ecnbit
Agent/TCP set packetSize_ 1000 ;# packetsizeusedbysender(bytes)
Agent/TCP set bugFix_ true ;# seeexplanation
Agent/TCP set slow_start_restart_ true ;# seeexplanation
Agent/TCP set tcpTick_ 0.1 ;# timergranulatiry in sec(.1 is NONSTANDARD)
Agent/TCP set maxrto_ 64 ;# boundon RTO (seconds)
Agent/TCP set dupacks_ 0 ;# duplicateACK counter
Agent/TCP set ack_ 0 ;# highestACK received
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Agent/TCP set cwnd_ 0 ;# congestionwindow(packets)
Agent/TCP set awnd_ 0 ;# averagedcwnd(experimental)
Agent/TCP set ssthresh_ 0 ;# slow-statthreshold(packets)
Agent/TCP set rtt_ 0 ;# rtt sample
Agent/TCP set srtt_ 0 ;# smoothed(averaged)rtt
Agent/TCP set rttvar_ 0 ;# meandeviationof rtt samples
Agent/TCP set backoff_ 0 ;# currentRTO backoff factor
Agent/TCP set maxseq_ 0 ;# max(packet)seqnumbersent

For many simulations,few of theconfigurationparametersarelikely to requiremodification.Themorecommonlymodified
parametersinclude: window_ andpacketSize_ . Thefirst of theseboundsthe window TCP uses,andis consideredto
play theroleof thereceiver’sadvertisedwindow in real-world TCP(althoughit remainsconstant).Thepacketsizeessentially
functionslike the MSS sizein real-world TCP. Changesto theseparameterscanhave a profoundeffect on the behavior of
TCP. Generally, thoseTCPswith largerpacket sizes,biggerwindows,andsmallerroundtrip times(a resultof thetopology
andcongestion)aremoreagressive in acquiringnetwork bandwidth.

28.1.5 Other One-Way TCP Senders

Reno TCP TheRenoTCP agentis very similar to the TahoeTCP agent,exceptit alsoincludesfast recovery, wherethe
currentcongestionwindow is “inflated” by the numberof duplicateACKs the TCP senderhasreceivedbeforereceiving a
new ACK. A “new ACK” refersto any ACK with avaluehigherthanthehigestseensofar. In addition,theRenoTCPagent
doesnot returnto slow-startduringafastretransmit.Rather, it reducessetsthecongestionwindow to half thecurrentwindow
andresetsssthresh_ to matchthis value.

NewRenoTCP This agentis basedon the RenoTCP agent,but which modifiesthe action taken when receiving new
ACKS. In order to exit fast recovery, the sendermust receive an ACK for the highestsequencenumbersent. Thus,new
“partial ACKs” (thosewhich representnew ACKs but do not representan ACK for all outstandingdata)do not deflatethe
window (andpossiblyleadto a stall,characteristicof Reno).

VegasTCP Thisagentimplements“Vegas”TCP([4, 5]). It wascontributedby TedKuo.

SackTCP This agentimplementsselective repeat,basedon selective ACKs providedby thereceiver. It follows theACK
schemedescribedin [14], andwasdevelopedwith Matt MathisandJamshidMahdavi.

Fack TCP This agentimplements“forwardACK” TCP, a modificationof SackTCPdescribedin [13].

28.2 TCP Receivers (sinks)

TheTCPsendersdescribedaboverepresentone-waydatasenders.They mustpeerwith a “TCP sink” object.

242



28.2.1 The BaseTCP Sink

ThebaseTCPsink object(Agent/TCPSink ) is responsiblefor returningACKs to a peerTCPsourceobject. It generates
oneACK per packet received. The sizeof the ACKs may be configured.The creationandconfigurationof the TCP sink
objectis generallyperformedautomaticallyby a library call (seecreate-connection above).

configuration parameters

Agent/TCPSink set packetSize_ 40

28.2.2 Delayed-ACK TCP Sink

A delayed-ACK sink object(Agent/Agent/TCPSink/DelAck ) is availablefor simulatinga TCP receiver that ACKs
lessthanonceperpacket received.Thisobjectcontainsaboundvariableinterval_ whichgivesthenumberof secondsto
wait betweenACKs. ThedelayedACK sink implementsanagressive ACK policy wherebyonly ACKs for in-orderpackets
aredelayed.Out-of-orderpacketscauseimmediateACK generation.

configuration parameters

Agent/TCPSink/DelAck set interval_ 100ms

28.2.3 SackTCP Sink

Theselective-acknowledgmentTCPsink (Agent/TCPSink/Sack1 ) implementsSACK generationmodeledafterthede-
scription of SACK in RFC 2018. This object includesa boundvariablemaxSackBlocks_ which gives the maximum
numberof blocksof informationin anACK availablefor holdingSACK information.Thedefaultvaluefor thisvariableis 3,
in accordancewith theexpecteduseof SACK with RTTM (seeRFC2018,section3). Delayedandselective ACKs together
areimplementedby anobjectof typeAgent/TCPSink/Sack1/DelAck .

configuration parameters

Agent/TCPSink set maxSackBlocks_ 3

28.3 Two-Way TCP Agents(FullTcp)

TheAgent/TCP/FullTcp objectis a new additionto thesuiteof TCPagentssupportedin thesimulatorandis still under
development.It is differentfrom (andincompatiblewith) the otheragents,but doesusesomeof the samearchitecture.It
differsfrom theseagentsin thefollowing ways:following ways:

{ connectionsmaybeestablisedandtown down (SYN/FIN packetsareexchanged)
{ bidirectionaldatatransferis supported

243



{ sequencenumbersarein bytesratherthanpackets

Thegenerationof SYN packets(andtheir ACKs) canbeof critical importancein trying to modelreal-world behavior when
usingmany veryshortdatatransfers.Thisversionof TCPcurrentlydefaultsto sendingdataonthe3rdsegmentof aninitial 3-
way handshake,a behavior somewhatdifferentthancommonreal-world TCPimplementations.A “typical” TCPconnection
proceedswith anactiveopenersendingaSYN, thepassiveopenerrespondingwith aSYN+ACK, theactiveopenerresponding
with anACK, andthensometimelatersendingthefirst segmentwith data(correspondingto thefirst applicationwrite). Thus,
this versionof TCPsendsdataat a time somewhatearlierthantypical implementations.This TCPcanalsobeconfiguredto
senddataon theinitial SYN segment.Futurechangesto FullTCPmayincludea modificationto sendthefirst datasegment
later, andpossiblyto implementT/TCPfunctionality.

CurrentlyFullTCPis only implementedwith Renocongestioncontrol,but ultimatelyit shouldbeavailablewith thefull range
of congestioncontrolalgorithms(e.g.,Tahoe,SACK, Vegas,etc.).

28.3.1 SimpleConfiguration

Runningan Full TCP simulationrequirescreatingandconfiguringthe agent,attachingan application-level datasource(a
traffic generator),andstartingtheagentandthetraffic generator.

Creating the Agent

# setup connection(donot use"create-connection"methodbecause
# weneeda handleon thesinkobject)
set src [new Agent/TCP/FullTcp] ;# createagent
set sink [new Agent/TCP/FullTcp] ;# createagent
$ns_ attach-agent $node_(s1) $src ;# bind src to node
$ns_ attach-agent $node_(k1) $sink ;# bindsinkto node
$src set fid_ 0 ;# setflow ID field
$sink set fid_ 0 ;# setflow ID field
$ns_ connect $src $sink ;# activeconnectionsrc to sink

# setup TCP-level connections
$sink listen ;# will figureoutwhoits peeris
$src set window_ 100;

The creationof the FullTcp agentis similar to the otheragents,but the sink is placedin a listeningstateby the listen
method.Becausea handleto thereceiving sideis requiredin orderto make this call, thecreate-connection call used
abovecannotbeused.

Configuration Parameters Thefollowing configurationparametersareavailablethroughTcl for theFullTcp agent:

Agent/TCP/FullTcp set segsperack_ 1 ;# segsreceivedbeforegeneratingACK
Agent/TCP/FullTcp set segsize_ 536 ;# segmentsize(MSSsizefor bulk xfers)
Agent/TCP/FullTcp set tcprexmtthresh_ 3 ;# dupACKsthreshto trigger fastrexmt
Agent/TCP/FullTcp set iss_ 0 ;# initial sendsequencenumber
Agent/TCP/FullTcp set nodelay_ false ;# disablesender-sideNaglealgorithm
Agent/TCP/FullTcp set data_on_syn_ false ;# senddataon initial SYN?
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Agent/TCP/FullTcp set dupseg_fix_ true ;# avoidfastrxt dueto dupsegs+acks
Agent/TCP/FullTcp set dupack_reset_ false ;# resetdupACK ctr on!0 lendatasegscontainingdupACKs
Agent/TCP/FullTcp set interval_ 0.1 ;# asin TCPabove,(100msis non-std)

28.4 Ar chitecture and Inter nals

The baseTCP agent(classAgent/TCP ) is constructedasa collectionof routinesfor sendingpackets,processingACKs,
managingthesendwindow, andhandlingtimeouts.Generally, eachof theseroutinesmaybeover-riddenby a functionwith
thesamenamein a derivedclass(this is how many of theTCPsendervariantsareimplemented).

The TCP header TheTCPheaderis definedby thehdr_tcp structurein thefile ~ns/tcp.h. Thebaseagentonly makes
useof thefollowing subsetof thefields:

ts_ /* currenttimepacketwassentfromsource*/
ts_echo_ /* for ACKs: timestampfield frompacketassociatedwith this ACK */
seqno_ /* sequencenumberfor thisdatasegmentor ACK (Note:overloading!)*/
reason_ /* setbysenderwhen(re)transmittingto tracereasonfor send*/

Functions for SendingData NotethatgenerallythesendingTCPneveractuallysendsdata(it only setsthepacketsize).

send_much(force,reason,maxburst) - this functionattemptsto sendasmany packetsasthecurrentsentwindow allows. It
alsokeepstrackof how many packetsit hassent,andlimits to thetotal to maxburst.
The function output(seqno, reason) sendsonepacket with the givensequencenumberandupdatesthe maximum
sentsequencenumbervariable(maxseq_ ) to hold thegivensequencenumberif it is thegreatestsentsofar. This function
alsoassignsthevariousfields in theTCPheader(sequencenumber, timestamp,reasonfor transmission).This functionalso
setsa retransmissiontimer if oneis not alreadypending.

Functions for Window Management Theusablesendwindow at any time is givenby the functionwindow(). It returns
theminimumof thecongestionwindow andthevariablewnd_, which representsthereceiver’sadvertisedwindow.

opencwnd() - this function opensthe congestionwindow. It is invoked when a new ACK arrives. When in slow-start,
the function merelyincrementscwnd_ by eachACK received. Whenin congestionavoidance,the standardconfiguration
incrementscwnd_ by its reciprocal.Otherwindow growth optionsaresupportedduringcongestionavoidance,but they are
experimental(andnot documented;contactSallyFloyd for details).

closecwnd(inthow) - this functionreducesthecongestionwindow. It maybe invoked in severalways: whenenteringfast
retransmit,dueto a timer expiration,or dueto a congestionnotification(ECN bit set). Its argumenthow indicateshow the
congestionwindow shouldbereduced.Thevalue0 is usedfor retransmissiontimeoutsandfastretransmitin TahoeTCP. It
typically causestheTCPto enterslow-startandreducessthresh_ to half thecurrentwindow. Thevalue1 is usedby Reno
TCP for implementingfast recovery (which avoids returningto slow-start). The value2 is usedfor reducingthe window
dueto anECN indication. It resetsthecongestionwindow to its initial value(usuallycausingslow-start),but doesnot alter
ssthresh_ .

Functions for ProcessingACKs recv() - this function is the main receptionpathfor ACKs. Note thatbecauseonly one
directionof dataflow is in use,this functionshouldonly everbeinvokedwith apureACK packet (i.e. nodata).Thefunction
storesthe timestampfrom theACK in ts_peer_ , andchecksfor thepresenceof theECN bit (reducingthesendwindow
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if appropriate).If theACK is a new ACK, it callsnewack(), andotherwisechecksto seeif it is a duplicateof thelastACK
seen.If so,it entersfastretransmitby closingthewindow, resettingtheretransmissiontimer, andsendingapacketby calling
send_much .

newack()- thisfunctionprocessesa“new” ACK (onethatcontainsanACK numberhigherthanany seensofar). Thefunction
setsa new retransmissiontimer by calling newtimer(), updatestheRTT estimationby calling rtt_update, andupdatesthe
highestandlastACK variables.

Functions for Managing the RetransmissionTimer Thesefunctionsserve two purposes:estimatingtheround-triptime
andsettingthe actualretransmissiontimer. rtt_init - this function initializes srtt_ andrtt_ to zero,setsrttvar_ to
²�½.�sµ�¾ _��Àzµc� _, andsetsthebackoff multiplier to one.

rtt_timeout - this functiongivesthetimeoutvaluein secondsthatshouldbeusedto schedulethenext retransmissiontimer.
It computesthis basedon thecurrentestimatesof themeananddeviation of theround-triptime. In addition,it implements
Karn’sexponentialtimerbackoff for multiple consecutiveretransmissiontimeouts.

rtt_update - thisfunctiontakesasargumentthemeasuredRTT andaveragesit in to therunningmeananddeviationestimators
accordingto thedescriptionabove. Notethat t_srtt_ andt_rttvar arebothstoredin fixed-point(integers).They have
3 and2 bits, respectively, to theright of thebinarypoint.

reset_rtx_timer - This functionis invokedduringfastretransmitor duringatimeout.It setsaretransmissiontimerby calling
set_rtx_timer andif invokedby a timeoutalsocallsrtt_backoff .

rtt_backoff - this functionbacksoff theretransmissiontimer (by doublingit).

newtimer - this function calledonly whena new ACK arrives. If the sender’s left window edgeis beyond the ACK, then
set_rtx_timer is called,otherwiseif a retransmissiontimer is pendingit is cancelled.

28.5 Tracing TCP Dynamics

Thebehavior of TCP is oftenobservedby constructinga sequencenumber-vs-timeplot. Typically, a traceis performedby
enablingtracingon a link overwhich theTCPpacketswill pass.Two tracemethodsaresupported:thedefault one(usedfor
tracingTCPagents),andanextensionusedonly for FullTcP.

28.6 One-Way TraceTCP TraceDynamics

TCPpacketsgeneratedby oneof theone-way TCPagentsanddestinedfor a TCPsink agentpassingovera tracedlink (see
section21) will generatea tracefile linesof theform:

+ 0.94176 2 3 tcp 1000 ------ 0 0.0 3.0 25 40
+ 0.94276 2 3 tcp 1000 ------ 0 0.0 3.0 26 41
d 0.94276 2 3 tcp 1000 ------ 0 0.0 3.0 26 41
+ 0.95072 2 0 ack 40 ------ 0 3.0 0.0 14 29
- 0.95072 2 0 ack 40 ------ 0 3.0 0.0 14 29
- 0.95176 2 3 tcp 1000 ------ 0 0.0 3.0 21 36
+ 0.95176 2 3 tcp 1000 ------ 0 0.0 3.0 27 42
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Theexactformatof this tracefile is givenin section21.4. WhentracingTCP, packetsof type tcp or ack arerelevant. Their
type,size,sequencenumber(acknumberfor ackpackets),andarrival/depart/droptime aregivenby field positions5, 6, 11,
and2, respectively. The + indicatesa packet arrival, d a drop, and - a departure.A numberof scriptsprocessthis file to
producegraphicaloutputor statisticalsummaries(see,for example,~ns/test-suite.tcl,thefinish procedure.

28.7 One-Way TraceTCP TraceDynamics

TCP packetsgeneratedby FullTcp andpassingover a tracedlink containadditionalinformationnot displayedby default
usingthe regular traceobject. By enablingtheflag show_tcphdr_ on thetraceobject(seesectionrefsec:traceformat),3
additionalheaderfieldsarewritten to thetracefile: acknumber, tcp-specificflags,andheaderlength.

28.8 Commandsat a glance

Thefollowing is a list of commandsusedto setup/manipulateTCPflowsfor simulations:

set tcp0 [new Agent/TCP]
This createsaninstanceof a TCPagent.Thereareseveralflavorsof TCP-senderandTCP-receiver (or sink) agentcurrently
implementedin ns.TCP-senderscurrentlyavailableare:Agent/TCP, Agent/TCP/Reno,Agent/TCP/NewReno,
Agent/TCP/Sack1,Agent/TCP/Vegas,Agent/TCP/Fack.
TCP-receiverscurrentlyavailableare:Agent/TCPSink,Agent/TCPSink/DelAck,Agent/TCPSink/Sack1,
Agent/TCPSink/Sack1/DelAck.
Thereis alsoa two-way implementationof tcpcalledAgent/TCP/FullTcp.For detailson thedifferentTCPflavorsseeearlier
sectionsof thischapter.

Configurationparametersfor TCPflowsmaybesetasfollows:
$tcp set window_ <wnd-size>
For all possibleconfigurationparametersavailablefor TCPseesection28.1.4.Thedefault configurationvaluescanalsobe
foundin ns/tcl/lib/ns-default.tcl.

Following is anexampleof a simpleTCPconnectionsetup:

set tcp [new Agent/TCP] ;# createtcp agent
$ns_ attach-agent $node_(s1) $tcp ;# bind src to node
$tcp set fid_ 0 ;# setflow ID field
set ftp [new Application/FTP] ;# createftp traffic
$ftp attach-agent $tcp ;# bind ftp traffic to tcp agent
set sink [new Agent/TCPSink] ;# createtcpsinkagent
$ns_ attach-agent $node_(k1) $sink ;# bindsinkto node
$sink set fid_ 0 ;# setflow ID field
$ns_ connect $ftp $sink ;# activeconnectionsrc to sink
$ns_ at $start-time "$ftp start" ;# start ftp flow

For anexampleof settingup a full-tcp connectionseesection28.3.1.
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Chapter 29

Agent/SRM

Thischapterdescribestheinternalsof theSRMimplementationin ns. Thechapteris in threeparts:thefirst partis anoverview
of a minimal SRM configuration,anda “complete”descriptionof theconfigurationparametersof thebaseSRM agent.The
secondpartdescribesthearchitecture,internals,andthecodepathof thebaseSRM agent.The lastpartof thechapteris a
descriptionof theextensionsfor othertypesof SRMagentsthathavebeenattemptedto date.

Theproceduresandfunctionsdescribedin this chaptercanbefoundin ~ns/tcl/mcast/srm.tcl,~ns/tcl/mcast/srm-adaptive.tcl,
~ns/tcl/mcast/srm-nam.tcl,~ns/tcl/mcast/srm-debug.tcl,and~ns/srm.{cc,h}.

29.1 Configuration

RunninganSRM simulationrequirescreatingandconfiguringtheagent,attachinganapplication-level datasource(a traffic
generator),andstartingtheagentandthetraffic generator.

29.1.1 Tri vial Configuration

Creating the Agent

set ns [new Simulator] ;# preambleinitialization
$ns enableMcast
set node [$ns node] ;# agentto resideon this node
set group [$ns allocaddr] ;# multicastgroupfor this agent

set srm [new Agent/SRM]
$srm set dst_ $group ;# configuretheSRMagent
$ns attach-agent $node $srm

$srm set fid_ 1 ;# optionalconfiguration
$srm log [open srmStats.tr w] ;# log statisticsin this file
$srm trace [open srmEvents.tr w] ;# traceeventsfor this agent

Thekey stepsin configuringavirgin SRMagentareto assignits multicastgroup,andattachit to anode.
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Otherusefulconfigurationparametersareto assigna separateflow id to traffic originatingfrom this agent,to opena log file
for statistics,anda tracefile for tracedata1.

Thefile tcl/mcast/srm-nam.tcl containsdefinitionsthatoverloadtheagent’s send methods;this separatescontrol
traffic originating from the agentby type. Eachtype is allocateda separateflowID. The traffic is separatedinto session
messages(flowid = 40), requests(flowid = 41),andrepairmessages(flowid = 42). Thebaseflowid canbechangedby setting
globalvariablectrlFid to onelessthanthedesiredflowid beforesourcingsrm-nam.tcl . To dothis,thesimulationscript
mustsourcesrm-nam.tcl beforecreatingany SRMagents.This is usefulfor analysisof traffic traces,or for visualization
in nam.

