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Chapter 1

Intr oduction

Let's startatthevery beginning,
averyniceplaceto start,

whenyou sing,you begin with A, B, C,
whenyou simulate you begin with the topology?!

This document(ns Notesand Documentatioh providesreferencedocumentatiorfor ns. Althoughwe begin with a simple
simulationscript,resource$ik e Marc Greiss tutorialwebpagegathttp://titan.cs.uni- bonn.de/~greis/ns/
ns.html ) or theslidesfrom oneof the nstutorialsareproblablybetterplacesto begin for the nsnovice.

We first begin by showving a simplesimulationscript. This scriptis alsoavailablein the sourcesn ~ngtcl/ex/simple.tcl.
This scriptdefinesa simpletopologyof four nodes,andtwo agentsa UDP agentwith a CBR traffic generatoranda TCP

agent.Thesimulationrunsfor 3s. The outputis two tracefiles,out.tr ~ andout.nam . Whenthe simulationcompletesat
theendof 3s, it will attemptto run anamvisualisationof the simulationon your screen.

# Thepreamble
set ns [new Simulator] # initialise the simulation

# Predefindracing
set f [open out.tr w]

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

lwith apologieso RodgersandHammerstein
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# so,welied. now,wedefinethetopolagy
no

\
5Mb \
2ms |\

————————— n3

HHHHHFHHHHHHHH
>
N

(72
0]
—

n0 [$ns
nl [$ns
n2 [$ns
set n3 [$ns

node]
node]
node]
node]

[ )]
@ @D
— —+

$ns
$ns
$ns

duplex-link
duplex-link
duplex-link

# Someagents.

set udpO [new Agent/UDP]

$ns attach-agent $n0 $udpO

set cbrO [new Application/Traffic/CBR]
$cbr0 attach-agent $udpO0

$udp0 set class_ O

set nullo
$ns attach-agent

[new Agent/Null]
$n3 $nullo

$ns
$ns

connect  $udpO $null0
at 1.0 "$cbr0 start"

puts
puts

[$cbr0  set
[$cbr0  set

packetSize ]
interval_]

# A FTP over TCP/Bhoefrom$nilto $n3,flowid 2

set tcp [new Agent/TCP]
$tcp set class_ 1
$ns attach-agent $nl S$tep

set sink
$ns attach-agent

[new Agent/TCPSinkK]
$n3 $sink

set ftp
$ftp  attach-agent
$ns at 1.2 "$ftp

[new Application/FTP]
$tcp
start"

connect
at 1.35

$ns
$ns

$tcp  $sink

"$ns detach-agent  $n0 $tcp

$n0 $n2 5Mb 2ms DropTail
$nl $n2 5Mb 2ms DropTail
$n2 $n3 1.5Mb 10ms DropTail

$ns detach-agent

11

# AUDP agent
;# onnode$n0
;# A CBRtraffic geneator agent
# attachedto the UDP agent
;# actually,thedefault,but...

# Its sink
# onnode$n3

# TCPdoesnotgeneteits owntraffic

$n3 $sink"
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# Thesimulationrunsfor 3s.
# Thesimulationcomego an endwhenthe schedulerinvokesthefinish{} procedue below
# Thisprocedue closesall tracefiles,andinvokesnamvisualizationon oneof thetracefiles.

$ns at 3.0 "finish"
proc finish 4 {

global ns f nf

$ns flush-trace

close $f

close $nf

puts “running  nam..."
exec nam out.nam &
exit O

}

# Finally, startthe simulation.
$ns run
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Chapter 2

UndocumentedFacilities

Ns s oftengrowing to includenew protocols.Unfortunatelythe documentiordoesnt grow quite asoften. This sectionlists
whatremaingto be documentedor whatneedgo beimproved.

(Thedocumentatioris in the doc subdirectoryof thenssourcecodeif you wantto addto it. :-)

Interface to the Interpreter e nothingcurrently

Simulator Basics e LANSs needto beupdatedor new wired/wirelesssupport(Yuri updatedhis?)
e wirelesssupportneedgo be added(done)
¢ shouldexplicitly list queueingoptionsin the queuemgt chapter?

Support e shouldpick a singlelist mgt packageanddocumentt
e shoulddocumenthetrace-post-processingilities in bin

Routing e needto documentierarchicarouting/addressin{Padmahasdone)
¢ needa chapteron supportedad-hocrouting protocols

Queueing e CBQ needsdocumentatior(can maybebuild off of ftp://ftp.ee.Ibl.gov/papers/chgsims.
ps.Z ?)

Transport e needto documenMFTP
¢ needto documenRTP (session-rtp.catc.)
¢ needto documenmmulticastbuilding blocks
¢ shouldrepairanddocumensnoopandtcp-int

Traffic and scenarios (new section)

¢ shouldadda descriptionof how to drive the simulatorfrom traces
¢ shouldadddiscussiorof the scenarioggenerator
¢ shouldadddiscussiorof httptraffic sources

Application e isthenon-Haobdttp stuff documented?
Scale e shouldadddisucssiorof mixedmode(pending)

Emulation e nothingcurrently
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Other e shoulddocumentadmissiorcontrolpolicies?
¢ shouldadda validationchapterandsnarfup the contentsof ns-tests.html
¢ shouldsnarfup Marc Greis' tutorial ratherthanjust referringto it?

15



Part |

Interface to the Inter preter
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Chapter 3

OTcl Linkage

nsis an objectorientedsimulator written in C++, with an OTcl interpreterasa frontend. The simulatorsupportsa class
hierarchyin C++ (alsocalledthe compiledhierarchyin this document) anda similar classhierarchywithin the OTcl inter-
preter(alsocalledtheinterpretechierarchyin this document) The two hierarchiesarecloselyrelatedto eachother;from the
users perspectie, thereis a one-to-onecorrespondencieetweena classin theinterpretechierarchyandonein the compiled
hierarchy Theroot of this hierarchyis the classTclObject. Userscreatenew simulatorobjectsthroughtheinterpreterithese
objectsareinstantiatedwithin the interpretey andarecloselymirroredby a correspondingbjectin the compiledhierarchy
Theinterpretedclasshierarchyis automaticallyestablishedhroughmethodsdefinedin the classTclClass.userinstantiated
objectsaremirroredthroughmethodsdefinedin the classTclObject. Thereareotherhierarchiedn the C++ codeandOTcl
scripts;theseotherhierarchiesarenot mirroredin the mannerof TclObject.

3.1 ConceptOverview

Whytwo languages?ns usestwo language$ecauseaimulatorhastwo differentkinds of thingsit needso do. Ononehand,
detailedsimulationsof protocolsrequiresa systemsprogramminganguagewhich canefficiently manipulatebytes, paclket
headersandimplementalgorithmsthatrun over large datasets.For thesetasksrun-timespeeds importantandturn-around
time (run simulation find bug, fix bug, recompile re-run)is lessimportant.

Ontheotherhand alargepartof network researclinvolvesslightly varyingparametersr configurationser quickly exploring

anumberof scenarios.In thesecasesijterationtime (changethe modelandre-run)is moreimportant. Sinceconfiguration
runsonce(atthe beginning of the simulation),run-timeof this partof thetaskis lessimportant.

ns meetsboth of theseneedswith two languagesC++andOTcl. C++ is fastto run but slover to changemakingit suitable
for detailedprotocolimplementationOTcl runsmuchslower but canbe changedrery quickly (andinteractively), makingit

idealfor simulationconfiguration.ns(viatclcl ) providesglueto make objectsandvariablesappeaion bothlangauges.

For moreinformationabouttheideaof scriptinglanguagesndsplit-languaggrogrammingseeOusterhousarticlein IEEE
Compute{17]. For moreinformationaboutsplit level programmingor network simulation,seethe nspaper2].

Which language for what? Having two languagesaisesthe questionof which languageshouldbe usedfor whatpurpose.