Application Data Handling Theagentdoesnot generateany applicationdataon its own; instead,thesimulationusercan
connectany traffic generationmoduleto any SRM agentto generatedata. The following codedemonstrateshow a traffic
generationagentcanbeattachedto anSRMagent:

set packetSize 210
set exp0 [new Application/Traffic/Exponential] ;# configure traffic generator
$exp0 set packetSize_ $packetSize
$exp0 set burst_time_ 500ms
$exp0 set idle_time_ 500ms
$exp0 set rate_ 100k

$exp0 attach-agent $srm0 ;# attach applicationto SRMagent
$srm0 set packetSize_ $packetSize ;# to generaterepair packetsof appropriatesize
$srm0 set tg_ $exp0 ;# pointerto traffic generator object
$srm0 set app_fid_ 0 ;# fid valuefor packetsgeneratedby traffic generator

The usercanattachany traffic generatorto an SRM agent. The SRM agentwill addthe SRM headers,setthe destination
addressto the multicastgroup,anddeliver the packet to its target. The SRM headercontainsthe type of the message,the
identity of thesender, thesequencenumberof themessage,and(for controlmessages),theroundfor which this messageis
beingsent.Eachdataunit in SRMis identifiedas Ñ sender’s id, messagesequencenumberÒ .
The SRM agentdoesnot generateits own data;it doesnot alsokeeptrack of the datasent,exceptto recordthe sequence
numbersof messagesreceivedin theeventthat it hasto do errorrecovery. Sincetheagenthasno actualrecordof pastdata,
it needsto know whatpacket sizeto usefor eachrepairmessage.Hence,theinstancevariablepacketSize_ specifiesthe
sizeof repairmessagesgeneratedby theagent.

Starting the Agent and Traffic Generator Theagentandthetraffic generatormustbestartedseparately.

$srm start
$exp0 start

Alternatively, thetraffic generatorcanbestartedfrom theSRMAgent:

$srm0 start-source

At start , the agentjoins the multicastgroup,andstartsgeneratingsessionmessages.The start-source triggersthe
traffic generatorto startsendingdata.

1Notethatthetracedatacanalsobeusedto gathercertainkindsof tracedata.Wewill illustratethis later.
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29.1.2 Other Configuration Parameters

In additionto the above parameters,the SRM agentsupportsadditionalconfigurationvariables.Eachof the variablesde-
scribedin this sectionis both an OTcl classvariableandan OTcl object’s instancevariable. Changingthe classvariable
changesthe default valuefor all agentsthat arecreatedsubsequently. Changingthe instancevariableof a particularagent
only affectsthevaluesusedby thatagent.For example,

Agent/SRM set D1_ 2.0 ;# Changestheclassvariable
$srm set D1_ 2.0 ;# ChangesD1_ for theparticular $srmobjectonly

Thedefault requestandrepairtimerparameters[9] for eachSRMagentare:

Agent/SRM set C1_ 2.0 ;# requestparameters
Agent/SRM set C2_ 2.0
Agent/SRM set D1_ 1.0 ;# repair parameters
Agent/SRM set D2_ 1.0

It is thuspossibleto trivially obtaintwo flavorsof SRMagentsbasedonwhethertheagentsuseprobabilisticor deterministic
suppressionby usingthefollowing definitions:

Class Agent/SRM/Deterministic -superclass Agent/SRM
Agent/SRM/Deterministic set C2_ 0.0
Agent/SRM/Deterministic set D2_ 0.0

Class Agent/SRM/Probabilistic -superclass Agent/SRM
Agent/SRM/Probabilistic set C1_ 0.0
Agent/SRM/Probabilistic set D1_ 0.0

In a latersection(Section29.7),we will discussotherwaysof extendingtheSRMagent.

Timerrelatedfunctionsarehandledby separateobjectsbelongingto theclassSRM.Timersarerequiredfor lossrecoveryand
sendingperiodicsessionmessages.Therearelossrecoveryobjectsto sendrequestandrepairmessages.Theagentcreatesa
separaterequestor repairobjectto handleeachloss. In contrast,theagentonly createsonesessionobjectto sendperiodic
sessionmessages.Thedefaultclassestheexpresseachof thesefunctionsare:

Agent/SRM set requestFunction_ "SRM/request"
Agent/SRM set repairFunction_ "SRM/repair"
Agent/SRM set sessionFunction_ "SRM/session"

Agent/SRM set requestBackoffLimit_ 5 ;# parameterto requestFunction_
Agent/SRM set sessionDelay_ 1.0 ;# parameterto sessionFunction_

The instanceproceduresrequestFunction {}, repairFunction {}, and sessionFunction {} can be usedto
changethe default function for individual agents.The last two lines arespecificparametersusedby the requestandses-
sionobjects.Thefollowing section(Section29.2)describestheimplementationof thesesobjectsin greaterdetail.
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29.1.3 Statistics

Eachagenttrackstwo setsof statistics: statisticsto measurethe responseto dataloss, andoverall statisticsfor eachre-
quest/repair. In addition,therearemethodsto accessotherinformationfrom theagent.

Data Loss Thestatisticsto measuretheresponseto datalossestrackstheduplicaterequests(andrepairs),andtheaverage
request(andrepair)delay. Thealgorithmusedis documentedin Floyd etal[9]. In thisalgorithm,eachnew request(or repair)
startsa new request(or repair)period. During the request(or repair)period,the agentmeasuresthe numberof first round
duplicaterequests(or repairs)until the round terminateseitherdue to receiving a request(or repair),or due to the agent
sendingone.Thefollowing codeillustrateshow theusercansimpleretrieve thecurrentvaluesin anagent:

set statsList [$srm array get statistics_]
array set statsArray [$srm array get statistics_]

Thefirst form returnsalist of key-valuepairs.Thesecondform loadsthelist into thestatsArray for furthermanipulation.
Thekeysof thearrayaredup-req , ave-dup-req , req-delay , ave-req-delay , dup-rep , ave-dup-rep , rep-
delay , andave-rep-delay .

Overall Statistics In addition,eachlossrecoveryandsessionobjectkeepstrackof timesandstatistics.In particular, each
objectrecordsits startTime , serviceTime , distance , asarerelevant to thatobject;startTime is the time that this
objectwascreated,serviceTime is thetime for this objectto completeits task,andthedistanceis theone-way time to reach
theremotepeer.

For requestobjects,startTime is the time a packet loss is detected,serviceTime is the time to finally receive that packet,
anddistanceis the distanceto the original senderof the packet. For repairobjects,startTime is the time that a requestfor
retransmissionis received,serviceTime is thetimesendarepair, andthedistanceis thedistanceto theoriginal requester. For
both typesof objects,the serviceTime is normalizedby the distance.For the sessionobject,startTime is the time that the
agentjoins themulticastgroup.serviceTimeanddistancearenot relevant.

Eachobjectalsomaintainsstatisticsparticularto that typeof object.Requestobjectstrackthenumberof duplicaterequests
andrepairsreceived,thenumberof requestssent,andthenumberof timesthis objecthadto backoff beforefinally receiving
thedata.Repairobjectstrackthenumberof duplicaterequestsandrepairs,aswell aswhetheror not thisobjectfor thisagent
senttherepair. Sessionobjectssimply recordthenumberof sessionmessagessent.

Thevaluesof thetimersandthestatisticsfor eachobjectarewritten to the log file every time anobjectcompletestheerror
recovery functionit wastaskedto do. Theformatof this tracefile is:

Ñ prefix ÒVÑ id ÒVÑ times ÒVÑ stats Ò
where
Ñ prefix Ò is Ñ time Ò n Ñ node id Ò m Ñ msg id Ò r Ñ round Ò

Ñ msg id Ò is expressed as Ñ source id:sequence number Ò
Ñ id Ò is type Ñ of object Ò
Ñ times Ò is list of key-value pairs of startTime, serviceTime, distance
Ñ stats Ò is list of key-value pairs of per object statistics

dupRQST, dupREPR, #sent, backoff for request objects
dupRQST, dupREPR, #sent for repair objects
#sent for session objects

Thefollowing sampleoutputillustratestheoutputfile format(thelineshavebeenfoldedto fit on thepage):
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3.6274 n 0 m <1:1> r 1 type repair serviceTime 0.500222 \
startTime 3.5853553333333332 distance 0.0105 #sent 1 dupREPR 0 dupRQST 0

3.6417 n 1 m <1:1> r 2 type request serviceTime 2.66406 \
startTime 3.5542666666666665 distance 0.0105 backoff 1 #sent 1 dupREPR 0 dupRQST 0

3.6876 n 2 m <1:1> r 2 type request serviceTime 1.33406 \
startTime 3.5685333333333333 distance 0.021 backoff 1 #sent 0 dupREPR 0 dupRQST 0

3.7349 n 3 m <1:1> r 2 type request serviceTime 0.876812 \
startTime 3.5828000000000002 distance 0.032 backoff 1 #sent 0 dupREPR 0 dupRQST 0

3.7793 n 5 m <1:1> r 2 type request serviceTime 0.669063 \
startTime 3.5970666666666671 distance 0.042 backoff 1 #sent 0 dupREPR 0 dupRQST 0

3.7808 n 4 m <1:1> r 2 type request serviceTime 0.661192 \
startTime 3.5970666666666671 distance 0.0425 backoff 1 #sent 0 dupREPR 0 dupRQST 0

MiscellaneousInf ormation Finally, the usercanusethe following methodsto gatheradditionalinformationaboutthe
agent:

Ó groupSize? {} returnstheagent’scurrentestimateof themulticastgroupsize.

Ó distances? {} returnsa list of key-valuepairsof distances;the key is the addressof the agent,the value is the
estimateof thedistanceto thatagent.Thefirst elementis theaddressof thisagent,andthedistanceof 0.

Ó distance? {} returnsthedistanceto theparticularagentspecifiedasargument.

Thedefaultdistanceat thestartof any simulationis 1.

$srm(i) groupSize? ;# returns$srm(i)’sestimateof thegroupsize
$srm(i) distances? ;# returnslist of Ñ address,distanceÒ tuples
$srm(i) distance? 257 ;# returnsthedistanceto agentat address257

29.1.4 Tracing

Eachobjectwritesout traceinformationthatcanbeusedto tracktheprogressof theobjectin its errorrecovery. Eachtrace
entryis of theform:

Ñ prefix Ò¥Ñ tag Ò¥Ñ type of entry ÒVÑ values Ò

Theprefix is asdescribein theprevioussectionfor statistics.Thetagis Q for requestobjects,P for repairobjects,andS for
sessionobjects.Thefollowing typesof traceentriesandparametersarewrittenby eachobject:
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Typeof

Tag Object Othervalues Comments

Q DETECT

Q INTERVALS C1 Ô C1_Õ C2 Ô C2_Õ dist Ô distanceÕ i Ô backoff_ Õ
Q NTIMER at Ô timeÕ Time therequesttimerwill fire

Q SENDNACK

Q NACK IGNORE-BACKOFF Ô timeÕ Receive NACK, ignore other NACKs
until Ô timeÕ

Q REPAIR IGNORES Ô timeÕ Receive REPAIR, ignore NACKs until
Ô timeÕ

Q DATA Agent receives data insteadof repair.
Possiblyindicatesoutof orderarrival of
data.

P NACK from Ô requesterÕ Receive NACK, initiate repair

P INTERVALS D1 Ô D1_Õ D2 Ô D2_Õ dist Ô distanceÕ
P RTIMER at Ô timeÕ Time therepairtimer will fire

P SENDREP

P REPAIR IGNORES Ô timeÕ Receive REPAIR, ignore NACKs until
Ô timeÕ

P DATA Agentreceivesdatainsteadof repair. In-
dicatesprematurerequestby anagent.

S SESSION logssessionmessagesent

Thefollowing illustratesa typical tracefor a singlelossandrecovery.

3.5543 n 1 m <1:1> r 0 Q DETECT
3.5543 n 1 m <1:1> r 1 Q INTERVALS C1 2.0 C2 0.0 d 0.0105 i 1
3.5543 n 1 m <1:1> r 1 Q NTIMER at 3.57527
3.5685 n 2 m <1:1> r 0 Q DETECT
3.5685 n 2 m <1:1> r 1 Q INTERVALS C1 2.0 C2 0.0 d 0.021 i 1
3.5685 n 2 m <1:1> r 1 Q NTIMER at 3.61053
3.5753 n 1 m <1:1> r 1 Q SENDNACK
3.5753 n 1 m <1:1> r 2 Q INTERVALS C1 2.0 C2 0.0 d 0.0105 i 2
3.5753 n 1 m <1:1> r 2 Q NTIMER at 3.61727
3.5753 n 1 m <1:1> r 2 Q NACK IGNORE-BACKOFF3.59627
3.5828 n 3 m <1:1> r 0 Q DETECT
3.5828 n 3 m <1:1> r 1 Q INTERVALS C1 2.0 C2 0.0 d 0.032 i 1
3.5828 n 3 m <1:1> r 1 Q NTIMER at 3.6468
3.5854 n 0 m <1:1> r 0 P NACK from 257
3.5854 n 0 m <1:1> r 1 P INTERVALS D1 1.0 D2 0.0 d 0.0105
3.5854 n 0 m <1:1> r 1 P RTIMER at 3.59586
3.5886 n 2 m <1:1> r 2 Q INTERVALS C1 2.0 C2 0.0 d 0.021 i 2
3.5886 n 2 m <1:1> r 2 Q NTIMER at 3.67262
3.5886 n 2 m <1:1> r 2 Q NACK IGNORE-BACKOFF3.63062
3.5959 n 0 m <1:1> r 1 P SENDREP
3.5959 n 0 m <1:1> r 1 P REPAIR IGNORES 3.62736
3.5971 n 4 m <1:1> r 0 Q DETECT
3.5971 n 4 m <1:1> r 1 Q INTERVALS C1 2.0 C2 0.0 d 0.0425 i 1
3.5971 n 4 m <1:1> r 1 Q NTIMER at 3.68207
3.5971 n 5 m <1:1> r 0 Q DETECT
3.5971 n 5 m <1:1> r 1 Q INTERVALS C1 2.0 C2 0.0 d 0.042 i 1
3.5971 n 5 m <1:1> r 1 Q NTIMER at 3.68107
3.6029 n 3 m <1:1> r 2 Q INTERVALS C1 2.0 C2 0.0 d 0.032 i 2
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3.6029 n 3 m <1:1> r 2 Q NTIMER at 3.73089
3.6029 n 3 m <1:1> r 2 Q NACK IGNORE-BACKOFF3.66689
3.6102 n 1 m <1:1> r 2 Q REPAIR IGNORES 3.64171
3.6172 n 4 m <1:1> r 2 Q INTERVALS C1 2.0 C2 0.0 d 0.0425 i 2
3.6172 n 4 m <1:1> r 2 Q NTIMER at 3.78715
3.6172 n 4 m <1:1> r 2 Q NACK IGNORE-BACKOFF3.70215
3.6172 n 5 m <1:1> r 2 Q INTERVALS C1 2.0 C2 0.0 d 0.042 i 2
3.6172 n 5 m <1:1> r 2 Q NTIMER at 3.78515
3.6172 n 5 m <1:1> r 2 Q NACK IGNORE-BACKOFF3.70115
3.6246 n 2 m <1:1> r 2 Q REPAIR IGNORES 3.68756
3.6389 n 3 m <1:1> r 2 Q REPAIR IGNORES 3.73492
3.6533 n 4 m <1:1> r 2 Q REPAIR IGNORES 3.78077
3.6533 n 5 m <1:1> r 2 Q REPAIR IGNORES 3.77927

Theloggingof requestandrepairtracesisdonebySRM::evTrace {}. However, theroutineSRM/Session::evTrace {},
overridesthebaseclassdefinitionof srm::evTrace {}, andwritesout nothing. Individual simulationscriptscanoverride
thesemethodsfor greaterflexibility in loggingoptions. Onepossiblereasonto overridethesemethodsmight to reducethe
amountof datagenerated;thenew procedurecouldthengeneratecompressedandprocessedoutput.

Noticethatthetracefiloe containssufficient informationanddetailsto derivemostof thestatisticswritten out in thelog file,
or is storedin thestatisticsarrays.

29.2 Ar chitecture and Inter nals

TheSRMagentimplementationsplitstheprotocolfunctionsinto packethandling,lossrecovery, andsessionmessageactivity.

Packet handlingconsistsof forwardingapplicationdatamessages,sendingandreceiptof control messages.These
activitiesareexecutedby C++ methods.

Errordetectionis donein C++ dueto receiptof messages.However, thelossrecoveryis entirelydonethroughinstance
proceduresin OTcl.

Thesendingandprocessingof messagesis accomplishedin C++; thepolicy aboutwhenthesemessagesshouldbesent
is decidedby instanceproceduresin OTcl.

We first describethe C++ processingdueto receiptof messages(Section29.3). Lossrecovery andthe sendingof session
messagesinvolvestimerbasedprocessing.Theagentusesa separateclass SRMto performthetimerbasedfunctions.For
eachloss,anagentmaydo eitherrequestor repairprocessing.Eachagentwill instantiatea separatelossrecoveryobjectfor
every loss,asis appropriatefor theprocessingthat it hasto do. In the following sectionwe describethebasictimer based
functionsandthe lossrecovery mechanisms(Section29.5). Finally, eachagentusesonetimer basedfunction for sending
periodicsessionmessages(Section29.6).

29.3 Packet Handling: Processingreceivedmessages

Therecv () methodcanreceive four typeof messages:data,request,repair, andsessionmessages.

Data Packets Theagentdoesnot generateany datamessages.Theuserhasto specifyanexternalagentto generatetraffic.
The recv () methodmust distinguishbetweenlocally originateddatathat must be sentto the multicastgroup, and data
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received from multicastgroup that mustbe processed.Therefore,the applicationagentmustset the packet’s destination
addressto zero.

For locally originateddata,theagentaddstheappropriateSRM headers,setsthedestinationaddressto themulticastgroup,
andforwardsthepacket to its target.

On receiving a datamessagefrom the group, recv_data (sender, msgid)will updateits statemarkingmessageÑ sender,
msgidÒ received,andpossiblytriggerrequestsif it detectslosses.In addition,if themessagewasanoldermessagereceived
out of order, thentheremustbeapendingrequestor repairthatmustbecleared.In thatcase,thecompiledobjectinvokesthe
OTcl instanceprocedure,recv-data {sender, msgid}2.

Currently, thereis no provision for the receiversto actuallyreceive any applicationdata.Theagentdoesnot alsostoreany
of theuserdata.It only generatesrepairmessagesof theappropriatesize,definedby theinstancevariablepacketSize_ .
However, the agentassumesthat any applicationdatais placedin the dataportion of the packet, pointedto by packet-
>accessdata() .

RequestPackets Onreceiving a request,recv_rqst (sender, msgid)will checkwhetherit needsto schedulerequestsfor
othermissingdata. If it hasreceivedthis requestbeforeit wasawarethat the sourcehadgeneratedthis datamessage(i.e.,
thesequencenumberof therequestis higherthanthe lastknown sequencenumberof datafrom this source),thentheagent
caninfer thatit is missingthis,aswell asdatafrom thelastknown sequencenumberonwards;it schedulesrequestsfor all of
themissingdataandreturns.On theotherhand,if thesequencenumberof therequestis lessthanthe lastknown sequence
numberfrom thesource,thentheagentcanbein oneof threestates:(1) it doesnot have this data,andhasa requestpending
for it, (2) it hasthedata,andhasseenanearlierrequest,uponwhich it hasa repairpendingfor it, or (3) it hasthedata,and
it shouldinstantiatea repair. All of theseerrorrecovery mechanismsaredonein OTcl; recv_rqst () invokestheinstance
procedurerecv-rqst {sender, msgid,requester}for furtherprocessing.

Repair Packets On receiving a repair, recv_repr (sender, msgid)will checkwhetherit needsto schedulerequestsfor
othermissingdata.If it hasreceivedthis repairbeforeit wasawarethatthesourcehadgeneratedthis datamessage(i.e., the
sequencenumberof the repairis higherthanthe lastknown sequencenumberof datafrom this source),thentheagentcan
infer thatit is missingall databetweenthelastknown sequencenumberandthaton therepair;it schedulesrequestsfor all of
this data,marksthis messageasreceived,andreturns.On theotherhand,if thesequencenumberof therequestis lessthan
the lastknown sequencenumberfrom thesource,thentheagentcanbe in oneof threestates:(1) it doesnot have this data,
andhasa requestpendingfor it, (2) it hasthedata,andhasseenanearlierrequest,uponwhich it hasa repairpendingfor it,
or (3) it hasthedata,andprobablyscheduleda repairfor it at sometime; aftererror recovery, its hold down timer (equalto
threetimesits distanceto somerequester)expired,at which time thependingobjectwascleared.In this last situation,the
agentwill simply ignoretherepair, for lackof beingableto doanythingmeaningful.All of theseerrorrecoverymechanisms
aredonein OTcl; recv_repr () invokestheinstanceprocedurerecv-repr {sender, msgid} to completethelossrecovery
phasefor theparticularmessage.