Ourbasicadviceis to useOTcl:
o for configurationsetup,and“one-time” stuff
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o if youcandowhatyouwantby manipulatingexisting C++ objects

anduseC++:

¢ if youaredoinganythingthatrequiresprocessingeachpaclet of aflow

¢ if youhaveto changehebehaior of anexisting C++ classin waysthatwerent anticipated

For example,links are OTcl objectsthatassemblalelay queueingandpossiblylossmodules. If your experimentcanbe
donewith thosepiecesgreat.If insteadyou wantdo somethingancier(a specialqueueingdicipline or modelof loss),then
you'll needa new C++ object.

Therearecertainlygrey areadn this spectrummostroutingis donein OTcl (althoughthe coreDijkstraalgorithmis in C++).
We've hadHTTP simulationswhereeachflow wasstartedn OTcl andperpacket processingvasall in C++. Thisapproache
worked OK until we had100sof flows startingper secondof simulatedtime. In generaljf you're ever having to invoke Tcl
mary timespersecondyou problablyshouldmove thatcodeto C++.

3.2 CodeOverview

In this documentwe usethe term“interpreter”to be synorymouswith the OTcl interpreter The codeto interfacewith the
interpreteresidesn aseparatelirectory tclcl . Therestof thesimulatorcoderesidesn thedirectory ns-2 . We will use
the notation~tclcl/(file) to referto a particular(file) in the Tcl directory Similarly, we will usethe notation,~ndfile) to
referto a particular(file) in thens-2 directory

Therearea numberof classeslefinedin ~tclcl/. We only focuson the six thatareusedin ns The ClassTcl (Section3.3)
containsthe methodshat C++ codewill useto accessheinterpreter The classTclObject(Section3.4)is the baseclassfor
all simulatorobjectsthatarealsomirroredin the compiledhierarchy TheclassTclClass(Section3.5) definesheinterpreted
classhierarchy andthe methodgto permitthe userto instantiatel clObjects.The classTclICommandSection3.6) is usedto
definesimpleglobalinterpretercommandsThe classEmbeddedTc(Section3.7) containsthe methodgo load higherlevel
builtin commandshatmake configuringsimulationseasier Finally, theclassinstVar (Section3.8) containamethoddo access
C++memberariablesasOTcl instancevariables.

The proceduresindfunctionsdescribedn this chaptercanbefoundin ~tclcl/Tcl.{cc, h}, ~tclcl/Tcl2.cc,~tclcl/tcl-object.tcl,
and,~tclcl/tracedwar.{cc, h}. Thefile ~tclcl/tcl2c++.cis usedin building ns, andis mentionedoriefly in this chapter

3.3 ClassTcl

Theclass Tcl encapsulatetheactualinstanceof the OTcl interpreterandprovidesthe methodso accesandcommuni-
catewith thatinterpreter The methodsdescribedn this sectionarerelevantto the ns programmemvho is writing C++ code.
Theclassprovidesmethodsor thefollowing operations:

obtainareferenceo the Tcl instance;

invoke OTcl procedureshroughtheinterpreter;

retrieve, or passbackresultsto theinterpreter;

reporterrorsituationsandexit in anuniform mannerand
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¢ storeandlookup“TclObjects”.
e acquiredirectaccesgo theinterpreter

We describeeachof the methodsn thefollowing subsections.

3.3.1 Obtain a Referenceto the classTcl instance

A singleinstanceof the classis declaredn ~tclcl/Tcl.ccasa staticmembetvariable;the programmemustobtainareference
to thisinstanceto acces®thermethodsdescribedn this section.The statementequiredto accesshis instances:

Tcl& tcl = Tcl:instance();

3.3.2 Invoking OTcl Procedures

Therearefour differentmethodsto invoke an OTcl commandthroughthe instancetcl . They differ essentiallyin their

calling aguments.Eachfunction passes string to the interpretey that thenevaluateshe stringin a global context. These
methodswill returnto thecallerif theinterpretereturnsTCL_OK. Ontheotherhand,if theinterpretereturnsTCL_ERROR,

themethodawill calltkerror {}. Theusercanoverloadthis procedureo selectvely disregardcertaintypesof errors.Such
intricaciesof OTcl programmingareoutsidethe scopeof this document.The next section(Section3.3.3)describesnethods
to accessheresultreturnedoy theinterpreter

e tcl.eval  (char*s) invokesTcl GlobalEval () to executes throughtheinterpreter

e tcl.evalc (constchar* s) preserestheargumentstrings. It copiesthestrings into its internalbuffer; it theninvokes
thepreviouseval (char*s) ontheinternalbuffer.