SessionPackets On receiving a sessionmessage,theagentupdatesits sequencenumbersfor all active sources,andcom-
putesits instantaneousdistanceto thesendingagentif possible.Theagentwill ignoreearliersessionmessagesfrom a group
member, if it hasreceiveda lateroneout of order.

Sessionmessageprocessingis donein recv_sess (). Theformatof thesessionmessageis: Ñ countof tuplesin thismessage,
list of tuplesÒ , whereeachtupleindicatesthe Ñ senderid, lastsequencenumberfrom thesource,time thelastsessionmessage
wasreceivedfrom this sender, time thatthatmessagewassentÒ . Thefirst tupleis theinformationaboutthelocalagent3.

2Technically, recv_data () invokes the instanceprocedurerecv data Ö sender ×�Ö msgid × , that then invokes recv-data {}. The indirection
allows individual simulationscriptsto overridetherecv {} asneeded.

3Notethatthis implementationof sessionmessagehandlingis subtlydifferentfrom thatusedin wbor describedin [9]. In principle,anagentdisseminates
a list of thedatait hasactuallyreceived. Our implementation,on theotherhand,only disseminatesacountof thelastmessagesequencenumberpersource
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29.4 LossDetection—TheClassSRMinfo

A verysmallencapsulatingclass,entirelyin C++, tracksa numberof assortedstateinformation.Eachmemberof thegroup,ØwÙ , usesoneSRMinfo block for everyothermemberof thegroup.

An SRMinfo objectaboutgroupmemberØÐÚ at ØwÙ , containsinformationaboutthesessionmessagesreceivedby ØwÙ from ØÐÚ .ØwÙ canusethis informationto computeits distanceto ØÐÚ .

If Ø Ú sendsis active in sendingdatatraffic, thenthe SRMinfo objectwill alsocontaininformationaboutthe receiveddata,
includingabit vectorindicatingall packetsreceivedfrom Ø Ú .

Theagentkeepsalist of SRMinfoobjects,onepergroupmember, in its membervariable,sip_ . Its method,get_state (int
sender)will returntheobjectcorrespondingto thatsender, possiblycreatingthatobject,if it did notalreadyexist. Theclass
SRMinfo hastwo methodsto accessandsetthebit vector, i.e.,

ifReceived (int id) indicateswhethertheparticularmessagefrom theappropriatesender, with id id wasreceived
at ØwÙ ,

setReceived (int id) to setthebit to indicatethattheparticularmessagefrom theappropriatesender, with id id was
receivedat ØwÙ .

Thesessionmessagevariablesto accesstiming informationarepublic;no encapsulatingmethodsareprovided.Theseare:

int lsess_; /* # of last sessionmsgreceived*/
int sendTime_; /* Timesess.msg. # sent*/
int recvTime_; /* Timesess.msg. # received*/
double distance_;

/* Data messages */
int ldata_; /* # of lastdatamsgsent*/

29.5 LossRecovery Objects

In thelastsection,wedescribedtheagentbehavior whenit receivesamessage.Timersareusedto controlwhenany particular
controlmessageis to besent.TheSRM agentusesaseparateclass SRMto do thetimerbasedprocessing.In this section,
we describethe basicsif the classSRM, andthe lossrecovery objects. The following sectionwill describehow the class
SRM is usedfor sendingperiodicsessionmessages.An SRM agentwill instantiateoneobjectto recover from onelost data
packet. Agentsthatdetectthelosswill instantiateanobjectin theclass SRM/request ; agentsthatreceivearequestand
have therequireddatawill instantiateanobjectin theclass SRM/repair .

RequestMechanisms SRM agentsdetectloss when they receive a message,and infer the loss basedon the sequence
numberon themessagereceived. Sincepacket receptionis handledentirelyby thecompiledobject,lossdetectionoccursin
theC++ methods.Lossrecovery, however, is handledentirelyby instanceproceduresof thecorrespondinginterpretedobject
in OTcl.

Whenany of the methodsdetectsnew losses,it invokesAgent/SRM::request {} with a list of the messagesequence
numbersthat are missing. request {} will createa new requestFunction_ object for eachmessagethat is miss-

thattheagentknows thatthatthesourcehassent.This is aconstraintwhenstudyingaspectsof lossrecovery duringpartitionandhealing.It is reasonableto
expectthatthemaintainerof this codewill fix this problemduringoneof hisnumerousintervalsof copioussparetime.
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ing. The agentstoresthe objecthandlein its arrayof pending_ objects. The key to the array is the messageidentifier
Ñ senderÒ : Ñ msgidÒ .

The default requestFunction_ is class SRM/request The constructorfor the classSRM/requestcalls the
baseclassconstructorto initialize thesimulatorinstance(ns_ ), theSRM agent(agent_ ), tracefile (trace_ ), and
thetimes_ array. It theninitializesits statistics_ arraywith thepertinentelements.

A separatecall to set-params {} setsthe sender_ , msgid_ , round_ instancevariablesfor the requestobject.
TheobjectdeterminesC1_ andC2_ byqueryingits agent_ . It setsitsdistanceto thesender(times_(distance) )
andfixesotherschedulingparameters:thebackoff constant(backoff_ ), thecurrentnumberof backoffs (backof-
fCtr_ ), andthelimit (backoffLimit_ ) fixedby theagent.set-params {} writesthetraceentry“ Q DETECT”.

The final stepin request {} is to schedulethe timer to sendthe actualrequestat the appropriatemoment. The
instanceprocedureSRM/request::schedule {} usescompute-delay {} and its currentbackoff constantto
determinethe delay. The objectschedulessend-request {} to be executedafter delay_ seconds.The instance
variableeventID_ storesa handleto the scheduledevent. The default compute-delay {} function returnsa
value uniformly distributed in the interval Û ÜpÝ�Þ^ßIàká)ÜpÝ�âãÜåäcæsÞ^ß�ç , where Þ�ß is twice $times_(distance) . The
schedule {} schedulesan event to senda requestafter the computeddelay. The routine writes a traceentry “ Q

NTIMER at Ñ timeÒ ”.

Whenthescheduledtimer fires,theroutinesend-request {} sendstheappropriatemessage.It invokes“$agent_ send
requestÑ argsÒ ” to sendtherequest.Notethatsend {} is aninstproc-like,executedby thecommand() methodof thecompiled
object. However, it is possibleto overloadtheinstproc-like with a specificinstanceproceduresend {} for specificconfigu-
rations.As anexample,recall that thefile tcl/mcast/srm-nam.tcl overloadsthesend {} commandto settheflowid
basedon typeof messagethatis sent.send-request {} updatesthestatistics,andwritesthetraceentry“ Q SENDNACK”.

Whentheagentreceivesacontrolmessagefor apacket for whichapendingobjectexists,theagentwill handthemessageoff
to theobjectfor processing.

Whenarequestfor aparticularpacket is received,therequestobjectcanbein oneof two states:it is ignoringrequests,
consideringthemto beduplicates,or it will cancelits sendeventandre-scheduleanotherone,afterhaving backedoff
its timer. If ignoring requestsit will updateits statistics,andwrite the traceentry “ Q NACK dup”. Otherwise,seta
time basedon its currentestimateof the delay_ , until which to ignorefurther requests.This interval is markedby
the instancevariableignore_ . If the objectreschedulesits timer, it will write the traceentry “ Q NACK IGNORE-
BACKOFF Ñ ignoreÒ ”. Note that this re-schedulingrelieson the fact that theagenthasjoinedthemulticastgroup,and
will thereforereceivea copy of everymessageit sendsout.

Whentherequestobjectreceivesarepairfor theparticularpacket,it canbein oneof two states:eitherit is still waiting
for the repair, or it hasalreadyreceivedan earlierrepair. If it is the former, therewill be an eventpendingto senda
request,andeventID_ will point to thatevent. Theobjectwill computeits serviceTime,cancelthatevent,andseta
hold-down periodduringwhich it will ignoreotherrequests.At theendof thehold-down period,theobjectwill askits
agentto clearit. It will write thetraceentry“ Q REPAIR IGNORES Ñ ignoreÒ ”. On theotherhand,if this is a duplicate
repair, theobjectwill updateits statistics,andwrite thetraceentry“ Q REPAIR dup”.

Whenthe lossrecovery phaseis completedby the object,Agent/SRM::clear {} will remove the objectfrom its array
of pending_ objects,andplaceit in its list of done_ objects.Periodically, theagentwill cleanupanddeletethedone_
objects.

Repair Mechanisms Theagentwill initiatearepairif it receivesarequestfor apacket,andit doesnothavearequestobject
pending_ for thatpacket. Thedefault repairobjectbelongsto theclass SRM/repair . Barringminor differences,the
sequenceof eventsandtheinstanceproceduresin this classareidenticalto thosefor SRM/request.Ratherthanoutlineevery
singleprocedure,we only outlinethedifferencesfrom thosedescribedearlierfor a requestobject.
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Therepairobjectusestherepairparameters,D1_, D2_. A repairobjectdoesnot repeatedlyrescheduleis timers;therefore,it
doesnot useany of thebackoff variablessuchasthatusedby a requestobject.Therepairobjectignoresall requestsfor the
samepacket. Therepairobjetdoesnotusethe ignore_ variablethatrequestobjectsuse.Thetraceentrieswrittenby repair
objectsaremarginally different;they are“ P NACK from Ñ requesterÒ ”, “ P RTIMER at Ñ fireTimeÒ ”, “ P SENDREP”, “ P REPAIR

IGNORES Ñ holddownÒ ”.
Apart from thesedifferences,thecalling sequencefor eventsin a repairobjectis similar to thatof a requestobject.

Mechanismsfor Statistics Theagent,in concertwith therequestandrepairobjects,collectstatisticsabouttheir response
to dataloss[9]. Eachcall to the agentrequest {} proceduremarksa new period. At the startof a new period,mark-
period {} computesthemoving averageof thenumberof duplicatesin thelastperiod.Whenever theagentreceivesa first
roundrequestfrom anotheragent,andit hadsenta requestin thatround,thenit considerstherequestasa duplicaterequest,
andincrementstheappropriatecounters.A requestobjectdoesnotconsiderduplicaterequestsif it did notitself sendarequest
in thefirst round. If theagenthasa repairobjectpending,thenit doesnot considerthearrival of duplicaterequestsfor that
packet. TheobjectmethodsSRM/request::dup-request? {} andSRM/repair::dup-request? {} encodethese
policies,andreturn0 or 1 asrequired.

A requestobjectalsocomputestheelapsedtime betweenwhenthelossis detectedto whenit receivesthefirst request.The
agentcomputesa moving averageof this elapsedtime. Theobjectcomputestheelapsedtime (or delay)whenit cancelsits
scheduledeventfor thefirst round.TheobjectinvokesAgent/SRM::update-aveto computethemoving averageof thedelay.

Theagentkeepssimilar statisticsof theduplicaterepairs,andtherepairdelay.

The agentstoresthe numberof roundstaken for onelossrecovery, to ensurethat subsequentlossrecovery phasesfor that
packet thatarenot definitelynot dueto datalossdo not accountfor thesestatistics.The agentstoresthenumberof routes
takenfor a phasein thearrayold_ . Whena new lossrecoveryobjectis instantiated,theobjectwill usetheagent’s instance
procedureround? {} to determinethenumberof roundsin a previouslossrecoveryphasefor thatpacket.

29.6 SessionObjects

Sessionobjects,like thelossrecoveryobjects(Section29.5),arederivedfrom thebaseclass SRMUnlikethelossrecovery
objectsthough,the agentonly createsonesessionobject for the lifetime of the agent. The constructorinvokesthe base
classconstructorasbefore;it thensetsits instancevariablesessionDelay_ . Theagentcreatesthesessionobjectwhenit
start {}s. At thattime, it alsoinvokesSRM/session::schedule,to sendasessionmessageaftersessionDelay_ seconds.

Whenthe objectsendsa sessionmessage,it will scheduleto sendthe next oneafter someinterval. It will alsoupdateits
statistics.send-session {} writesout thetraceentry“ S SESSION”.

TheclassoverridestheevTrace {} routinethatwritesout the traceentries.SRM/session::evTracedisablewriting out the
traceentryfor sessionmessages.

Two typesof sessionmessageschedulingstrategiesarecurrentlyavailable:Thefunctionin thebaseclassschedulessending
sessionmessagesatfixedintervalsof sessionDelay_ jitteredaroundasmallvalueto avoid synchronizationamongall the
agentsat all thenodes.class SRM/session/logScaled chedulessendingmessagesat intervalsof sessionDelay
times è é�ê ä (groupSize_ ) sothatthefrequency of sessionmessagesis inverselyproportionalto thesizeof thegroup.

Thebaseclassthatsendsmessagesatfixedintervalsis thedefaultsessionFunction_ for theagent.
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29.7 Extending the BaseClassAgent

In the earliersectionon configurationparameters(Section29.1.2),we hadshown how to trivially extendthe agentto get
deterministicandprobabilisticprotocolbehavior. In this section,we describehow to derive morecomplex extensionsto the
protocolfor fixedandadaptivetimermechanisms.

29.7.1 Fixed Timers

Thefixedtimer mechanismaredonein thederivedclass Agent/SRM/Fixed Themaindifferencewith fixedtimersis
that the repairparametersaresetto è é�ê (groupSize_ ). Therefore,the repairprocedureof a fixed timer agentwill set ë Ý
and ë�ä to beproportionalto thegroupsizebeforeschedulingtherepairobject.

29.7.2 Adaptive Timers

Agentsusingadaptive timer mechanismsmodify their requestandrepairparametersunderthreeconditions(1) every time a
new lossobjectis created;(2) whensendingamessage;and(3) whenthey receivea duplicate,if their relativedistanceto the
lossis lessthanthatof theagentthatsendstheduplicate.All threechangesrequireextensionsto theagentandthelossobjects.
Theclass Agent/SRM/Adaptive usesclass SRM/request/Adaptive andclass SRM/repair/Adaptive
astherequestandrepairfunctionsrespectively. In addition,thelast item requiresextendingthepacket headers,to advertise
their distancesto theloss.Thecorrespondingcompiledclassfor theagentis theclass ASRMAgent.

Recomputefor Each New Loss Object Eachtime a new requestobject is created,SRM/request/Adaptive::set-params
invokes$agent_ recompute-request-params . Theagentmethodrecompute-request-params (). usesthe
statisticsaboutduplicatesanddelayto modify Ü Ý and Ü ä for thecurrentandfuturerequests.

Similarly, SRM/request/Adaptive::set-paramsfor a new repairobjectinvokes$agent_ recompute-repair-params .
Theagentmethodrecompute-repair-params (). usesthestatisticsobjectsto modify ëÃÝ and ëËä for thecurrentand
futurerepairs.

Sendinga Message If alossobjectsendsarequestin its first round_ , thentheagent,in theinstanceproceduresending-
request {}, will lower ÜìÝ , andsetits instancevariableclosest_(requestor) to 1.

Similarly, a loss object that sendsa repair in its first round_ will invoke the agent’s instanceprocedure,sending-
repair {}, to lower ëíÝ andsetclosest_(repairor) to 1.

Advertising the Distance Eachagentmustaddadditionalinformationto eachrequest/repairthat it sendsout. The base
class SRMAgent invokesthe virtual methodaddExtendedHeaders () for eachSRM packet that it sendsout. The
methodis invoked after addingthe SRM packet headers,andbeforethe packet is transmitted. The adaptive SRM agent
overloadsaddExtendedHeaders () to specifyits distancesin theadditionalheaders.Whensendinga request,thatagent
unequivocallyknowstheidentityof thesender. As anexample,thedefinitionof addExtendedHeaders () for theadaptive
SRM agentis:

void addExtendedHeaders(Packet* p) {
SRMinfo* sp;
hdr_srm* sh = (hdr_srm*) p->access(off_srm_);
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hdr_asrm* seh = (hdr_asrm*) p->access(off_asrm_);
switch (sh->type()) {
case SRM_RQST:

sp = get_state(sh->sender());
seh->distance() = sp->distance_;
break;

...
}

}

Similarly, the methodparseExtendedHeaders () is invoked every time an SRM packet is received. It setsthe agent
membervariablepdistance_ to thedistanceadvertisedby thepeerthatsentthemessage.Themembervariableis bound
to an instancevariableof thesamename,so that the peerdistancecanbeaccessedby the appropriateinstanceprocedures.
ThecorrespondingparseExtendedHeaders () methodfor theAdaptiveSRMagentis simply:

void parseExtendedHeaders(Packet* p) {
hdr_asrm* seh = (hdr_asrm*) p->access(off_asrm_);
pdistance_ = seh->distance();

}

Finally, theadaptiveSRMagent’sextendedheadersaredefinedasstruct hdr_asrm . Theheaderdeclarationis identical
to declaringotherpacketheadersin ns. Unlikemostotherpacketheaders,thesearenot automaticallyavailablein thepacket.
Theinterpretedconstructorfor thefirst adaptiveagentwill addtheheaderto thepacket format. For example,thestartof the
constructorfor theAgent/SRM/Adaptive agentis:

Agent/SRM/Adaptive set done_ 0
Agent/SRM/Adaptive instproc init args {

if ![$class set done_] {
set pm [[Simulator instance] set packetManager_]
TclObject set off_asrm_ [$pm allochdr aSRM]
$class set done_ 1

}

eval $self next $args
...

}

29.8 SRM objects

SRMobjectsareasubclassof agentobjectsthatimplementtheSRMreliablemulticasttransportprotocol.They inherit all of
thegenericagentfunctionalities.Themethodsfor this objectis describedin thenext section29.9.Configurationparameters
for this objectare:

packetSize_ Thedatapacketsizethatwill beusedfor repairmessages.Thedefault valueis 1024.

requestFunction_ Thealgorithmusedto producea retransmissionrequest,e.g.,settingrequesttimers.Thedefault valueis
SRM/request.OtherpossiblerequestfunctionsareSRM/request/Adaptive,usedby theAdaptiveSRMcode.

repairFunction_ Thealgorithmusedto producearepair, e.g.,computerepairtimers.Thedefaultvalueis SRM/repair. Other
possiblerequestfunctionsareSRM/repair/Adaptive,usedby theAdaptiveSRMcode.
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sessionFunction_Thealgorithmusedto generatesessionmessages.Default is SRM/session

sessionDelay_The basicinterval of sessionmessages.Slight randomvariation is addedto this interval to avoid global
synchronizationof sessionmessages.User may want to adjustthis variableaccordingto their specificsimulation.
Default valueis 1.0.

C1_,C2_ Theparameterswhich controltherequesttimer. Referto [8] for detail.Thedefault valueis C1_= C2_= 2.0.

D1_,D2_ Theparameterswhich controltherepairtimer. Referto [8] for detail.Thedefault valueis D1_ = D2_ = 1.0.

requestBackoffLimit_ Themaximumnumberof exponentialbackoffs. Default valueis 5.

StateVariablesare:

stats_ An arraycontainingmultiple statisticsneededby adaptive SRM agent. Including: duplicaterequestsandrepairsin
currentrequest/repairperiod,averagenumberof duplicaterequestsand repairs,requestandrepair delay in current
request/repairperiod,averagerequestandrepairdelay.

SRM/ADAPTIVE OBJECTS SRM/Adaptive objectsare a subclassof the SRM objectsthat implementthe adaptive SRM
reliablemulticasttransportprotocol.They inherit all of theSRMobjectfunctionalities.StateVariablesare:
(Referto theSRM paperby Sally et al [Fall, K., Floyd, S.,andHenderson,T., Ns SimulatorTestsfor RenoFullTCP. URL
ftp://ftp.ee.lbl.gov/papers/fulltcp.ps.July1997.] for moredetail.)

pdistance_ This variableis usedto passthedistanceestimateprovidedby theremoteagentin a requestor repairmessage.

D1_,D2_ The sameasthat in SRM agents,except that they are initialized to log10(groupsize)whengeneratingthe first
repair.

MinC1_, MaxC1_, MinC2_, MaxC2_ Theminimum/maximumvaluesof C1_andC2_. Default initial valuesaredefined
in [8]. Thesevaluesdefinethedynamicrangeof C1_andC2_.

MinD1_, MaxD1_, MinD2_, MaxD2_ Theminimum/maximumvaluesof D1_ andD2_. Default initial valuesaredefined
in [8]. Thesevaluesdefinethedynamicrangeof D1_ andD2_.

AveDups Higherboundfor averageduplicates.

AveDelay Higherboundfor averagedelay.

epsAveDups -dupsdeterminesthelowerboundof thenumberof duplicates,whenwe shouldadjustparametersto decrease
delay.

29.9 Commandsat a glance

Thefollowing is a list of commandsto create/manipulatesrmagentsin simulations:

set srm0 [new Agent/SRM]
This createsaninstanceof theSRMagent.In additionto thebaseclass,two extensionsof thesrmagenthavebeen
implemented.They areAgent/SRM/FixedandAgent/SRM/Adaptive. Seesection29.7for detailsabouttheseextensions.

ns_ attach-agent <node> <srm-agent>
This attachesthesrmagentinstanceto thegiven<node>.
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set grp [Node allocaddr]
$srm set dst_ $grp

This assignsthesrmagentto amulticastgrouprepresentedby themcastaddress<grp>.

Configurationparametersfor srmagentmaybesetasfollows:

$srm set fid_ <flow-id>
$srm set tg_ <traffic-generator-instance>
.. etc

For all possibleparametersandtheir defaultvaluespleaselookupns/tcl/mcast/srm.tclandns/tcl/mcast/srm-adaptive.tcl.

set exp [new Application/Traffic/Exponential]
$exp attach-agent $srm

This commandattachesa traffic generator(anexponentialonein thisexample),to thesrmagent.

$srm start; $exp start
Thesecommandsstartthesrmagentandtraffic generator. Notethatthesrmagentandtraffic generatorhave to bestarted
separately. Alternatively, thetraffic generatormaybestartedthroughtheagentasfollows:
$srm start-source .

Seens/tcl/ex/srm.tclfor a simpleexampleof settingupa SRMagent.
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Chapter 30

PLM

Thischapterdescribesthensimplementationof thePLM protocol[12]. Thecodeof thePLM protocolis written in bothC++
andOTcl. The PLM Packet Pair generatoris written in C++ andthe PLM coremachineryis written in OTcl. Thechapter
hassimply threeparts:thefirst partshows how to createandconfigurea PLM session;thesecondpartdescribesthePacket
Pair sourcegenerator;thethird partdescribesthearchitectureandinternalsof thePLM protocol.In this lastpart,ratherthan
giving a list of proceduresandfunctions,we introducethemainproceduresperfunctionality(instantiationof a PLM source,
instantiationof aPLM receiver, receptionof apacket,detectionof a loss,etc.).

Theprocedures,functions,andvariablesdescribedin this chaptercanbe found in: ~ns/plm/cbr-traffic-PP.cc,~ns/plm/loss-
monitor-plm.cc,~ns/tcl/plm/plm.tcl,~ns/tcl/plm/plm-ns.tcl,~ns/tcl/plm/plm-topo.tcl,~ns/tcl/lib/ns-default.tcl.

30.1 Configuration

Creatinga simplescenariowith onePLM flow (only onereceiver)
This simpleexamplecanberunasis (severalcomplex scenarioscanbefoundin thefile ~ns/tcl/ex/simple-plm.tcl).

set packetSize 500 ;# Packetsize(in bytes)
set plm_debug_flag 2 ;# Debuggingoutput
set rates "50e3 50e3 50e3 50e3 50e3" ;# Rateof each layer
set rates_cum [calc_cum $rates] ;# Cumulatedrateof thelayers (mandatory)
set level [llength $rates] ;# Numberof layers (mandatory)

set Queue_sched_ FQ ;# Schedulingof thequeues
set PP_burst_length 2 ;# PPburst length(in packets)
set PP_estimation_length 3 ;# Minimumnumberof PPrequiredto makeanestimate

Class Scenario0 -superclass PLMTopology
Scenario0 instproc init args {

eval $self next $args
$self instvar ns node

$self build_link 1 2 100ms 256Kb ;# Build a link
set addr(1) [$self place_source 1 3] ;# Seta PLM source
$self place_receiver 2 $addr(1) 5 1 ;# Seta PLM receiver
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#setup themulticastrouting
DM set PruneTimeout 1000 ;# A largePruneTimeoutvalueis required
set mproto DM
set mrthandle [$ns mrtproto $mproto {} ]
}

set ns [new Simulator -multicast on] ;# PLM needsmulticastrouting
$ns multicast
$ns namtrace-all [open out.nam w] ;# Namoutput
set scn [new Scenario0 $ns] ;# Call of thescenario
$ns at 20 "exit 0"
$ns run

Severalvariablesareintroducedin this example.They all needto besetin thesimulationscript(thereis no default valuefor
thesevariables).In particularthetwo following linesaremandatoryandmustnot beomitted:

set rates_cum [calc_cum $rates]
set level [llength $rates]

We describenow in detaileachvariable:

packetSize representsthesizeof thepacketsin bytessentby thePLM source.

plm_debug_flag representsthe verbose level of debugging output: from 0 no output to 3 full output. For
plm_debug_flag set to 3 (full output), long lines outputaregeneratedwhich is not compatiblewith namvisu-
alization.

rates is a list specifyingthebandwidthof eachlayer(this is not thecumulatedbandwidth!).

rates_cum is a list specifyingthecumulatedbandwidthof thelayers: thefirst elementof rates_cum is thebandwidth
a layer 1, the secondelementof rates_cum is the sum of the bandwidthof layer 1 and layer 2, etc. The proc
calc_cum {} computesthecumulatedrates.

level is thenumberof layers.

Queue_sched_ representstheschedulingof thequeues.This is usedby thePLMTopologyinstprocbuild_link . PLM
requiresFQ schedulingor a variation.

PP_burst_length representsthesizeof thePacketPair burstsin packets.

PP_estimation_length representsthe minimum numberof Packet Pair requiredto computean estimate(seesec-
tion 30.3.3).

All thesimulationsfor PLM shouldbesetupusingthePLMTopologyenvironment(asin theexamplescriptwherewe define
aPLMTopologysuperclasscalledScenario0).Theuserinterfaceis (all theinstproccanbefoundin ~ns/tcl/plm/plm-topo.tcl):

build_link a b d bw createsa duplex link betweennodea andb with a delayd anda bandwidthbw. If eithernode
doesnot exist, build_link createsit.

place_source n t createsandplacesa PLM sourceat noden andstartsit at time t . place_source returnsaddr
which allows to attachreceiversto this source.
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place_receiver n addr C nb createsandplacesaPLM receiveratnoden andattachedit to thesourcewhichreturn
the addressaddr . The checkvaluefor this PLM receiver is C. An optionalparameternb allows to get an instance
of the PLM receiver calledPLMrcvr($nb) . This instanceis only useful to get somespecificstatisticsaboutthis
receiver (mainly thenumberof packetsreceivedor lost).

30.2 The Packet Pair SourceGenerator

This sectiondescribesthe Packet Pair sourcegenerator;the relevant files are: ~ns/plm/cbr-traffic-PP.cc, ~ns/tcl/lib/ns-
default.tcl. The OTcl classnameof the PPsourceis: Application/Traffic/CBR_PP. The Packet Pair (PP)sourcegenerator
is in thefile ~ns/plm/cbr-traffic-PP.cc.This sourcegeneratoris a variationof theCBR sourcegeneratorin ~ns/cbr_traffic.cc.
We justdescribethesalientdifferencesbetweenthecodeof theCBRsourceandthecodeof thePPsource.Thedefaultvalues
in ~ns/tcl/lib/ns-default.tcl for the PPsourcegeneratorarethe samethanfor the CBR source. We needfor the PPsource
generatoranew parameterPBM_:

Application/Traffic/CBR_PP set PBM_ 2 ;# Defaultvalue

TheOTcl instvar boundedvariablePBM_(samenamein C++ andin OTcl) specifiesthenumberof back-to-backpacketsto
besent.For PBM_=1 we have a CBR source,for PBM_=2 we have a Packet Pair source(a sourcewhich sendstwo packets
back-to-back),etc.Themeanrateof thePPsourceis rate_ , but thepacketsaresentin burstof PBM_packets.Notethatwe
alsousetheterminologyPacketPair sourceandPacketPair burstfor PBM_î 2. We computethenext_interval as:

double CBR_PP_Traffic::next_interval(int& size)

/*(PP_ - 1) is the numberof packetsin thecurrentburst.*/
if (PP_ >= (PBM_ - 1))

interval_ = PBM_*(double)(size_ << 3)/(double)rate_;
PP_ = 0;

else
interval_ = 1e-100; //zero
PP_ += 1 ;

...

The timeout {} methodputs the NEW_BURSTflag in the first packet of a burst. This is useful for the PLM protocol to
identify thebeginningof a PPburst.

void CBR_PP_Traffic::timeout()

...
if (PP_ == 0)

agent_->sendmsg(size_, "NEW_BURST");
else

agent_->sendmsg(size_);

...
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30.3 Ar chitecture of the PLM Protocol

The codeof the PLM protocol is divided in threefiles: ~ns/tcl/plm/plm.tcl, which containsthe PLM protocolmachinery
without any specificinterfacewith ns; ~ns/tcl/plm/plm-ns.tcl,which containsthespecificns interface.However, we do not
guaranteethestrictvalidity of thisnsinterfacing;~ns/tcl/plm/plm-topo.tcl,whichcontainsauserinterfaceto build simulation
scenarioswith PLM flows.

In thefollowing wedonotdiscussthevariousproceduresperobject(for instanceall theinstprocof thePLM class)but rather
perfunctionality(for instancewhich instprocamongthevariousclassesareinvolvedin theinstantiationof a PLM receiver).
For a givenfunctionality, we do notdescribein detailsall thecodeinvolved,but we give theprincipalsteps.

30.3.1 Instantiation of a PLM Source

To createa PLM source,placeit at noden, andstartit at t ï , we call thePLMTopologyinstprocplace_source n t ï .
This instprocreturnaddr , the addressrequiredto attacha receiver to this source. place_source calls the Simulator
instprocPLMbuild_source_set thatcreatesasmany Application/Traffic/CBR_PPinstancesastherearelayers(in the
followingwecall aninstanceof theclassApplication/Traffic/CBR_PPalayer).Eachlayercorrespondsto adifferentmulticast
group.

To speedup thesimulationswhenthePLM sourcesstartwe usethefollowing trick: At ð7ñóò , PLMbuild_source_set
restrictseachlayerto sendonly onepacket (maxpkts_ setto 1). Thatallowsto build themulticasttrees– onemulticasttree
perlayer– withoutfloodingthewholenetwork. Indeed,eachlayeronly sendsonepacketto build thecorrespondingmulticast
tree.

The multicasttreestake at most the maximumRTT of the network to be establishedandmust be establishedbeforet ï ,
the PLM sourcestartingtime. Therefore,t ï mustbe carrefully chosen,otherwisethe sourcesendsa largenumberof use-
lesspackets. However, aswe just needto start the PLM sourceafter the multicasttreesareestabished,t ï canbe largely
overestimated.At time t ï , wesetmaxpkts_to 268435456for all thelayers.

It is fundamental,in orderto have persistentmulticasttrees,that theprunetimeoutis setto a largevalue.For instance,with
DM routing:

DM set PruneTimeout 1000

Eachlayerof asamePLM sourcehasthesameflow id fid_ . Consequently, eachPLM sourceis consideredasasingleflow
for aFair Queueingscheduler. ThePLM codemanagesautomaticallythefid_ to preventdifferentsourcesto havethesame
fid_ . The fid_ startsat 1 for thefirst sourceandis increasedby onefor eachnew source.Be carefulto avoid otherflows
(for instanceconcurrentTCPflows) to havethesamefid_ thanthePLM sources.Additionally, If youconsiderfid_ larger
than32, do not forget to increasetheMAXFLOWin ~ns/fq.cc (MAXFLOWmustbesetto thehighestfid_ consideredin the
simulation).

30.3.2 Instantiation of a PLM Receiver

All thePLM machineryis implementedatthereceiver. In thissectionwedecribetheinstantiationprocessof areceiver. Tocre-
ate,placeatnoden, attachto sourceS, andstartat t Ý aPLM receiverwecall thePLMTopologyinstprocbuild_receiver
n addr t Ý Cwhereaddr is theaddressreturnedby place_source whenS wascreated,andC is thecheckvalue.The
receiver createdby build_receiver is an instanceof theclassPLM/ns, thens interfaceto thePLM machinery. At the
initialisationof thereceiver, thePLM instprocinit is calleddueto inheritance.init callsthePLM/nsinstproccreate-
layer and,by thisway, createsasmany instancesof theclassPLMLayer/ns(thensinterfaceto thePLMLayerclass)asthere
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Figure30.1: Inheritanceandinstantiationwhenwe createa receiver.

arelayers.Eachinstanceof PLMLayer/nscreatesaninstanceof theclassPLMLossTracewhich is reponsiblefor monitoring
thereceivedandlostpacketsthanksto thefactthattheclassPLMLossTraceinheritsfrom theclassAgent/LossMonitor/PLM.
Fig. 30.1schematicallydescribestheprocessof a PLM receiver instantiation.In thefollowing we describethebehavior of a
PLM receiverwhenit receivesapacketandwhenit detectsa loss.

30.3.3 Receptionof a Packet

We createa new c++ classPLMLossMonitor(~ns/plm/loss-monitor-plm.cc)thatinheritsfrom LossMonitor. TheOTcl class
nameof thec++ PLMLossMonitorclassis Agent/LossMonitor/PLM.

class PLMLossMonitor : public LossMonitor
public:

PLMLossMonitor();
virtual void recv(Packet* pkt, Handler*);

protected:
// PLM only
int flag_PP_;
double packet_time_PP_;
int fid_PP_;

;

static class PLMLossMonitorClass : public TclClass
public:

PLMLossMonitorClass() : TclClass("Agent/LossMonitor/PLM")
TclObject* create(int, const char*const*)

return (new PLMLossMonitor());

class_loss_mon_plm;
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Weaddin void PLMLossMonitor::recv(Packet* pkt, Handler*) aTcl call to theAgent/LossMonitor/PLM
instproclog-PP eachtime apacket is received:

void LossMonitor::recv(Packet* pkt, Handler*)

...
if (expected_ >= 0)

...

Tcl::instance().evalf("%s log-PP", name());

The Agent/LossMonitor/PLMinstproc log-PP is empty. In fact, we define the log-PP instproc for the class
PLMLossTrace. log-PP computesan estimateof the available bandwidth basedon a single PP burst (of length
PP_burst_length in packets). Oncelog-PP hasreceivedthePP_burst_length packetsof theburst, it computes
theestimateandcallsthePLM instprocmake_estimate with thecomputedestimateasargument.

make_estimate putstheestimatebasedon a singlePP(PP_value ) in anarrayof estimatesamples(PP_estimate ).
If PP_value is lower than the current subscriptionlevel (i.e. lower than the throughputachieved accordingto the
current number of layers subscribed),make_estimate calls the PLM instproc stability-drop which simply
drops layers until the current subscriptionlevel becomeslower than PP_value . make_estimate makes an es-
timate PP_estimate_value by taking the minimum PP_value received during the last check_estimate pe-
riod (if there are at least PP_estimation_length single PP estimatereceived). Once make_estimate has a
PP_estimate_value it calls the PLM instprocchoose_layer which joins or dropslayer(s)accordingto the cur-
rentsubscriptionlevel andto thePP_estimate_value . For detailsaboutthePLM instprocmake_estimate , referto
its codein ~ns/tcl/plm/plm.tcl.

30.3.4 Detectionof a Loss

Eachtime a loss is detectedby an instanceof the classPLMLossMonitor, a call to the Agent/LossMonitor/PLMinstproc
log-loss is triggered. The Agent/LossMonitor/PLMinstproclog-loss is empty. In fact, we definethe log-loss
instprocfor theclassPLMLossTrace.ThePLMLossTraceinstproclog-loss simply calls thePLM instproclog-loss
which containsthePLM machineryin caseof loss. In summary, log-loss only dropsa layerwhenthe lossrateexceeds
10%(this testis executedby thePLM instprocexeed_loss_thresh ). After a layerdroplog-loss precludesany other
layerdropdueto lossfor 500ms.For detailsaboutthePLM instproclog-loss , referto its codein ~ns/tcl/plm/plm.tcl.

30.3.5 Joining or Leaving a Layer

To join a layer the PLM instprocadd-layer is called. This instproccalls the PLMLayer instprocjoin-group which
calls the PLMLayer/nsinstprocjoin-group . To leave a layer the PLM instprocdrop-layer is called. This instproc
callsthePLMLayerinstprocleave-group whichcallsthePLMLayer/nsinstprocleave-group .

30.4 Commandsat a Glance

Note: Thissectionis acopy pasteof theendof section30.1.Weaddthissectionto preservehomogeneitywith thensmanual.
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All thesimulationsfor PLM shouldbesetusingthePLMTopologyenvironment(asin theexamplescriptwherewe definea
PLMTopologysuperclasscalledScenario0).Theuserinterfaceis (all theinstproccanbefoundin ~ns/tcl/plm/plm-topo.tcl):

build_link a b d bw createsa duplex link betweennodea andb with a delayd anda bandwidthbw. If eithernode
doesnot exist, build_link createsit.

place_source n t createsandplacesa PLM sourceat noden andstartsit at time t . place_source returnsaddr
which allows to attachreceiversto this source.

place_receiver n addr C nb createsandplacesaPLM receiveratnoden andattachedit to thesourcewhichreturn
the addressaddr . The checkvaluefor this PLM receiver is C. An optionalparameternb allows to get an instance
of the PLM receiver calledPLMrcvr($nb) . This instanceis only useful to get somespecificstatisticsaboutthis
receiver (mainly thenumberof packetsreceivedor lost).
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Chapter 31

Applications and transport agentAPI

Applicationssit ontopof transportagentsin ns. Therearetwo basictypesof applications:traffic generatorsandsimulatedap-
plications.Figure31.1illustratestwo examplesof how applicationsarecomposedandattachedto transportagents.Transport
agentsaredescribedin PartV (Transport).

This chapterfirst describesthebaseclass Application . Next, the transportAPI, throughwhich applicationsrequest
servicesfrom underlyingtransportagents,is described.Finally, thecurrentimplementationsof traffic generatorsandsources
areexplained.

31.1 The classApplication

Applicationis a C++ classdefinedasfollows:

class Application : public TclObject {
public:

Application();
virtual void send(int nbytes);
virtual void recv(int nbytes);
virtual void resume();

protected:
int command(int argc, const char*const* argv);
virtual void start();
virtual void stop();
Agent *agent_;
int enableRecv_; // call OTcl recv or not
int enableResume_; // call OTcl resume or not

};

Although objectsof class Application are not meantto be instantiated,we do not make it an abstractbaseclass
so that it is visible from OTcl level. The classprovidesbasicprototypesfor applicationbehavior (send(), recv(),
resume(), start(), stop() ), apointerto thetransportagentto whichit is connected,andflagsthatindicatewhether
a OTcl-level upcallshouldbemadefor recv() andresume() events.
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31.2 The transport agentAPI

In real-world systems,applicationstypically accessnetwork servicesthroughanapplicationsprogramminginterface(API).
The most popularof theseAPIs is known as “sockets.” In ns, we mimic the behavior of the socketsAPI througha set
of well-definedAPI functions. Thesefunctionsarethenmappedto the appropriateinternalagentfunctions(e.g.,a call to
send(numBytes) causesTCPto incrementits “sendbuffer” by acorrespondingnumberof bytes).

This sectiondescribeshow agentsandapplicationsarehookedtogetherandcommunicatewith oneanothervia theAPI.

31.2.1 Attaching transport agentsto nodes

This stepis typically doneat OTcl level. Agentmanagementwasalsobriefly discussedin Section5.2.

set src [new Agent/TCP/FullTcp]
set sink [new Agent/TCP/FullTcp]
$ns_ attach-agent $node_(s1) $src
$ns_ attach-agent $node_(k1) $sink
$ns_ connect $src $sink

Theabove codeillustratesthat in ns, agentsarefirst attachedto a nodevia attach-agent . Next, theconnect instproc
setseachagent’sdestinationtargetto theother. Notethat,in ns, connect() hasdifferentsemanticsthanin regularsockets.
In ns, connect() simply establishesthedestinationaddressfor anagent,but doesnot setup theconnection.As a result,
theoverlying applicationdoesnot needto know its peer’s address.For TCPsthatexchangeSYN segments,thefirst call to
send() will triggertheSYN exchange.