e tcl.eval () assumethatthecommands alreadystoredn theclass’internalbp_; it directlyinvokestcl.eval ~ (char*
bp_). A handleto the buffer itself is availablethroughthe methodtcl.buffer (void).

o tcl.evalf (constchar*s, ...) isaPrintf  (3) like equivalent. It usesvsprintf  (3) internally to createthe input
string.

As anexample,herearesomeof thewaysof usingthe above methods:

Tcl& tcl = Tcl::instance();
char wrk[128];
strepy(wrk, "Simulator set Numberinterfaces 1");

tcl . eval (wrk);

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

tcl.eval c("puts stdout hello world");
tcl.eval f ("%s request %d %d", name_, sender, msgid);

3.3.3 PassingResultsto/fr o the Inter preter

Whentheinterpretelinvokesa C++ method |t expectstheresultbackin the privatemembenariable tcl_->result . Two
methodsareavailableto setthis variable.
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e tcl.result (constchar* s)
Passtheresultstring s backto theinterpreter

o tcl.resultf (constchar*fmt, ...)
varargs (3) variantof above to 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++ methodinvokesan OTcl commandtheinterpretereturnstheresultin tcl_->result

e tcl.result (void) mustbe usedto retrieve theresult. Note thatthe resultis a string, thatmustbe corvertedinto an
internalformatappropriateo thetypeof result.

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

3.3.4 Error Reporting and Exit
This methodprovidesa uniformway to reporterrorsin the compiledcode.

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

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

Note thatthereareminor differencesdbetweerreturningTCL_ERROR aswe did in the previous subsectior(Section3.3.3),
andcalling Tcl::error (). Theformergeneratesn exceptionwithin the interpreter;the usercantrap the exceptionand
possiblyrecoverfrom theerror. If theuserhasnotspecifiedary trapstheinterpretemwill printastacktraceandexit. However,
if thecodeinvokeserror (), thenthe simulationusercannottraptheerror;in addition,nswill not print ary stacktrace.

3.3.5 HashFunctionswithin the Inter preter

ns storesa referenceo every TclObjectin the compiledhierarchyin a hashtable;this permitsquick accesgo the objects.
The hashtableis internalto the interpreter ns usesthe nameof the TclObject  asthekey to enter lookup, or deletethe
TclObjectin thehashtable.
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e tcl.enter  (TclObject* o) will insertapointerto the TclObjecto into the hashtable.
It is usedby TclClass::create_shadow () to insertanobjectinto thetable,whenthatobjectis created.

e tcl.lookup (char* s) will retrievethe TclObjectwith thenames.
It is usedby TclObject::lookup 0.

e tcl.remove (TclObject*o) will deletereferenceso the TclObjecto from the hashtable.

It is usedby TclClass::delete_shadow () to remove an existing entry from the hashtable,whenthatobjectis
deleted.

Thesefunctionsareusedinternally by the classTclObjectandclassTclClass.

3.3.6 Other Operations on the Inter preter
If theabore methodsarenot sufficient, thenwe mustacquirethe handleto theinterpreteyandwrite our own functions.

e tclinterp (void) returnsthe handleto theinterpreterthatis storedwithin theclassTcl.

3.4 ClassTclObject

class TclObject isthebaseclassfor mostof theotherclassesdn theinterpretedcandcompiledhierarchiesEvery object
in theclassTclObjectis createdy theuserfrom within theinterpreter An equivalentshadev objectis createdn thecompiled
hierarchy Thetwo objectsarecloselyassociatedvith eachother TheclassTclClass,describedn the next section,contains
themechanismshatperformthis shadeving.

In the restof this documentye oftenreferto anobjectasa TclObject. By this, we referto a particularobjectthatis either
in the classTclObject, or in a classthatis derived from the classTclObject. If it is necessarywe will explicitly qualify
whetherthat objectis an objectwithin theinterpreteror an objectwithin the compiledcode. In suchcaseswe will usethe
abbreviations“interpretedobject”, and“compiled object” to distinguishthe two. andwithin the compiledcoderespectiely.