To detachanagentfrom anode,theinstprocdetach-agent canbeused;this resetsthetargetfor theagentto anull agent.
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31.2.2 Attaching applications to agents

After applicationsareinstantiated,they mustbeconnectedto a transportagent.Theattach-agent methodcanbeusedto
attachanapplicationto anagent,asfollows:

set ftp1 [new Application/FTP]
$ftp1 attach-agent $src

Thefollowing shortcutaccomplishesthesameresult:

set ftp1 [$src attach-app FTP]

The attach-agentmethod,which is alsousedby attach-app,is implementedin C++. It setstheagent_ pointerin class
Application to point to the transportagent,and then it calls attachApp() in agent.cc to set the app_ pointer
to point back to the application. By maintainingthis binding only in C++, OTcl-level instvars pointersare avoided and
consistency betweenOTcl andC++ is guaranteed.TheOTcl-level command[$ftp1 agent] canbeusedby applications
to obtainthehandlerfor thetransportagent.

31.2.3 Using transport agentsvia systemcalls

Oncetransportagentshavebeenconfiguredandapplicationsattached,applicationscanusetransportservicesvia thefollowing
systemcalls.Thesecallscanbeinvokedat eitherOTcl or C++ level, therebyallowing applicationsto becodedin eitherC++
or OTcl. Thesefunctionshave beenimplementedasvirtual functionsin thebaseclass Agent , andcanberedefinedas
neededby derivedAgents.

Ó send(int nbytes) —Sendnbytesof datato peer. For TCP agents,if nbytes == -1 , this correspondsto an
“infinite” send;i.e., theTCPagentwill actasif its sendbuffer is continuallyreplenishedby theapplication.

Ó sendmsg(int nbytes, const char* flags = 0) —Identicalto send(int nbytes) , exceptthatit passes
anadditionalstringflags . Currentlyoneflagvalue,“MSG_EOF,” is defined;MSG_EOFspecifiesthatthis is thelast
batchof datathattheapplicationwill submit,andservesasanimpliedclose(sothatTCPcansendFIN with data).

Ó close() —Requeststheagentto closetheconnection(only applicablefor TCP).

Ó listen() —Requeststheagentto listenfor new connections(only applicablefor Full TCP).

Ó set_pkttype(int pkttype) —This functionsetsthe type_ variablein theagentto pkttype . Packet types
aredefinedin packet.h . This functionis usedto overridethetransportlayerpacket typefor tracingpurposes.

Note that certaincalls arenot applicablefor certainagents;e.g.,a call to close () a UDP connectionresultsin a no-op.
Additional callscanbeimplementedin specializedagents,providedthatthey aremadepublic memberfunctions.

31.2.4 Agent upcalls to applications

Sincepresentlyin ns thereis no actualdatabeingpassedbetweenapplications,agentscaninsteadannounceto applications
the occurenceof certaineventsat the transportlayer through“upcalls.” For example,applicationscanbe notified of the
arrival of a numberof bytesof data;this informationmay aid the applicationin modellingreal-world applicationbehavior
moreclosely. Two basic“upcalls” havebeenimplementedin baseclass Application andint thetransportagents:
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Ó recv(int nbytes) —Announcesthat nbytes of datahave beenreceived by the agent. For UDP agents,this
signifiesthearrival of a singlepacket. For TCPagents,this signifiesthe“delivery” of anamountof in-sequencedata,
which maybelargerthanthatcontainedin a singlepacket (dueto thepossibilityof network reordering).

Ó resume() —This indicatesto theapplicationthat thetransportagenthassentout all of thedatasubmittedto it up to
thatpoint in time. For TCP, it doesnot indicatewhetherthedatahasbeenACKedyet,only thatit hasbeensentout for
thefirst time.

Thedefault behavior is asfollows: Dependingon whethertheapplicationhasbeenimplementedin C++ or OTcl, theseC++
functionscall asimilarly named(recv, resume ) functionin theapplication,if suchmethodshavebeendefined.

Although strictly not a callbackto applications,certainAgentshave implementeda callbackfrom C++ to OTcl-level that
hasbeenusedby applicationssuchasHTTP simulators.This callbackmethod,done{} , is usedin TCP agents.In TCP,
done{} is calledwhena TCP senderhasreceived ACKs for all of its dataandis now closed;it thereforecanbe usedto
simulatea blockedTCPconnection.Thedone{} methodwasprimarily usedbeforethis API wascompleted,but maystill
beusefulfor applicationsthatdo not wantto useresume() .

To usedone{} for FullTcp, for example,youcantry:

set myagent [new Agent/TCP/FullTcp]
$myagent proc done

... code you want ...

If youwantall theFullTCP’s to havethesamecodeyou couldalsodo:

Agent/TCP/FullTcp instproc done
... code you want ...

By default,done{} doesnothing.

31.2.5 An example

Hereis anexampleof how theAPI is usedto implementa simpleapplication(FTP)on topof a FullTCPconnection.

set src [new Agent/TCP/FullTcp]
set sink [new Agent/TCP/FullTcp]
$ns_ attach-agent $node_(s1) $src
$ns_ attach-agent $node_(k1) $sink
$ns_ connect $src $sink

# set up TCP-level connections
$sink listen;
$src set window_ 100

set ftp1 [new Application/FTP]
$ftp1 attach-agent $src

$ns_ at 0.0 "$ftp1 start"
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In theconfigurationscript, thefirst five linesof codeallocatestwo new FullTcp agents,attachesthemto thecorrectnodes,
and"connects"themtogether(assignsthecorrectdestinationaddressesto eachagent).Thenext two linesconfiguretheTCP
agentsfurther, placingoneof themin LISTEN mode.Next, ftp1 is definedasa new FTPApplication,andtheattach-
agent methodis calledin C++ (app.cc ).

Theftp1 applicationis startedat time 0:

Application/FTP instproc start {} {
[$self agent] send -1; # Send indefinitely

}

Alternatively, theFTPapplicationcouldhavebeenimplementedin C++ asfollows:

void FTP::start()
{

agent_->send(-1); // Send indefinitely
}

SincetheFTPapplicationdoesnot makeuseof callbacks,thesefunctionsarenull in C++ andnoOTcl callbacksaremade.

31.3 The classTrafficGenerator

TrafficGeneratoris anabstractC++ classdefinedasfollows:

class TrafficGenerator : public Application {
public:

TrafficGenerator();
virtual double next_interval(int &) = 0;
virtual void init() {}
virtual double interval() { return 0; }
virtual int on() { return 0; }
virtual void timeout();
virtual void recv() {}
virtual void resume() {}

protected:
virtual void start();
virtual void stop();
double nextPkttime_;
int size_;
int running_;
TrafficTimer timer_;

};

Thepurevirtual functionnext_interval () returnsthetime until thenext packet is createdandalsosetsthesizein bytes
of thenext packet. Thefunctionstart () callsinit (void) andstartsthetimer. Thefunctiontimeout () sendsapacketand
reschedulesthenext timeout. Thefunctionstop () cancelsany pendingtransmissions.Callbacksaretypically not usedfor
traffic generators,sothesefunctions(recv, resume ) arenull.

Currently, therearefour C++ classesderivedfrom theclassTrafficGenerator:
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1. EXPOO_Traffic —generatestraffic accordingto anExponentialOn/Off distribution. Packetsaresentat a fixedrate
duringon periods,andno packetsaresentduringoff periods.Both on andoff periodsaretakenfrom anexponential
distribution. Packetsareconstantsize.

2. POO_Traffic —generatestraffic accordingto a ParetoOn/Off distribution. This is identical to the Exponential
On/Off distribution, excepttheon andoff periodsaretaken from a paretodistribution. Thesesourcescanbe usedto
generateaggregatetraffic thatexhibits long rangedependency.

3. CBR_Traffic —generatestraffic accordingto a deterministicrate. Packets are constantsize. Optionally, some
randomizingdithercanbeenabledon theinterpacketdepartureintervals.

4. TrafficTrace —generatestraffic accordingto a tracefile. Eachrecordin the tracefile consistsof 2 32-bit fields.
Thefirst containsthetime in microsecondsuntil thenext packet is generated.Thesecondcontainsthelengthin bytes
of thenext packet.

Theseclassescanbecreatedfrom OTcl. TheOTcl classesnamesandassociatedparametersaregivenbelow:

Exponential On/Off An ExponentialOn/Off object is embodiedin the OTcl classApplication/Traffic/Exponential.The
membervariablesthatparameterizethis objectare:

packetSize_ theconstantsizeof thepacketsgenerated

burst_time_ theaverage“on” time for thegenerator

idle_time_ theaverage“off ” time for thegenerator

rate_ thesendingrateduring“on” times

Hencea new ExponentialOn/Off traffic generatorcanbecreatedandparameterizedasfollows:

set e [new Application/Traffic/Exponential]
$e set packetSize_ 210
$e set burst_time_ 500ms
$e set idle_time_ 500ms
$e set rate_ 100k

Pareto On/Off A ParetoOn/Off objectis embodiedin the OTcl classApplication/Traffic/Pareto. The membervariables
thatparameterizethis objectare:

packetSize_ theconstantsizeof thepacketsgenerated

burst_time_ theaverage"on" time for thegenerator

idle_time_ theaverage"off" time for thegenerator

rate_ thesendingrateduring"on" times

shape_ the"shape"parameterusedby theparetodistribution

A new ParetoOn/Off traffic generatorcanbecreatedasfollows:

set p [new Application/Traffic/Pareto]
$p set packetSize_ 210
$p set burst_time_ 500ms
$p set idle_time_ 500ms
$p set rate_ 200k
$p set shape_ 1.5
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CBR A CBR objectis embodiedin theOTcl classApplication/Traffic/CBR.Themembervariablesthatparameterizethis
objectare:

rate_ thesendingrate

interval_ (Optional)interval betweenpackets

packetSize_ theconstantsizeof thepacketsgenerated

random_ flag indicatingwhetheror not to introducerandom“noise” in thescheduleddeparturetimes(default is
off)

maxpkts_ themaximumnumberof packetsto send(default is ( ô ädõ )

Hencea new CBR traffic generatorcanbecreatedandparameterizedasfollows:

set e [new Application/Traffic/CBR]
$e set packetSize_ 48
$e set rate_ 64Kb
$e set random_ 1

Thesettingof a CBR object’s rate_ andinterval_ aremutuallyexclusive (the interval betweenpacketsis maintained
asan interval variablein C++, andsomeexamplensscriptsspecifyan interval ratherthana rate). In a simulation,eithera
rateor aninterval (but not both)shouldbespecifiedfor a CBR object.

Traffic Trace A Traffic Traceobjectis instantiatedby theOTcl classApplication/Traffic/Trace.TheassociatedclassTrace-
file is usedto enablemultiple Traffic/Traceobjectsto be associatedwith a single tracefile. The Traffic/Traceclassuses
the methodattach-tracefileto associatea Traffic/Traceobjectwith a particularTracefileobject. The methodfilenameof
the Tracefileclassassociatesa tracefile with the Tracefileobject. The following exampleshows how to createtwo Ap-
plication/Traffic/Traceobjects,eachassociatedwith the sametracefile (called"example-trace"in this example). To avoid
synchronizationof thetraffic generated,randomstartingplaceswithin thetracefile arechosenfor eachTraffic/Traceobject.

set tfile [new Tracefile]
$tfile filename example-trace

set t1 [new Application/Traffic/Trace]
$t1 attach-tracefile $tfile
set t2 [new Application/Traffic/Trace]
$t2 attach-tracefile $tfile

31.3.1 An example

Thefollowing codeillustratesthebasicstepsto configureanExponentialtraffic sourceovera UDP agent,for traffic flowing
from nodes1 to nodek1 :

set src [new Agent/UDP]
set sink [new Agent/UDP]
$ns_ attach-agent $node_(s1) $src
$ns_ attach-agent $node_(k1) $sink
$ns_ connect $src $sink
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set e [new Application/Traffic/Exponential]
$e attach-agent $src
$e set packetSize_ 210
$e set burst_time_ 500ms
$e set idle_time_ 500ms
$e set rate_ 100k

$ns_ at 0.0 "$e start"

31.4 Simulatedapplications: Telnetand FTP

Therearecurrentlytwo “simulateapplication”classesderived from Application: Application/FTPandApplication/Telnet.
Theseclasseswork by advancingthecountof packetsavailableto besentby a TCPtransportagent.Theactualtransmission
of availablepacketsis still controlledby TCP’sflow andcongestioncontrolalgorithm.

Application/FTP Application/FTP, implementedin OTcl, simulatesbulk datatransfer. The following aremethodsof the
Application/FTPclass:

attach-agent attachesanApplication/FTPobjectto anagent.

start start the Application/FTPby calling the TCP agent’s send(-1) function, which causesTCP to
behaveasif theapplicationwerecontinuouslysendingnew data.

stop stopsending.

produce n setthecounterof packetsto besentto Ø .

producemore n increasethecounterof packetsto besentby Ø .

send n similar to producemore , but sendsØ bytesinsteadof packets.

Application/Telnet Application/Telnetobjectsgeneratepacketsin oneof two ways. If themembervariableinterval_
is non-zero,then inter-packet times are chosenfrom an exponentialdistribution with averageequal to interval_ . If
interval_ is zero,theninter-arrival timesarechosenaccordingto the tcplib distribution (seetcplib-telnet.cc).The start
methodstartsthepacketgenerationprocess.

31.5 Applications objects

An applicationobjectmaybeof two types,a traffic generatoror a simulatedapplication.Traffic generatorobjectsgenerate
traffic andcanbeof four types,namely, exponential,pareto,CBR andtraffic trace.

Application/Traffic/Exponential objects Exponentialtraffic objectsgenerateOn/Off traffic. During "on" periods,packets
aregeneratedata constantburstrate.During"off" periods,no traffic is generated.Bursttimesandidle timesaretaken
from exponentialdistributions.Configurationparametersare:

PacketSize_ constantsizeof packetsgenerated.

burst_time_ averageon time for generator.

idle_time_ averageoff time for generator.

rate_ sendingrateduringon time.
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Application/Traffic/Pareto Application/Traffic/ParetoobjectsgenerateOn/Off traffic with burst timesandidle timestaken
from paretodistributions.Configurationparametersare:

PacketSize_ constantsizeof packetsgenerated.

burst_time_ averageon time for generator.

idle_time_ averageoff time for generator.

rate_ sendingrateduringon time.

shape_ theshapeparameterusedby paretodistribution.

Application/Traffic/CBR CBR objectsgeneratepacketsat a constantbit rate.

$cbr start
Causesthesourceto startgeneratingpackets.

$cbr stop
Causesthesourceto stopgeneratingpackets.

Configurationparametersare:

PacketSize_ constantsizeof packetsgenerated.

rate_ sendingrate.

interval_ (optional)interval betweenpackets.

random_ whetheror not to introducerandomnoisein thescheduleddeparturetimes.defualtis off.

maxpkts_ maximumnumberof packetsto send.

Application/Traffic/Trace Application/Traffic/Traceobjectsareusedtogeneratetraffic fromatracefile. $trace attach-
tracefile tfile
AttachtheTracefileobjecttfile to this trace.TheTracefileobjectspecifiesthetracefile from which thetraffic datais
to beread.Multiple Application/Traffic/Traceobjectscanbeattachedto thesameTracefileobject.A randomstarting
placewithin theTracefileis chosenfor eachApplication/Traffic/Traceobject.

Therearenoconfigurationparametersfor this object.

A simulatedapplicationobjectcanbeof two types,TelnetandFTP.

Application/Telnet TELNET objectsproduceindividualpacketswith inter-arrival timesasfollows. If interval_ is non-zero,
theninter-arrival timesarechosenfrom an exponentialdistribution with averageinterval_. If interval_ is zero, then
inter-arrival timesarechosenusingthe"tcplib" telnetdistribution.

$telnet start
CausestheApplication/Telnetobjectto startproducingpackets.

$telnet stop
CausestheApplication/Telnetobjectto stopproducingpackets.

$telnet attach <agent>
Attachesa Telnetobjectto agent.

ConfigurationParametersare:

interval_ Theaverageinter-arrival time in secondsfor packetsgeneratedby theTelnetobject.

Application FTP FTPobjectsproducebulk datafor a TCPobjectto send.

$ftp start
Causesthesourceto producemaxpkts_packets.

$ftp produce <n>
CausestheFTPobjectto producen packetsinstantaneously.
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$ftp stop
CausestheattachedTCPobjectto stopsendingdata.

$ftp attach agent
Attachesa Application/FTPobjectto agent.

$ftp producemore <count>
CausestheApplication/FTPobjectto producecountmorepackets.

ConfigurationParametersare:

maxpkts Themaximumnumberof packetsgeneratedby thesource.

TRACEFILE OBJECTS Tracefileobjectsareusedto specifythetracefile thatis to beusedfor generatingtraffic (seeApplica-
tion/Traffic/Traceobjectsdescribedearlierin this section).$tracefile is aninstanceof theTracefileObject. $trace-
file filename <trace-input>
Setthefilenamefrom which thetraffic tracedatais to bereadto trace-input.

Therearenoconfigurationparametersfor thisobject.A tracefile consistsof any numberof fixedlengthrecords.Eachrecord
consistsof 2 32 bit fields. The first indicatesthe interval until the next packet is generatedin microseconds.The second
indicatesthelengthof thenext packet in bytes.

31.6 Commandsat a glance

Following aresometransportagentandapplicationrelatedcommandscommonlyusedin simulationscripts:

set tcp1 [new Agent/TCP]
$ns_ attach-agent $node_(src) $tcp1
set sink1 [new Agent/TCPSink]
$ns_ attach-agent $node_(snk) $sink1
$ns_ connect $tcp1 $sink1

This createsa sourcetcpagentandadestinationsinkagent.Both thetransportagentsareattachedto their resoectivenodes.
Finally anend-to-endconnectionis setupbetweenthesrcandsink.

set ftp1 [new Application/FTP]
$ftp1 attach-agent $agent

or set ftp1 [$agent attach-app FTP] Both theabovecommandsachievethesame.An application(ftp in this
example)is createdandattachedto thesourceagent.An applicationcanbeof two types,a traffic generatoror asimulated
application.Typesof Traffic generatorscurrentlypresentare:Application/Traffic/Exponential,Application/Traffic/Pareto,
Application/Traffic/CBR,andApplication/Traffic/Trace.Seesection31.3for details.Typesof simulatedapplications
currentlyimplementedare:Application/FTPandApplication/Telnet.Seesection31.4for details.
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Chapter 32

Webcacheasan application

All applicationsdescribedabove are “virtual” applications,in the sensethat they do not actually transfertheir own data
in the simulator;all that matteris the sizeandthe time whendataare transferred.Sometimeswe may want applications
to transfertheir own datain simulations.Onesuchexampleis web caching,wherewe want HTTP serversto sendHTTP
headersto cachesandclients.Theseheaderscontainpagemodificationtime informationandothercachingdirectives,which
areimportantfor somecacheconsistency algorithms.

In thefollowing, we first describegeneralissuesregardingtransmittingapplication-level datain ns, thenwe discussspecial
issues,aswell asAPIs, relatedto transmittingapplicationdatausingTCPastransport.We will thenproceedto discussthe
internaldesignof HTTP client,server, andproxycache.

32.1 Usingapplication-level data in ns

In order to transmitapplication-level datain ns, we provide a uniform structureto passdataamongapplications,and to
passdatafrom applicationsto transportagents(Figure32.1). It hasthreemajorcomponents:a representationof a uniform
application-level dataunit (ADU), a commoninterfaceto passdatabetweenapplications,andtwo mechanismsto passdata
betweenapplicationsandtransportagents.

32.1.1 ADU

Thefunctionalityof anADU is similar to thatof a Packet. It needsto packuserdatainto anarray, which is thenincludedin
theuserdataareaof annspacketby anAgent(this is notsupportedby currentAgents.Usermustderivenew agentsto accept
userdatafrom applications,or useanwrapperlikeTcpApp.We’ll discussthis later).

Comparedwith Packet, ADU providesthis functionality in a differentway. In Packet, a commonareais allocatedfor all
packet headers;anoffset is usedto accessdifferentheadersin this area.In ADU this is not applicable,becausesomeADU
allocatestheir spacedynamicallyaccordingthe the availability of userdata. For example,if we want to deliver an OTcl
scriptbetweenapplications,thesizeof thescriptis undeterminedbeforehand.Therefore,we choosea lessefficientbut more
flexible method. EachADU definesits own datamembers,andprovidesmethodsto serializethem(i.e., packdatainto an
arrayandextractthemfrom anarray).For example,in theabstractbaseclassof all ADU, AppData,we have:

class AppData {
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Figure32.1:Examplesof application-level dataflow

private:
AppDataType type_; // ADU type

public:
struct hdr {

AppDataType type_;
};

public:
AppData(char* b) {

assert(b != NULL);
type_ = ((hdr *)b)->type_;

}
virtual void pack(char* buf) const;

}

Herepack(char* buf) is usedto write anAppDataobjectinto anarray, andAppData(char* b) is usedto build a
new AppDatafrom a “serialized”copy of theobjectin anarray.