Differencedromnsvl Unlike nsvl, theclassTclObjectsubsumesheearlierfunctionsof theNsObjectclass.It therefore
storegheinterfacevariablebindings(Section3.4.2)thattie OTcl instancevariablesn theinterpretedbbjectto corresponding
C++ membervariablesn thecompiledobject. The bindingis strongerthanin nsv1lin thatany changeso the OTcl variables
aretrapped,andthe currentC++ andOTcl valuesare madeconsistentfter eachaccesghroughthe interpreter The consis-
teng is donethroughtheclassinstVar (Section3.8). Also unlike nsv1, objectsin the classTclObjectarenolongerstoredas

agloballink list. Insteadthey 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 thelatestreleasef nsandnsitclicl this objecthasbeenrenamedo SplitObjefct , whichmoreaccuratelyeflectsits natureof existence However,
for themomentwe will continueto usethetermTclObjectto referto theseobjectsandthis class.
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By corventionin ns the classAgent/SRM/Adaptie is a subclasf Agent/SRM,is a subclasf Agent, is a subclasof

TclObject. The correspondingompiledclasshierarchyis the ASRMAgent,derived from SRMAgent,derived from Agent,

derived from TclObjectrespectiely. Thefirst line of the above exampleshons how a TclObjectis created(or destryed)
(Section3.4.1);the next line configuresa boundvariable(Section3.4.2); andfinally, the lastline illustratesthe interpreted
objectinvoking a C++ methodasif they wereaninstanceprocedurgSection3.4.4).

3.4.1 Creating and Destroying TclObjects

When the user createsa new TclObject, using the proceduresnew{} anddelete {}; theseproceduresare definedin
~tclcl/tcl-object.tcl. They canbe usedto createand destry objectsin all classesjncluding TclObjects?. In this section,
we describgheinternalactionsexecutedvhena TclObjectis created.

CreatingTclObjects By usingnew{}, theusercreatesaninterpretedlclObject.theinterpretemill executetheconstructor
for that object,init {}, passingit ary argumentsprovided by the user nsis responsiblgor automaticallycreatingthe

compiledobject. The shadav objectgetscreatedby the baseclassTclObject’s constructor Therefore the constructorfor

thenew TclObjectmustcall the parentclassconstructoffirst. new{} returnsa handleto the object,thatcanthenbe usedfor

furtheroperationsiponthatobject.

Thefollowing exampleillustratesthe Agent/SRM/Adaptie constructor:

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 sequencef actionsare performedby the interpreteras part of instantiatinga new TclObject. For easeof
exposition,we describethe stepsthatareexecutedo createan Agent/SRM/Adaptie object. The stepsare:

1. Obtainanuniquehandlefor the new objectfrom the TclObjectnamespace.The handleis returnedto the user Most
handlesin ns have the form _o(NNN, where(NNN) is aninteger This handleis createdby getid {}. It canbe
retrievedfrom C++with thename() {} method.

2. Executethe constructoffor the new object. Any userspecifiedargumentsare passedsargumentgo the constructor
This constructomustinvoke the constructomssociatedvith its parentclass.
In our exampleabove, the Agent/SRM/Adaptie callsits parentclassin theveryfirst line.

Note thateachconstructorin turn invokesits parentclass’constructorad nauseum The last constructolin nsis the
TclObjectconstructor This constructoiis responsibldor settingup the shadeov object,and performingotherinitial-
izationsandbindings,aswe explain below. It is preferableto call the parent constructos first before performingthe
initializationsrequiredin this class.This allows the shadev objectsto be setup, andthevariablebindingsestablished.

3. TheTclObjectconstructoiinvokestheinstanceprocedurecreate-shadow  {} for theclassAgent/SRM/Adaptie.

4. Whentheshadav objectis creatednscallsall of theconstructorgor the compiledobject,eachof which mayestablish
variablebindingsfor objectsin thatclass,andperformothernecessarinitializations. Henceour earlierinjunctionthat
it is preferableo invoke the parentconstructorgrior to performingthe classinitializations.

5. After theshadav objectis successfullycreatedcreate_shadow  (void)

2As anexample the classesSimulator Node, Link, or rtObject,areclasseshatarenot derived from the classTclObject. Objectsin theseclassesrenot,
therefore, TclObjects.However, a Simulator Node,Link, or routeObjectis alsoinstantiatedusingthe new proceduren ns
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(a) addsthe new objectto hashtableof TclObjectsdescribeckarlier(Section3.3.5).

(b) makescmd{} aninstanceprocedureof the newly creatednterpretedbbject. Thisinstanceproceduranvokesthe
command)) methodof the compiledobject.In alatersubsectio{Section3.4.4),we describehow the command
methodis defined,andinvoked.

Notethatall of the abore shadaving mechanism®nly work whenthe usercreatesa new TclObjectthroughtheinterpreter
It will notwork if the programmeicreatesa compiledTclObjectunilaterally Therefore the programmeiis enjoinednot to
usethe C++ new methodto createcompiledobjectsdirectly.

Deletion of TclObjects Thedelete operationdestrys the interpretedobject,andthe correspondinghadev object. For
example,use-scheduler  {(scheduley} usesthedelete procedurgo remove the defaultlist schedulerandinstantiate

analternateschedulein its place.

Simulator  instproc use-scheduler type {
$self instvar  scheduler_

delete  scheduler_ # firstdeletethe existinglist scheduler
set scheduler [new Scheduler/$type]

As with the constructorthe objectdestructomustcall the destructorfor the parentclassexplicitly asthevery laststatement
of the destructor The TclObjectdestructomwill invoke the instanceproceduredelete-shadow |, thatin turn invokesthe
equivalentcompiledmethodto destry the shadav object. Theinterpreteiitself will destry theinterpretedbject.

3.4.2 Variable Bindings

In mostcasesaccesso compiledmembervariabless restrictedo compiledcode andaccesso interpretednembevariables
is likewise confinedto acceswia interpretedcode;however, it is possibleto establishbi-directionalbindingssuchthatboth
the interpretedmembervariableandthe compiledmembervariableaccesshe samedata,and changingthe value of either
variablechangeshevalueof the correspondingairedvariableto samevalue.

Thebindingis establishedby the compiledconstructomwhenthat objectis instantiatedijt is automaticallyaccessibldoy the
interpretecbbjectasaninstancevariable.nssupportdive differentdatatypes:reals,bandwidthvaluedvariablestime valued
variablesjntegers,andbooleansThe syntaxof how thesevaluescanbe specifiedn OTcl is differentfor eachvariabletype.

¢ Realandintegervaluedvariablesarespecifiedn the“normal” form. For example,

$object set realvar  1.2e3
$object set intvar 12

e Bandwidthis specifiedasarealvalue,optionallysufixedby a‘k’ or ‘K’ to mearkilo-quantities,or‘m’ or ‘M’ to mean
mega-quantitiesA final optionalsufiix of ‘B’ indicatesthatthe quantityexpresseds in Bytespersecond.Thedefault
is bandwidthexpressedn bits persecond 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

e Time is specifiedasa real value,optionally sufixedby a ‘m’ to expresstime in milli-seconds,'n’ to expresstime in
nano-secondsyr ‘p’ to expresstime in pico-secondsThedefaultis time expressedn secondsFor example,all of the
following areequiwalent:

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

Note thatwe canalsosafelyadda s to reflectthe time unit of secondsnswill ignorearything otherthanavalid real

numberspecificationpr atrailing ‘m’, ‘n’, or‘p’.

¢ Booleanscanbe expresseckitherasaninteger, oras‘T’ or ‘t’ for true. Subsequentharacterafterthefirst letterare
ignored.If thevalueis neitheraninteger, nor atruevalue,thenit is assumedo befalse.For example,

$object set boolvar t # settotrue
$object set boolvar true

$object set boolvar 1 ;# or anynon-zeo value
$object set boolvar false # settofalse

$object set boolvar junk
$object set boolvar 0

Thefollowing exampleshows the constructofor the ASRMAgeng.