Whenderiving new ADU from thebaseclass,usersmayaddmoredata,but at thesametime a new pack(char *b) and
a new constructorshouldbe provided to write andreadthosenew datamembersfrom an array. For anexampleashow to
derive from anADU, look at ns/webcache/http-aux.h.

32.1.2 Passingdata betweenapplications

Thebaseclassof Application,Process,allows applicationsto passdataor requestdatabetweeneachother. It is definedas
follows:

class Process {
public:

Process() : target_(0) {}
inline Process*& target() { return target_; }
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virtual void process_data(int size, char* data) = 0;
virtual void send_data(int size, char* data = 0);

protected:
Process* target_;

};

ProcessenablesApplicationto link together.

32.1.3 Transmitting user data over UDP

Currentlythereareno supportsin classAgentto transmituserdata.Therearetwo waysto transmitserializedADU through
transportagents.First, for UDP agent(andall agentsderived from there),we canderive from classUDP andadda new
methodsend(int nbytes, char *userdata) to passuserdatafrom Application to Agent. To passdatafrom an
Agent to anApplication is somewhattrickier: eachagenthasa pointerto its attachedapplication,we dynamicallycastthis
pointerto anAppConnectorandthencall AppConnector::process_data() .

As an example,we illustratehow classHttpInvalAgentis implemented.It is basedon UDP, andis intededto deliver web
cacheinvalidationmessages(ns/webcache/inval-agent.h). It is definedas:

class HttpInvalAgent : public Agent {
public:

HttpInvalAgent();

virtual void recv(Packet *, Handler *);
virtual void send(int realsize, AppData* data);

protected:
int off_inv_;

};

Hererecv(Packet*, Handler*) overriddento extractuserdata,anda new send(int, AppData*) is provided
to includeuserdatain packetes.An application(HttpApp) is attachedto anHttpInvalAgentusingAgent::attachApp()
(adynamiccastis needed).In send() , thefollowing codeis usedto write userdatafrom AppDatato theuserdataareain a
packet:

Packet *pkt = allocpkt(data->size());
hdr_inval *ih = (hdr_inval *)pkt->access(off_inv_);
ih->size() = data->size();
char *p = (char *)pkt->accessdata();
data->pack(p);

In recv() , thefollowing codeis usedto readuserdatafrom packetandto deliver to theattachedapplication:

hdr_inval *ih = (hdr_inval *)pkt->access(off_inv_);
((HttpApp*)app_)->process_data(ih-> size() , (char *)pkt->accessdata());
Packet::free(pkt);
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32.1.4 Transmitting user data over TCP

TransmittinguserdatausingTCP is trickier thandoing thatover UDP, mainly becauseof TCP’s reassemblyqueueis only
availablefor FullTcp. We dealwith this problemby abstractinga TCPconnectionasaFIFO pipe.

As indicatedin section31.2.4,transmissionof applicationdatacanbeimplementedvia agentupcalls.Assumingweareusing
TCPagents,all dataaredeliveredin sequence,which meanswe canview theTCPconnectionasa FIFO pipe. We emulate
userdatatransmissionoverTCPasfollows.Wefirst providebuffer for applicationdataat thesender. Thenwecountthebytes
receivedat thereceiver. Whenthereceiverhasgotall bytesof thecurrentdatatransmission,it thengetsthedatadirectly from
thesender. ClassApplication/TcpAppis usedto implementthis functionality.

A TcpAppobjectcontainsa pointerto a transportagent,presumablyeithera FullTcp or a SimpleTcp.1 (CurrentlyTcpApp
doesn’t supportasymmetricTCPagents,i.e.,senderis separatedfrom receiver). It providesthefollowing OTcl interfaces:

Ó connect : ConnectinganotherTcpAppto this one.This connectionis bi-directional,i.e., only onecall to connect
is needed,anddatacanbesentin eitherdirection.

Ó send : It takestwo arguments:(nbytes, str) . nbytes is the“nominal” sizeof applicationdata.str is appli-
cationdatain stringform.

In order to sendapplicationdata in binary form, TcpApp provides a virtual C++ methodsend(int nbytes, int
dsize, const char *data) . In fact, this is the methodusedto implementthe OTcl methodsend . Becauseit’s
difficult to dealwith binarydatain Tcl, no OTcl interfaceis providedto handlebinarydata.nbytes is thenumberof bytes
to betransmitted,dsize is theactualsizeof thearraydata .

TcpApp providesa C++ virtual methodprocess_data(int size, char*data) to handlethe receiveddata. The
default handlingis to treatthedataasa tcl scriptandevaluatethescript. But it’s easyto derivea classto provideothertypes
of handling.

Here is an exampleof usingApplication/TcpApp. A similar exampleis Test/TcpApp-2node in ns/tcl/test/test-suite-
webcache.tcl.First,wecreateFullTcp agentsandconnectthem:

set tcp1 [new Agent/TCP/FullTcp]
set tcp2 [new Agent/TCP/FullTcp]
# SetTCPparametershere,e.g., window_,iss_,. . .

$ns attach-agent $n1 $tcp1
$ns attach-agent $n2 $tcp2
$ns connect $tcp1 $tcp2
$tcp2 listen

ThenweCreateTcpAppsandconnectthem:

set app1 [new Application/TcpApp $tcp1]
set app2 [new Application/TcpApp $tcp2]
$app1 connect $app2

1A SimpleTcpagentis usedsolely for webcachingsimulations.It is actuallyanUDP agent.It hasneithererror recovery nor flow/congestioncontrol.
It doesn’t do packet segmentation.Assuminga loss-freenetwork andin-orderpacket delivery, SimpleTcpagentsimplifiesthetracefiles andhenceaidsthe
debuggingof applicationprotocols,which, in ourcase,is thewebcacheconsistency protocol.

284



Application

TclObject

Process

HttpApp, ... Application/TcpApp
Application/FTP
Application/Telnet
Application/Traffic/*

Figure32.2:Hierarchyof classesrelatedto application-level datahandling

Now we let $app1 besenderand$app2 bereceiver:

$ns at 1.0 "$app1 send 100 ö "$app2 app-recv 100 ö ""

Whereapp-recv is definedas:

Application/TcpApp instproc app-recv size
global ns
puts "[$ns now] app2 receives data $size from app1"

32.1.5 Classhierarchy relatedto user data handling

We concludethis sectionby providing a hierarchyof classesinvolvedin this section(Figure32.2).

32.2 Overview of webcacheclasses

Therearethreemajor classesrelatedto web cache,asit is in the real world: client (browser),server, andcache.Because
they sharea commonfeature,i.e., the HTTP protocol, they are derived from the samebaseclassHttp (Nameof OTcl
class,it’s called HttpApp in C++). For the following reasons,it’s not a real Application. First, an HTTP object (i.e.,
client/cache/server) may want to maintainmultiple concurrentHTTP connections,but an Application containsonly one
agent_ . Also, anHTTP objectneedsto transmitreal data(e.g.,HTTP header)andthat’s providedby TcpApp insteadof
any Agent.Therefore,wechooseto useastandaloneclassderivedfrom TclObjectfor commonfeaturesof all HTTPobjects,
which aremanagingHTTP connectionsanda setof pages.In the restof the section,we’ll discussthesefunctionalitiesof
Http. In thenext threesections,we’ll in turndescribeHTTPclient,cacheandserver.

32.2.1 Managing HTTP connections

Every HTTP connectionis embodiedasa TcpApp object. Http maintainsa hashof TcpApp objects,which areall of its
activeconnections.It assumesthatto any otherHttp, it hasonly oneHTTPconnection.It alsoallowsdynamicestablishment
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andteardown of connections.Only OTcl interfaceis providedfor establishing,tearingdown a connectionandsendingdata
throughaconnection.

OTcl methods Following is a list of OTcl interfacesrelatedto connectionmanagementin Http objects:

id returntheid of theHttp object,which is theid of thenodetheobjectis attachedto.

get-cnc Ñ clientÒ returntheTCPagentassociatedwith $client(Http object).

is-connectedÑ serverÒ return0 if not connectedto $server, 1 otherwise.

send Ñ clientÒ�Ñ bytesÒ�Ñ callbackÒ send$bytesof datato $client.Whenit’sdone,execute$callback(aOTcl command).

connectÑ clientÒ�Ñ TCPÒ associateaTCPagentwith $client(Http object).Thatagentwill beusedto sendpackets
to $client.

disconnectÑ clientÒ deletetheassociationof a TCPagentwith $client. NotethatneithertheTCPagentnor
$clientis not deleted,only theassociationis deleted.

Configuration parameter By default, Http objectsuseAgent/SimpleTcpastransportagents(section32.1.4). They can
alsouseAgent/FullTcpagents,which allows Http objectsto operatein a lossynetwork. ClassvariablecodeTRANSPORT_
is usedfor this purpose.E.g.,Http set TRANSPORT_FullTcp tellsall Http objectsuseFullTcp agents.

This configurationshouldbe donebefore simulationstarts,and it shouldnot changeduring simulation,becauseFullTcp
agentsdo not inter-operatewith SimpleTcpagents.

32.2.2 Managing webpages

Http alsoprovidesOTcl interfacesto managea setof pages.Therealmanagementof pagesarehandledby classPagePool
andits subclasses.BecausedifferentHTTP objectshave differentrequirementsfor pagemanagement,we allow different
PagePoolsubclassesto beattachedto differentsubclassesof Http class.Meanwhile,we export a commonsetof PagePool
interfacesto OTcl throughHttp. For example,abrowsermayuseaPagePoolonly to generatearequeststream,soits PagePool
only needsto containa list of URLs. But a cachemaywantto storepagesize,lastmodificationtimeof everypageinsteadof
a list of URLs. However, this separationis not clearcutin thecurrentimplementation.

PageURLsarerepresentedin theform of: Ñ ServerName Ò : Ñ SequenceNumber Ò wheretheServerName is thenameof
OTcl object,andevery pagein every server shouldhave a uniqueSequenceNumber . Pagecontentsareignored.Instead,
everypagecontainsseveralattributes, which arerepresentedin OTcl asa list of thefollowing ( Ñ nameÒ2Ñ valueÒ ) pairs:“mod-
time Ñ valÒ ” (pagemodificationtime), “size Ñ valÒ ” (pagesize),and“age Ñ valÒ ”} Theorderingof thesepairsis not significant.

Following is a list of relatedOTcl methods.

set-pagepoolÑ pagepoolÒ setpagepool

enter-page Ñ pageidÒ*Ñ attributesÒ addapagewith id $pageidinto pool. $attributesis theattributesof $pageid,asdescribed
above.

get-pageÑ pageidÒ returnpageattributesin theformatdescribedabove.

get-modtimeÑ pageidÒ returnthelastmodificationtimeof thepage$pageid.

exist-pageÑ pageidÒ return0 if $pageiddoesn’t exist in thisHttp object,1 otherwise.

get-sizeÑ pageidÒ returnthesizeof $pageid.

get-cachetimeÑ pageidÒ returnthetime whenpage$pageidis enteredinto thecache.
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32.2.3 Debugging

HttpApp providestwo debuggingmethods.log registersa file handleasthe tracefile for all HttpApp-specifictraces.Its
traceformat is describedin section32.9. evTrace logsa particularevent into tracefile. It concatenatestime andthe id of
theHttpApp to thegivenstring,andwritesit out. Detailscanbefoundin ns/webcache/http.cc.

32.3 Representingweb pages

We representwebpagesastheabstractclassPage.It is definedasfollows:

class Page
public:

Page(int size) : size_(size)
int size() const return size_;
int& id() return id_;
virtual WebPageType type() const = 0;

protected:
int size_;
int id_;

;

It representsthebasicpropertiesof a webpage:sizeandURL. Uponit we derive two classesof webpages:ServerPageand
ClientPage.The formercontainsa list of pagemodificationtimes,andis supposedto by usedby servers. It wasoriginally
designedto work with a specialwebserver trace;currentlyit is not widely usedin ns. The latter, ClientPage,is thedefault
webpagefor all pagepoolsbelow.

A ClientPagehasthefollowing majorproperties(weomit somevariablesusedby webcachewith invalidation,whichhastoo
many detailsto becoveredhere):

Ó HttpApp* server_ - Pointerto theoriginal serverof thispage.

Ó double age_ - Lifetime of thepage.

Ó int status_ - Statusof thepage.Its contentsareexplainedbelow.

Thestatus(32-bit) of a ClientPageis separatedinto two 16-bit parts.Thefirst part(with mask0x00FF)is usedto storepage
status,thesecondpart(with mask0xFF00)is usedto storeexpectedpageactionsto beperformedby cache.Availablepage
statusare(again,we omit thosecloselyrelatedto webcacheinvalidation):

HTTP_VALID_PAGE Pageis valid.

HTTP_UNCACHEABLE Pageis uncacheable.Thisoptioncanbeusedto simulateCGI pagesor dynamicserverpages.

CilentPagehasthefollowing majorC++ methods:

Ó type() - Returnsthe type of the page. Assumingpagesof the sametype shouldhave identicaloperations,we let
all ClientPageto be of type “HTML”. If later on othertypesof web pagesareneeded,a classmay be derived from
ClientPage(or Page)with thedesiredtype.
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Figure32.3:Classhierarchyof pagepools

Ó name(char *buf) - Printthepage’snameinto thegivenbuffer. A page’snameis in theformatof: Ñ ServerNameÒ : Ñ PageIDÒ .
Ó split_name(const char *name, PageID& id) - Split agivenpagenameinto its two components.This is

a staticmethod.

Ó mtime() - Returnsthelastmodificationtimeof thepage.

Ó age() - Returnsthelifetime of thepage.

32.4 Pagepools

PagePoolandits derivedclassesareusedby serversto generatepageinformation(name,size,modificationtime, lifetime,
etc.),by cachesto describewhich pagesarein storage,andby clientsto generatea requeststream.Figure32.3providesan
overview of theclasshierarchyhere.

Amongthese,classPagePool/Clientis mostlyusedby cachesto storepagesandothercache-relatedinformation;otherthree
classesareusedby serversandclients.In thefollowing wedescribetheseclassesoneby one.

32.4.1 PagePool/Math

This is thesimplesttypeof pagepool. It hasonly onepage,whosesizecanbegeneratedby a givenrandomvariable.Page
modificationsequenceand requestsequenceare generatedusing two given randomvariables. It hasthe following OTcl
methods:

gen-pageid ReturnsthepageID which will berequestednext. Becauseit hasonly onepage,it always
returns0.

gen-size Returnsthesizeof thepage.It canbegeneratedby agivenrandomvariable.

gen-modtimeÑ pageIDÒ2Ñ mtÒ Returnsthe next modificationtime of the page. Ñ mtÒ givesthe last modificationtime. It
usesthelifetime randomvariable.

ranvar-age Ñ rv Ò Setthefile lifetime randomvariableas Ñ rv Ò .
ranvar-size Ñ rv Ò Setthefile sizerandomvariableto be Ñ rv Ò .

NOTE: Therearetwo waysto generatearequestsequence.With all pagepoolsexceptPagePool/ProxyTrace,requestsequence
is generatedwith a randomvariablewhich describestherequestinterval, andthegen-pageid methodof otherpagepools
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givesthepageID of thenext request.PagePool/ProxyTraceloadstherequeststreamduringinitializationphase,soit doesnot
needa randomvariablefor requestinterval; seeits descriptionbelow.

An exampleof usingPagePool/Mathis atSection32.8.Thatscriptis alsoavailableat ns/tcl/ex/simple-webcache.tcl.

32.4.2 PagePool/CompMath

It improvesover PagePool/Mathby introducinga compoundpagemodel. By a compoundpagewe meana pagewhich
consistsof a main text pageanda numberof embeddedobjects,e.g.,GIFs. We modela compoundpageasa main page
andseveral componentobjects. The main pageis alwaysassignedwith ID 0. All componentpageshave the samesize;
boththemainpagesizeandcomponentobjectsizeis fixed,but adjustablethroughOTcl-boundvariablesmain_size_ and
comp_size_ , respectively. Thenumberof componentobjectscanbesetusingtheOTcl-boundvariablenum_pages_ .

PagePool/CompMathhasthefollowing majorOTcl methods:

gen-sizeÑ pageIDÒ If Ñ pageIDÒ is 0, returnmain_size_ , otherwisereturncomp_size_ .

ranvar-main-ageÑ rv Ò Setrandomvariablefor mainpagelifetime. Anotherone,ranvar-obj-age , setthatfor
componentobjects.

gen-pageid Alwaysreturns0, which is themainpageID.

gen-modtimeÑ pageIDÒ2Ñ mtÒ Returnsthenext modificationtimeof thegivenpage Ñ pageIDÒ . If thegivenID is 0, it uses
the main pagelifetime randomvariable;otherwiseit usesthe componentobject lifetime
randomvariable.

An exampleof usingPagePool/CompMathis availableat ns/tcl/ex/simple-webcache-comp.tcl.

32.4.3 PagePool/ProxyTrace

Theabove two pagepool synthesizerequeststreamto a singlewebpageby two randomvariables:onefor requestinterval,
anotherfor requestedpageID. Sometimesusersmay want more complicatedrequeststream,which consistsof multiple
pagesand exhibits spatial locality and temporallocality. Thereexists one proposal(SURGE[3]) which generatessuch
requeststreams,we chooseto provideanalternativesolution:userealwebproxycachetrace(or server trace).

The classPagePool/ProxyTraceusesreal tracesto drive simulation. Becausethereexist many web traceswith different
formats, they shouldbe convertedinto a intermediateformat before fed into this pagepool. The converter is available
at http://mash.cs.berkeley.edu/dist/vint/webcache-trace-conv.tar.gz. It acceptsfour traceformats: DEC proxy trace(1996),
UCB Home-IPtrace,NLANR proxy trace,andEPA web server trace. It convertsa given traceinto two files: pglog and
reqlog.Eachline in pgloghasthefollowing format:

[<serverID> <URL_ID> <PageSize> <AccessCount>]

Eachline, exceptthelastline, in reqloghasthefollowing format:

[<time> <clientID> <serverID> <URL_ID>]

Thelastline in reqlogrecordsthedurationof theentiretraceandthetotal numberof uniqueURLs:

i <Duration> <Number_of_URL>
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PagePool/ProxyTracetakesthesetwo file asinput,andusethemto drivesimulation.Becausemostexistingwebproxy traces
do not containcompletepagemodificationinformation,we chooseto usea bimodalpagemodificationmodel[7]. We allow
userto select ÷Tø of the pagesto have onerandompagemodificationinterval generator, andthe restof the pagesto have
anothergenerator. In this way, it’s possibleto let ÷yø pagesto bedynamic,i.e., modifiedfrequently, andthereststatic. Hot
pagesareevenly distributedamongall pages.For example,assume10%pagesaredynamic,thenif we sortpagesinto a list
accordingto their popularity, thenpages0, 10, 20, ùcùdù aredynamic,restarestatic.Becauseof this selectionmechanism,we
only allow bimodalratio to changein theunit of 10%.

In orderto distributerequeststo differentrequestorsin thesimulator, PagePool/ProxyTracemapstheclient ID in thetracesto
requestorsin thesimulatorusinga modulooperation.

PagePool/ProxyTracehasthefollowing majorOTcl methods:

get-poolsize Returnsthetotal numberof pages.

get-duration Returnsthedurationof thetrace.

bimodal-ratio Returnsthebimodalratio.

set-client-numÑ numÒ Setthenumberof requestorsin thesimulation.

gen-requestÑ ClientIDÒ Generatethenext requestfor thegivenrequestor.

gen-sizeÑ PageIDÒ Returnsthesizeof thegivenpage.

bimodal-ratio Ñ ratioÒ Setthedynamicpagesto be Ñ ratioÒ *10 percent.Notethatthis ratiochangesin
unit of 10%.

ranvar-dp Ñ ranvarÒ Setpagemodificationinterval generatorfor dynamicpages.Similarly, ranvar-
sp Ñ ranvarÒ setsthegeneratorfor staticpages.

set-reqfileÑ file Ò Setrequeststreamfile, asdiscussedabove.

set-pgfile Ñ file Ò Setpageinformationfile, asdiscussedabove.

gen-modtimeÑ PageIDÒ2Ñ LastModTimeÒ Generatenext modificationtime for thegivenpage.

An exampleof usingPagePool/ProxyTraceis availableatns/tcl/ex/simple-webcache-trace.tcl.

32.4.4 PagePool/Client

TheclassPagePool/Clienthelpscachesto keeptrackof pagesresidentin cache,andto storevariouscache-relatedinformation
aboutpages.It is mostlyimplementedin C++,becauseit is mainlyusedinternallyandlittle functionalityis neededby users.
It hasthefollowing majorC++ methods:

Ó get_page(const char* name) - Returnsa pointerto thepagewith thegivenname.

Ó add_page(const char *name, int size, double mt, double et, double age) - Add apage
with givensize,lastmodificationtime (mt), cacheentrytime (et),andpagelifetime (age).

Ó remove_page(const char* name) - Removeapagefrom cache.

This pagepool shouldsupportvariouscachereplacementalgorithms,however, it hasnotbeenimplementedyet.
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32.5 Webclient

ClassHttp/Clientmodelsbehavior of a simplewebbrowser. It generatesa sequenceof pagerequests,whererequestinterval
andpageIDs arerandomized.It’s a pureOTcl classinheritedfrom Http. Next we’ll walk throughits functionalitiesand
usage.

Creating a client First of all, we createa client andconnectit to a cacheanda web server. Currentlya client is only
allowed to connectto a singlecache,but it’s allowedto connectto multiple servers. Note that this hasto becalledAFTER
thesimulationstarts(i.e.,after$ns run is called).This remainstruefor all of thefollowing methodsandcodeexamplesof
Http andits derivedclasses,unlessexplicitly said.

# Assuming $server is a configured Http/Server.
set client [new Http/Client $ns $node] ;# client resideson this node
$client connect $server ;# connectingclient to server

Configuring requestgeneration For every request,Http/Client usesPagePoolto generatea randompageID, andusea
randomvariableto generateintervalsbetweentwo consecutiverequests:2

$client set-page-generator $pgp ;# attach a configuredPagePool
$client set-interval-generator $ranvar ;# attach a randomvariable

Herewe assumethatPagePoolsof Http/Clientsharethesamesetof pagesasPagePoolsof theserver. Usuallywe simplify
oursimulationby lettingall clientsandserverssharethesamePagePool,i.e., they havethesamesetof pages.Whenthereare
multiple servers,or servers’PagePoolsareseparatedfrom thoseof clients’,caremustbetakento makesurethateveryclient
seesthesamesetof pagesastheserversto which they areattached.

Starting After theabovesetup,startingrequestsis verysimple:

$client start-session $cache $server ;# assuming$cacheis a configuredHttp/Cache

OTcl interfaces Following is a list of its OTcl methods(in additionto thoseinheritedfrom Http). This is not a complete
list. More detailscanbefoundin ns/tcl/webcache/http-agent.tcl.

send-requestÑ serverÒFÑ typeÒ2Ñ pageidÒ*Ñ argsÒ senda requestof page$pageidandtype$typeto $server. Theonly request
type allowed for a client is GET. $args hasa format identical to that of
$attributesdescribedin Http::enter-page .

start-sessionÑ cacheÒ�Ñ serverÒ startsendingrequestsof a randompageto $servervia $cache.

start Ñ cacheÒ�Ñ serverÒ beforesendingrequests,populate$cachewith all pagesin theclient’sPage-
Pool. This methodis usefulwhenassuminginfinite-sizedcachesandwe
wantto observebehaviorsof cacheconsistency algorithmsin steadystate.

set-page-generatorÑ pagepoolÒ attachaPagePoolto generaterandompageIDs.

set-interval-generatorÑ ranvarÒ attacha randomvariableto generaterandomrequestintervals.
2SomePagePool,e.g.,PagePool/Math,hasonly onepageandthereforeit alwaysreturnsthesamepage.SomeotherPagePool,e.g.PagePool/Trace,has

multiple pagesandneedsa randomvariableto pick out a randompage.
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32.6 Webserver

ClassHttp/Servermodelsbehavior of a HTTP server. Its configurationis verysimple.All thata userneedsto do is to create
a server, attachaPagePoolandwait:

set server [new Http/Server $ns $node] ;# attach $serverto $node
$server set-page-generator $pgp ;# attach a pagepool

An Http/Server objectwaits for incomingrequestsaftersimulationstarts.Usuallyclientsandcachesinitiatesconnectionto
anHttp/Server. But it still hasits own connect method,which allowsanHttp/Serverobjectto actively connectto a certain
cache(or client). Sometimesthis is useful,asexplainedin Test/TLC1::set-groups{}in ns/tcl/test/test-suite-webcache.tcl.

An Http/Server objectacceptstwo typesof requests:GET andIMS. GET requestmodelsnormalclient requests.For every
GET request,it returnstheattributesof therequestedpage.IMS requestmodelsIf-Modified-Sinceusedby TTL algorithms
for cacheconsistency. For everyIMS (If-Modified-Since)request,it comparesthepagemodificationtimegivenin therequest
andthatof thepagein its PagePool.If thetime indicatedin therequestis older, it sendsbackaresponsewith verysmallsize,
otherwiseit returnsall of thepageattributeswith responsesizeequaltherealpagesize.

32.7 Webcache

Currently6 typesof webcachesareimplemented,includingthebaseclassHttp/Cache.Its fivederivedsubclassesimplement
5 typesof cacheconsistency algorithms:Plainold TTL, adaptiveTTL, OmniscientTTL, Hierarchicalmulticastinvalidation,
andhierarchicalmulticastinvalidationplusdirectrequest.

In thefollowing we’ll only describethebaseclassHttp/Cache,becauseall thesubclassesinvolvesdiscussionof cachecon-
sistency algorithmsandit doesnot seemto beappropriatehere.

32.7.1 Http/Cache

ClassHttp/Cachemodelsbehavior of a simple HTTP cachewith infinite size. It doesn’t containremoval algorithm,nor
consistency algorithm. It is not intendedto be usedby itself. Rather, it is meantto be a baseclassfor experimentingwith
variouscacheconsistency algorithmsandothercachealgorithms.

Creation and startup Creatingan Http/Cacherequiresthe samesetof parametersasHttp/Client andHttp/Server. After
creation,a cacheneedsto connectto a certainserver. Note that this creationcanalsobedonedynamically, whena request
comesin andthecachefinds that it’s not connectedto theserver. However, we do not modelthis behavior in currentcode.
Following codeis anexample:

set cache [new HttpCache $ns $node] ;# attach cacheto $node
$cache connect $server ;# connectto $server

Like Http/Server, an Http/Cacheobjectwaits for requests(andpackets from server) after it’s initialized asabove. When
hierarchicalcachingis used,thefollowing canbeusedto createthehierarchy:
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$cache set-parent $parent ;# setparentcache

Currentlyall TTL andmulticastinvalidationcachessupporthierarchicalcaching.However, only thetwo multicastinvalida-
tion cachesallowsmultiplecachehierarchiesto inter-operate.

OTcl methods AlthoughHttp/Cacheis a SplitObject,all of its methodsarein OTcl. Most of themareusedto processan
incomingrequest.Their relationscanbeillustratedwith theflowchartbelow, followedby explainations:

get-request()

cache-hit()

cache-miss()

send cached page

refetch-pending()

is-consistent()

Y

N

send-request()

ignore the request

refetch()

Figure32.4:Handlingof incomingrequestin Http/Cache

get-requestÑ clientÒFÑ typeÒFÑ pageidÒ Theentrypoint of processingany request.It checksif therequestedpage$pageid
existsin thecache’spagepool, thencall eithercache-hit or cache-miss .

cache-missÑ clientÒFÑ typeÒFÑ pageidÒ This cachedoesn’t have the page. Senda requestto server (or parentcache)to
refetchthepageif it hasn’t alreadydoneso.Register$client in a list sothatwhen
thecachegetsthepage,it’ ll forwardthepageto all clientswhohaverequestedthe
page.

cache-hitÑ clientÒFÑ typeÒFÑ pageidÒ Checksthevalidatityof thecachedpage.If it’svalid, send$clientthecachedpage,
otherwiserefetchthepage.

is-consistentÑ clientÒFÑ typeÒFÑ pageidÒ Returns1 if $pageidis valid. This is intendedto beoverriddenby subclasses.

refetch Ñ clientÒFÑ typeÒFÑ pageidÒ Refetchan invalid pagefrom server. This is intendedto be overriddenby sub-
classes.

32.8 Putting together: a simpleexample

We have seenall thepieces,now we presenta scriptwhich providesa completeview of all piecestogether. First, we build
topologyandotherusualinitializations:

set ns [new Simulator]

# Create topology/routing
set node(c) [$ns node]
set node(e) [$ns node]
set node(s) [$ns node]
$ns duplex-link $node(s) $node(e) 1.5Mb 50ms DropTail
$ns duplex-link $node(e) $node(c) 10Mb 2ms DropTail
$ns rtproto Session

Next we createtheHttp objects:
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# HTTP logs
set log [open "http.log" w]

# Create page pool as a central page generator. Use PagePool/Math
set pgp [new PagePool/Math]
set tmp [new RandomVariable/Constant] ;# # Pagesizegenerator
$tmp set val_ 1024 ;# # averagepagesize
$pgp ranvar-size $tmp
set tmp [new RandomVariable/Exponential] ;# # Pageagegenerator
$tmp set avg_ 5 ;# # averagepageage
$pgp ranvar-age $tmp

set server [new Http/Server $ns $node(s)] ;# # Createa serverandlink it to thecen-
tral pagepool

$server set-page-generator $pgp
$server log $log

set cache [new Http/Cache $ns $node(e)] ;# # Createa cache
$cache log $log

set client [new Http/Client $ns $node(c)] ;# # Createa client
set tmp [new RandomVariable/Exponential] ;# # Poissonprocessasrequestsequence
$tmp set avg_ 5 ;# # averagerequestinterval
$client set-interval-generator $tmp
$client set-page-generator $pgp
$client log $log

set startTime 1 ;# # simulationstart time
set finishTime 50 ;# # simulationendtime
$ns at $startTime "start-connection"
$ns at $finishTime "finish"

Thenwedefineaprocedurewhichwill becalledaftersimulationstarts.Theprocedurewill setupconnectionsamongall Http
objects.

proc start-connection
global ns server cache client
$client connect $cache
$cache connect $server
$client start-session $cache $server

At theend,theusualclosing:

proc finish
global ns log
$ns flush-trace
flush $log
close $log
exit 0

$ns run
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This script is alsoavailableat ns/tcl/ex/simple-webcache.tcl.Examiningits outputhttp.log , onewill find that theresult
of the absensecacheconsistency algorithm resultsin a lot of stalehits. This canbe easily remediedby replacing“new
Http/Cache”line with: set cache [new Http/Cache/TTL $ns $node(e)] . For morecomplicatedcachecon-
sistency algorithmexamples,seens/tcl/test/test-suite-webcache.tcl.

32.9 Http trace format

The tracefile of Http agentsareconstructedin a similar way astheSRM tracefiles. It consistsof multiple entries,eachof
which occupiesoneline. Theformatof eachentryis:

Time ObjectID ObjectValues

Therearethreetypesof objects:client (C), cache(E) andserver (S). Following is a completeenumerationof all possible
eventsandvaluetypesassociatedwith thesethreetypesof objects.

ObjectType EventType Values

E HIT Ñ PrefixÒ
E MISS Ñ PrefixÒ z Ñ RequestSizeÒ
E IMS Ñ PrefixÒ z Ñ SizeÒ t Ñ CacheEntryTimeÒ
E REF p Ñ PageIDÒ s Ñ ServerIDÒ z Ñ SizeÒ
E UPD p Ñ PageIDÒ m Ñ LastModifiedTimeÒ z Ñ PageSizeÒ

s Ñ ServerIDÒ
E GUPD z Ñ PageSizeÒ
E SINV p Ñ PageIDÒ m Ñ LastModTimeÒ z Ñ PageSizeÒ
E GINV p Ñ PageIDÒ m Ñ LastModTimeÒ
E SPF p Ñ PageIDÒ c Ñ DestCacheÒ
E RPF p Ñ PageIDÒ c Ñ SrcCacheÒ
E ENT p Ñ PageIDÒ m Ñ LastModifiedTimeÒ z Ñ PageSizeÒ

s Ñ ServerIDÒ
C GET p Ñ PageIDÒ s Ñ PageServerIDÒ z Ñ RequestSizeÒ
C STA p Ñ PageIDÒ s Ñ OrigServerIDÒ l Ñ StaleTimeÒ
C RCV p Ñ PageIDÒ s Ñ PageServerIDÒ l Ñ ResponseTimeÒ z Ñ PageSizeÒ
S INV p Ñ PageIDÒ m Ñ LastModifiedTimeÒ z Ñ SizeÒ
S UPD p Ñ PageIDÒ m Ñ LastModifiedTimeÒ z Ñ SizeÒ
S SND p Ñ PageIDÒ m Ñ LastModifiedTimeÒ z Ñ PageSizeÒ

t Ñ RequesttypeÒ
S MOD p Ñ PageIDÒ n Ñ NextModifyTimeÒ

Ñ PrefixÒ is theinformationcommonto all traceentries.It includes:

p Ñ PageIDÒ c Ñ RequestClientIDÒ s Ñ PageServerIDÒ

ShortExplainationof eventoperations:
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ObjectType EventType Explaination

E HIT Cachehit. PageSererIDis theid of the“owner” of thepage.

E MISS Cachemiss.In this casethecachewill senda requestto theserver to fetchthepage.

E IMS If-Modified-Since.Usedby TTL procotolsto validateanexpiredpage.

E REF Pagerefetch.Usedby invalidationprotocolsto refetchaninvalidatedpage.

E UPD Pageupdate.Usedby invalidationprotocolsto “push” updates

from parentcacheto childrencaches.

E SINV Sendinvalidation.

E GINV Getinvalidation.

E SPF Sendapro forma

E RPF Receivea pro forma

E ENT Enterapageinto localpagecache.

C GET Client sendsa requestfor apage.

C STA Client getsa stalehit. OrigModTimeis themodificationtime

in thewebserver, CurrModTime is thelocalpage’smodificationtime.

C RCV Client receivesa page.

S SND Serversenda response.

S UPD Serverpushesa pageupdateto its “primary cache”.Usedby invalidationprotocolonly.

S INV Serversendsaninvalidationmessage.Usedby invalidationprotocolonly.

S MOD Servermodifieda page.Thepagewill bemodifiednext at Ñ NextModifyTimeÒ .

32.10 Commandsat a glance

Following arethewebcacherelatedcommands:

set server [new Http/Server <sim> <s-node>]
This createsaninstanceof anHttp serverat thespecified<s-node>.An instanceof thesimulator<sim>needsto bepassed
asanargument.

set client [new Http/Client <sim> <c-node>]
This createsaninstanceof a Http clientat thegiven<c-node>.

set cache [new Http/Cache <sim> <e-node>
This commandcreatesa cache.

set pgp [new PagePool/<type-of-pagepool>]
This createsa pagepoolof thetypespecified.Thedifferenttypesof pagepoolcurrentlyimplementedare:
PagePool/Math,PagePool/CompMath,PagePool/ProxyTraceandPagePool/Client.Seesection32.4for detailson Otcl
interfacefor eachtypeof Pagepool.

$server set-page-generator <pgp>
$server log <handle-to-log-file>
Theabovecommandsconsistof serverconfiguration.First theserver is attachedto acentralpagepool <pgp>.Next it is
attachedto a log file.

client set-page-generator <pgp>
$client set-interval-generator <ranvar>
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$client log <handle-to-log-file>

Theseconsistconfigurationof theHttp client. It is attachedto a centralpagepool<pgp>.Next a randomvariable<ranvar>
is attachedto theclient thatis usedby it (client) to generateintervalsbetweentwo consecutiverequests.Lastly theclient is
attachedto a log file for loggingits events.

$cache log <log-file>
This is partof cacheconfigurationthatallows thecacheto log its eventsin a log-file.

$client connect <cache>
$cache connect <server>
Oncetheclient,cache,andserverareconfigured,they needto beconnectedasshown in abovecommands.

$client start-session <cache> <server>
This startssendingrequestfor a randompagefrom theclient to the<server>via <cache>.
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Chapter 33

Session-level Packet Distrib ution

This sectiondescribesthe internalsof the Session-level Packet Distribution implementationin ns. The sectionis in two
parts:thefirst part is anoverview of Sessionconfiguration(Section33.1),anda “complete”descriptionof theconfiguration
parametersof a Session.Thesecondpartdescribesthearchitecture,internals,andthecodepathof theSession-level Packet
distribution.

Theproceduresandfunctionsdescribedin this chaptercanbefoundin ~ns/tcl/session/session.tcl.

Session-level Packet Distribution is orientedtowardsperformingmulticastsimulationsover large topologies.The memory
requirementsfor sometopologiesusingsessionlevel simulationsare:

2048nodes,degreeof connectivity = 8 ú 40MB

2049–4096nodes ú 167MB

4097–8194nodes ú 671MB

Notehowever, thatsessionlevel simulationsignoreqeueingdelays.Therefore,theaccuracy of simulationsthatusesources
with ahigh datarate,or thosethatusemultiple sourcesthatgetaggregatedatpointswithin thenetwork is suspect.

33.1 Configuration

Configurationof a sessionlevel simulationconsistsof two parts,configurationof thesessionlevel detailsthemselves(Sec-
tion 33.1.1)andaddinglossanderrormodelsto thesessionlevel abstractionto modelspecificbehaviours(Section33.1.2).

33.1.1 BasicConfiguration

Thebasicconfigurationconsistsof creatingandconfiguringa multicastsession.EachSession(i.e., a multicasttree)mustbe
configuredstrictly in this order: (1) createandconfigurethesessionsource,(2) createthesessionhelperandattachit to the
sessionsource,andfinally, (3) havethesessionmembersjoin thesession.

set ns [new SessionSim] ;# preambleinitialization
set node [$ns node]
set group [$ns allocaddr]
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Figure33.1:Comparisonof MulticastTreesfor Detailedvs. SessionRouting

set udp [new Agent/UDP] ;# createandconfigurethesource
$udp set dst_ $group

set src [new Application/Traffic/CBR]
$src attach-agent $udp

$ns attach-agent $node $udp

$ns create-session $node $udp ;# createattach sessionhelperto src

set rcvr [new Agent/NULL] ;# configurethereceiver
$ns attach-agent $node $rcvr
$ns at 0.0 "$node join-group $rcvr $group" ;# joining thesession

$ns at 0.1 "$src start"

A sessionlevel simulationscalesby translatingthe topologyinto a virtual meshtopology. Thestepsinvolvedin doing this
are:

1. All of theclassifiersandreplicatorsareeliminated.Eachnodeonly storesinstancevariablesto track its nodeid, and
port ids.

2. Links donot consistof multiplecomponents.Eachlink only storesinstancevariablesto trackthebandwidthanddelay
attributes.

3. Thetopology, consistingof links is translatedinto a virtual mesh.

Figure33.1showsthedifferencebetweenamulticasttreein adetailedsimulationandonein asessionlevel simulation.Notice
that the translationprocessresultsin a sessionlevel simulationignoring queuingdelays. For mostsimulations,ns already
ignoresprocessingdelaysat all of thenodes.
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33.1.2 Inserting a LossModule

Whenstudyinga protocol(e.g., SRM error recovery mechanism),it might be useful to studyprotocolbehavior over lossy
links. However, sincea sessionlevel simulationscalesby abstractingout the internaltopology, we needadditionalmecha-
nismsto inserta lossmoduleappropriately. This subsectiondescribeshow onecancreatetheselossmodulesto modelerror
scenarios.

Creating a LossModule Beforewe caninserta lossmodulein betweena source-receiverpair, we have to createtheloss
module.Basically, a lossmodulecomparestwo valuesto decidewhetherto dropa packet. Thefirst valueis obtainedevery
timewhenthelossmodulereceivesapacket from arandomvariable.Thesecondvalueis fixedandconfiguredwhentheloss
moduleis created.

Thefollowing codegivesanexampleto createa uniform0.1 lossrate.

# creatingtheuniformdistribution randomvariable
set loss_random_variable [new RandomVariable/Uniform]
$loss_random_variable set min_ 0 ;# settherangeof therandomvariable
$loss_random_variable set max_ 100

set loss_module [new ErrorModel] ;# createtheerror model
$loss_module drop-target [new Agent/Null]
$loss_module set rate_ 10 ;# seterror rateto û
ü ý©þÿýkû����@ýcû�û�� û��
$loss_module ranvar $loss_random_variable ;# attach randomvar. to lossmodule

A catalogueof the randomvariabledistributionswasdescribedearlier (Chapter20). A moredetaileddiscussionof error
modelswasalsodescribedearlierin adifferentchapter(Chapter12).

Inserting a LossModule A lossmodulecanonly be insertedafter the correspondingreceiver hasjoined the group. The
examplecodebelow illustrateshow asimulationscriptcanintroducea lossmodule.

set sessionhelper [$ns create-session $node $src] ;# keepa handleto thelossmodule
$ns at 0.1 "$sessionhelper insert-depended-loss $loss_module $rcvr"

33.2 Ar chitecture

The purposeof Session-level packet distribution is to speedup simulationsandreducememoryconsumptionwhile main-
taining reasonableaccuracy. The first bottleneckobserved is the memoryconsumptionby heavy-weight links andnodes.
Therefore,in SessionSim(Simulatorfor Session-level packet distribution),we keeponly minimal amountof statesfor links
andnodes,andconnectthehigherlevel sourceandreceiver applicationswith appropriatedelayandlossmodules.A partic-
ular sourcein a groupsendsits datapacketsto a replicatorthatis responsiblefor replicatingthepacketsfor all thereceivers.
Intermediatelossanddelaymodulesbetweenthis replicatorandthereceiverswill guaranteetheappropriateend-to-endchar-
acteristics.To put it anotherway, a sessionlevel simulationabstractsout thetopology, routingandqueueingdelays.Packets
in SessionSimdo not getrouted.They only follow theestablishedSession.
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33.3 Inter nals

This sectiondescribestheinternalsof Session-level Packet Distribution. We first describetheOTcl primitivesto configurea
sessionlevel simulation(Section33.3.1);weconcludewith abrief noteonhospacketforwardingis achieved(Section33.3.2).

33.3.1 Object Linkage

We describethreeaspectsof constructinga sessionlevel simulationin ns: the modifiedtopologyroutinesthat permit the
creationof abstractnodesand links, establishthe sessionhelperfor eachactive source,add receivers to the sessionby
insertingtheappropriatelossanddelaymodelswhenthatreceiver joins theappropriategroup.

Nodesand Links Thenodecontainsonly its nodeid andtheportnumberfor thenext agent.A link only containsthevalues
of its bandwidthanddelay.

SessionNode instproc init {} {
$self instvar id_ np_
set id_ [Node getid]
set np_ 0

}

SessionSim instproc simplex-link { n1 n2 bw delay type } {
$self instvar bw_ delay_
set sid [$n1 id]
set did [$n2 id]

set bw_($sid:$did) [expr [string trimright $bw Mb] * 1000000]
set delay_($sid:$did) [expr [string trimright $delay ms] * 0.001]

}

SessionHelper Eachactive sourcein a sessionrequiresa “sessionhelper”. The sessionhelperin ns is realisedthrough
a replicator. This sessionhelperis createdwhentheuserissuesa create-session {} to identify the sourceagent.The
simulatoritself keepsa referenceto thesessionhelperin its instancevariablearray, session_ , indexedby thesourceand
destinationaddressof thesource.

Notethatthedestinationof sourceagentmustbesetbeforecalling create-session {}.

SessionSim instproc create-session { node agent } {
$self instvar session_

set nid [$node id]
set dst [$agent set dst_]
set session_($nid:$dst) [new Classifier/Replicator/Demuxer]
$agent target $session_($nid:$dst) ;# attach thereplicatorto thesource
return $session_($nid:$dst) ;# keepthereplicatorin theSessionSiminstancevariablearraysession_

}
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Delay and Loss Modules Eachreceiver in a group requiresa delay module that reflectsits delay with respectto the
particularsource. When the receiver joins a group, join-group {} identifiesall sessionhelpersin session_ . If the
destinationindex matchesthegroupaddressthereceiverarejoining, thenthefollowing actionsareperformed.

1. A new slotof thesessionhelperis createdandassignedto thereceiver.

2. The routinecomputesthe accumulatedbandwidthanddelaybetweenthe sourceandreceiver using the SessionSim
instanceproceduresget-bw {} andget-delay {}.

3. A constantrandomvariableis created;it will generaterandomdelivery times using the accumulative delay as an
estimateof theaveragedelay.

4. A new delaymoduleis createdwith theend-to-endbandwidthcharacteristics,andtherandomvariablegeneratorpro-
videsthedelayestimates.

5. Thedelaymodulein insertedinto thesessionhelperandinterposedbetweenthehelperandthereceiver.

SeeSection33.1.2for similarly insertinga lossmodulefor a receiver.

SessionSim instproc join-group { agent group } {
$self instvar session_

foreach index [array names session_] {
set pair [split $index :]
if {[lindex $pair 1] == $group} {

# Note: must insert the chain of loss, delay,
# and destination agent in this order:

$session_($index) insert $agent ;# insertdestinationagentinto sessionreplicator

set src [lindex $pair 0] ;# findaccum.b/wanddelay
set dst [[$agent set node_] id]
set accu_bw [$self get-bw $dst $src]
set delay [$self get-delay $dst $src]

set random_variable [new RandomVariable/Constant] ;# setdelayvariable
$random_variable set avg_ $delay

set delay_module [new DelayModel] ;# configurethedelaymodule
$delay_module bandwidth $accu_bw
$delay_module ranvar $random_variable

$session_($index) insert-module $delay_module $agent ;# insertthedelaymodule
}

}
}

33.3.2 Packet Forwarding

Packet forwardingactivities areexecutedin C++. A sourceapplicationgeneratesa packet andforwardsto its targetwhich
mustbe a replicator(sessionhelper). The replicatorcopiesthe packet andforwardsto targetsin the active slotswhich are
eitherdelaymodulesor lossmodules.If lossmodules,a decisionis madewhetherto drop thepacket. If yes,thepacket is
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Figure33.2:ArchitecturalRealizationof a SessionLevel SimulationSession

forwardedto thelossmodulesdroptarget.If not, thelossmoduleforwardsit to its targetwhichmustbeadelaymodule.The
delaymodulewill forwardthepacketwith adelayto its targetwhichmustbeareceiverapplication.

33.4 Commandsat a glance

Following is a list of session-level relatedcommands:

set ns [new SessionSim]
This commandcreatesaninstanceof thesessionmodesimulator.

$ns_ create-session <node> <agent>
This commandcreatesandattachesa session-helper, which is basicallya replicator, for thesource<agent>createdat the
<node>.

304



Part VIII

Emulation

305



Chapter 34

Emulation

This chapterdescribesthe emulationfacility of ns. Emulationrefersto the ability to introducethe simulatorinto a live
network. Specialobjectswithin the simulatorarecapableof introducinglive traffic into the simulatorandinjecting traffic
from thesimulatorinto thelivenetwork.

Emulator caveats:

� While theinterfacesdescribedbelow arenot expectedto changedrastically, this facility is still underdevelopmentand
shouldbeconsideredexperimentalandsubjectto change.

� Thefacility describedherehasbeendevelopedunderFreeBSD2.2.5,anduseon othersystemshasnot beentestedby
theauthor.

� Becauseof thecurrentlylimited portability of emulation,it is only compiledinto nse(build it with “make nse”),not
standardns.

34.1 Intr oduction

Theemulationfacility canbesubdividedinto two modes:

1. opaque mode – livedatatreatedasopaquedatapackets

2. protocol mode – livedatamaybeinterpreted/generatedby simulator

In opaquemode,thesimulatortreatsnetwork dataasuninterpretedpackets. In particular, real-world protocolfieldsarenot
directlymanipulatedby thesimulator. In opaquemode,livedatapacketsmaybedropped,delayed,re-ordered,or duplicated,
but becausenoprotocolprocessingis performed,protocol-specifictraffic manipulationscenarios(e.g.“drop theTCPsegment
containinga retransmissionof sequencenumber23045”)maynot beperformed.In protocolmode,thesimulatoris ableto
interpretand/orgeneratelivenetwork traffic containingarbitraryfield assignments.To date(Mar 1998),only OpaqueMode
is curr ently implemented.

Theinterfacebetweenthesimulatorandlivenetwork is providedby acollectionof objectsincluding tapagentsandnetwork
objects. Tapagentsembedlivenetwork datainto simulatedpacketsandvice-versa.Network objectsareinstalledin tapagents
andprovideanentrypointfor thesendingandreceiptof livedata.Bothobjectsaredescribedin thefollowing sections.
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Whenusingtheemulationmode,aspecialversionof thesystemscheduleris used:theRealTime scheduler. Thisscheduler
usesthesameunderlyingstructureasthestandardcalendar-queuebasedscheduler, but ties theexecutionof eventsto real-
time. It is describedbelow.

34.2 Real-Time Scheduler

The real-timeschedulerimplementsa soft real-timeschedulerwhich tieseventexecutionwithin thesimulatorto real time.
Providedsufficient CPUhorsepower is availableto keepup with arriving packets,thesimulatorvirtual time shouldclosely
trackreal-time.If thesimulatorbecomestooslow to keepupwith elapsingrealtime,awarningis continuallyproducedif the
skew exceedsa pre-specifiedconstant“slop factor” (currently10ms).

Themaindispatchloop is found in theroutineRealTimeScheduler::run() , in thefile scheduler.cc . It follows
essentiallythefollowing algorithm:

� While simulatoris not halted

– getcurrentrealtime (“now”)

– dispatchall pendingsimulatoreventsprior to now

– fetchnext (future)eventif thereis one

– delayuntil thenext simulatoreventis readyor aTcl eventoccurs

– if a tcl eventoccured,re-insertnext eventin simulatoreventqueueandcontinue

– otherwise,dispatchsimulatorevent,continue

– if therewasno futureeven,checkfor Tcl eventsandcontinue

Thereal-timeschedulershouldalwaysbeusedwith theemulationfacility. Failureto do somayeasilyresultin thesimulator
runningfasterthanreal-time.In suchcases,traffic passingthroughthesimulatednetwork will not bedelayedby theproper
amountof time. Enablingthereal-timeschedulerrequiresthefollowing specificationat thebeginningof a simulationscript:

set ns [new Simulator]
$ns use-scheduler RealTime

34.3 Tap Agents

TheclassTapAgent is a simpleclassderivedfrom thebaseAgent class.As such,it is ableto generatesimulatorpackets
containingarbitrarily-assignedvalueswithin thenscommonheader. Thetapagenthandlesthesettingof thecommonheader
packet sizefield andthetypefield. It usesthepacket typePT_LIVE for packetsinjectedinto thesimulator. Eachtapagent
canhave at mostoneassociatednetwork object,althoughmorethanonetapagentmaybeinstantiatedon a singlesimulator
node.

Configuration Tapagentsareableto sendandreceivepacketsto/fromanassociatedNetwork object.Assuminganetwork
object$netobj refersto anetwork object,a tapagentis configuredusingthenetwork method:

set a0 [new Agent/Tap]
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$a0 network $netobj
$a0 set fid_ 26
$a0 set prio_ 2
$ns connect $a0 $a1

Note that the configurationof the flow ID andpriority arehandledthroughthe Agent baseclass. The purposeof setting
the flow id field in the commonheaderis to label packetsbelongingto particularflows of live data. Suchpacketscanbe
differentiallytreatedwith respectto drops,reorderings,etc.Theconnect methodinstructsagent$a0 to sendits live traffic
to the$a1 agentvia thecurrentroutethroughthesimulatedtopology.

34.4 Network Objects

Network objectsprovide accessto a live network. Thereareseveral forms of network objects,dependingon the protocol
layerspecifiedfor accessto theunderlyingnetwork, in additionto thefacilitiesprovidedby thehostoperatingsystem.Use
of somenetwork objectsrequiresspecialaccessprivilegeswherenoted. Generally, network objectsprovide an entrypoint
into thelive network at a particularprotocollayer(e.g. link, raw IP, UDP, etc)andwith a particularaccessmode(read-only,
write-only, or read-write).Somenetwork objectsprovide specializedfacilitiessuchasfiltering or promiscuousaccess(i.e.
thepcap/bpfnetwork object)or groupmembership(i.e. UDP/IPmulticast).TheC++ classNetwork is providedasa base
classfrom which specificnetwork objectsarederived. Threenetwork objectsarecurrentlysupported:pcap/bpf,raw IP, and
UDP/IP. Eacharedescribedbelow.

34.4.1 Pcap/BPFNetwork Objects

Theseobjectsprovideanextendedinterfaceto theLBNL packetcapturelibrary (libpcap).(Seeftp://ftp.ee.lbl.gov/libpcap.tar.Z
for moreinfo). This library providestheability to capturelink-layer framesin apromiscuousfashionfrom network interface
drivers(i.e. a copy is madefor thoseprogramsmakinguseof libpcap). It alsoprovidestheability to readandwrite packet
tracefiles in the“tcpdump” format. Theextendedinterfaceprovidedby nsalsoallows for writing framesout to thenetwork
interfacedriver, provided the driver itself allows this action. Useof the library to captureor createlive traffic maybe pro-
tected;onegenerallyrequiresat leastreadaccessto thesystem’spacketfilter facility whichmayneedto bearrangedthrough
a systemadministrator.

Thepacket capturelibrary workson severalUNIX-basedplatforms. It is optimizedfor usewith theBerkeley Packet Filter
(BPF)[16], andprovidesafilter compilerfor theBPFpseudomachinemachinecode.Onmostsystemssupportingit, akernel-
residentBPF implementationprocessesthe filter code,andappliesthe resultingpatternmatchinginstructionsto received
frames. Thoseframesmatchingthe patternsarereceived throughthe BPF machinery;thosenot matchingthe patternare
otherwiseunaffected. BPF alsosupportssendinglink-layer frames.This is generallynot suggested,asan entireproperly-
formattedframemustbe createdprior to handingit off to BPF. This may be problematicwith respectto assigningproper
link-layerheadersfor next-hopdestinations.It is generallypreferableto usetheraw IP network objectfor sendingIP packets,
asthesystem’s routingfunctionwill beusedto determineproperlink-layerencapsulatingheaders.

Configuration Pcapnetwork objectsmay be configuredaseitherassociatedwith a live network or with a tracefile. If
associatedwith alivenetwork, theparticularnetwork interfaceto beusedmaybespecified,aswell asanoptionalpromiscuous
flag. As with all network objects,they maybeopenedfor readingor writing. Hereis anexample:

set me [exec hostname]
set pf1 [new Network/Pcap/Live]
$pf1 set promisc_ true
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set intf [$pf1 open readonly]
puts "pf1 configured on interface $intf"
set filt "(ip src host foobar) and (not ether broadcast)"
set nbytes [$pf1 filter $filt]
puts "filter compiled to $nbytes bytes"
puts "drops: [$pf1 pdrops], pkts: [$pf1 pkts]"

This examplefirst determinesthe nameof the local systemwhich will be usedin constructinga BPF/libpcapfilter predi-
cate. Thenew Network/Pcap/Live call createsan instanceof the pcapnetwork objectfor capturinglive traffic. The
promisc_ flag tells thepacket filter whetherit shouldconfiguretheundelyinginterfacein promiscuousmode(if it is sup-
ported). Theopen call activatesthe packet filter, andmaybe specifiedasreadonly , writeonly , or readwrite . It
returnsthenameof thenetwork interfacethefilter is associatedwith. Theopen call takesanoptionalextra parameter(not
illustrated)indicatingthenameof theinterfaceto usein caseswherea particularinterfaceshouldbeusedon a multi-homed
host.Thefilter methodis usedto createaBPF-compatiblepacketfilter programwhich is loadedinto theunderlyingBPF
machinery. The filter methodreturnsthenumberof bytesusedby thefilter predicate.Thepdrops andpkts methods
areavailablefor statisticscollection.They reportthenumberof packetsdroppedby thefilter dueto buffer exhaustionandthe
total numberof packetsthatarrivedat thefilter, respectively (not thenumberof packetsacceptedby thefilter).

34.4.2 IP Network Objects

Theseobjectsprovide raw accessto the IP protocol,andallow thecompletespecificationof IP packets(including header).
Theimplementationmakesuseof a rawsocket. In mostUNIX systems,accessto suchsocketsrequiressuper-userprivileges.
In addition, the interfaceto raw sockets is somewhat lessstandardthanother typesof sockets. The classNetwork/IP
providesraw IP functionality plus a baseclassfrom which othernetwork objectsimplementinghigher-layerprotocolsare
derived.

Configuration The configurationof a raw IP network object is comparatively simple. The object is not associatedwith
any particularphysicalnetwork interface;thesystem’s IP routingcapabilitywill beusedto emit thespecifieddatagramout
whichever interfaceis requiredto reachthedestinationaddresscontainedin theheader. Hereis anexampleof configuringan
IP object:

set ipnet [new Network/IP]
$ipnet open writeonly
...
$ipnet close

TheIP network objectsupportsonly theopen andclose methods.

34.4.3 IP/UDP Network Objects

Theseobjectsprovide accessto the system’s UDP implementationalongwith supportfor IP multicastgroupmembership
operations.IN PROGRESS
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34.5 An Example

Thefollowingcodeillustratesasmallbut completesimulationscriptfor settingupanemulationtestusingBPFandIP network
objects. It wasrun on a multi-homedmachine,andthe simulatoressentiallyprovidesrouting capabilityby readingframes
from oneinterface,passingthemthroughthesimulatednetwork, andwriting themoutvia theraw IP network object:

set me "10.0.1.1"
set ns [new Simulator]

$ns use-scheduler RealTime

#
# we want the test machine to have ip forwarding disabled, so
# check this (this is how to do so under FreeBSD at least)
#

set ipforw [exec sysctl -n net.inet.ip.forwarding]
if $ipforw

puts "can not run with ip forwarding enabled"
exit 1

#
# allocate a BPF type network object and a raw-IP object
#
set bpf0 [new Network/Pcap/Live]
set bpf1 [new Network/Pcap/Live]
$bpf0 set promisc_ true
$bpf1 set promisc_ true

set ipnet [new Network/IP]

set nd0 [$bpf0 open readonly fxp0]
set nd1 [$bpf1 open readonly fxp1]
$ipnet open writeonly

#
# try to filter out weird stuff like netbios pkts, arp requests, dns,
# also, don’t catch stuff to/from myself or broadcasted
#
set notme "(not ip host $me)"
set notbcast "(not ether broadcast)"
set ftp "and port ftp-data"
set f0len [$bpf0 filter "(ip dst host bit) and $notme and $notbcast"]
set f1len [$bpf1 filter "(ip src host bit) and $notme and $notbcast"]

puts "filter lengths: $f0len (bpf0), $f1len (bpf1)"
puts "dev $nd0 has address [$bpf0 linkaddr]"
puts "dev $nd1 has address [$bpf1 linkaddr]"

set a0 [new Agent/Tap]
set a1 [new Agent/Tap]
set a2 [new Agent/Tap]
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puts "install nets into taps..."
$a0 network $bpf0
$a1 network $bpf1
$a2 network $ipnet

set node0 [$ns node]
set node1 [$ns node]
set node2 [$ns node]

$ns simplex-link $node0 $node2 10Mb 10ms DropTail
$ns simplex-link $node1 $node2 10Mb 10ms DropTail

$ns attach-agent $node0 $a0
$ns attach-agent $node1 $a1
$ns attach-agent $node2 $a2

$ns connect $a0 $a2
$ns connect $a1 $a2

puts "okey"
$ns run

34.6 Commandsat a glance

Following is a list of emulationrelatedcommands:

$ns_ use-scheduler RealTime
This commandsetsup thereal-timescheduler. Notethata real-timeschedulershouldbeusedwith any emulationfacility.
Otherwiseit mayresultthesimulatednetwork runningfasterthanreal-time.

set netob [new Network/<network-object-type>]
This commandcreatesaninstanceof a network object.Network objectsareusedto accessa livenetwork. Currentlythe
typesof network objectsavailableareNetwork/Pcap/Live,Network/IPandNetwork/IP/UDP. Seesection34.4for detailson
network objects.
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Part IX

Nam and Animation
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Chapter 35

Nam

[This chapterwill holdcompletenamdocumentation.For now it’smostlya placeholder.]

35.1 Animations fr om nam

Namanimationscanbesavedandconvertedto animatedgifs or MPEGmovies.

To save the framesof your movie, first startnamwith your traceandset it up whereyou want it to startandadjustother
parameters(steprate,size,etc.) Select“recordanimation”in theFile menuto startsaving frames.Eachanimationstepwill
besavedin aX-window dumpfile called“nam%d.xwd”where%d is theframenumber.

Thefollowing shellscript(sh,notcsh)convertsthesefiles into ananimatedgif:

for i in *.xwd; do
xwdtoppm <$i |
ppmtogif -interlace -transparent’#e5e5e5’ >‘basename $i .xwd‘.gif;
done
gifmerge -l0 -2 -229,229,229 *.gif >movie.gif
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