ASRMAgent::ASRMAgent() {

bind("pdistance_", &pdistance ); [* realvariable*/
bind("requestor_", &requestor ); [* integer variable*/
bind_time("lastSent_", &lastSessSent ); /* timevariable*/
bind_bw("ctrILimit_", &ctrIBWLIimit_); /* bandwidthvariable*/
bind_bool("running_", &running_); /* booleanvariable*/

Notethatall of the functionsabove take two argumentsthe nameof an OTcl variable,andthe addres®f the corresponding
compiledmembervariablethatis linked. While it is oftenthe casethatthesebindingsare establishedy the constructorof
the object, it neednot alwaysbe donein this manner We will discusssuchalternatemethodswhenwe describethe class
InstVar (Section3.8)in detaillater.

Eachof the variablesthatis boundis automaticallyinitialised with default valueswhenthe objectis created. The default
valuesarespecifiedasinterpretedclassvariables.This initialisationis doneby therouting init-instvar {}, invokedby
methodsn theclasslinstvar, describedater (Section3.8). init-instvar {} checksheclassof theinterpretedbbject,and
all of the parentclassof thatobject,to find thefirst classin which the variableis defined.It usesthe valueof thevariablein
thatclassto initialise the object. Most of the bind initialisationvaluesaredefinedin ~ng'tcl/lib/ns-degult.tcl.

For example,if thefollowing classvariablesaredefinedfor the ASRMAgent:

3Notethatthis constructoiis embellishedo illustratethe featuresof the variablebindingmechanism.
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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 gvery new Agent/SRM/Adaptie objectwill have pdistance_  setto 15.0;lastSent_ s setto 8.345mfrom
the settingof the classvariableof the parentclass;ctriLimit_ is setto 1.44M usingthe classvariableof the parentclass
twiceremoved;running is setto false;theinstancevariablepdistance_  is notinitialised,becaus@o classvariableexists
in ary of theclasshierarchyof theinterpretedbject.In suchinstancejnit-instvar {} will invokewarn-instvar  {},
to print out a warningaboutsucha variable. The usercanselectvely overridethis procedurdn their simulationscripts,to
elidethiswarning.

Note thatthe actualbinding is doneby instantiatingobjectsin the classinstVar. Eachobjectin the classinstVar bindsone
compiledmembervariableto oneinterpretedmembervariable. A TclObjectstoresalist of InstVar objectscorrespondingo
eachof its membervariablethatis boundin this fashion.The headof thislist is storedin its memberwariableinstvar_  of
the TclObject.

Onelastpointto consideiis thatnswill guarante¢hatthe actualvaluesof thevariable,bothin theinterpretedbjectandthe
compiledobject,will beidenticalatall times. However, if therearemethodsandothervariablesof the compiledobjectthat
track the value of this variable,they mustbe explicitly invoked or changedvhenerer the valueof this variableis changed.
This usuallyrequiresadditionalprimitivesthatthe usershouldinvoke. Oneway of providing suchprimitivesin nsis through
thecommand)) methoddescribedn the next section.

3.4.3 Variable Tracing

In additionto variablebindings, TclObjectalsosupportstracing of both C++ andTcl instancevariables.A tracedvariable
canbe createdandconfiguredeitherin C++ or Tcl. To establishvariabletracingatthe Tcl level, the variablemustbe visible

in Tcl, which meansthatit mustbe a boundedC++/Tcl or a pure Tcl instancevariable. In addition, the objectthat owns

thetracedvariableis alsorequiredto establishtracingusingthe Tcl trace  methodof TclObject. Thefirst agumentto the

trace methodmustbethe nameof thevariable.The optionalsecondargumentspecifieghetraceobjectthatis responsible
for tracingthatvariable.If thetraceobjectis not specified the objectthatown thevariableis responsibldor tracingit.

For a TclObjectto tracevariablesjt mustextendthe C++trace methodthatis virtually definedin TclObject. The Trace
classimplementsasimpletrace methodtherebyit canactasagenerictracerfor 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 traceablejt mustbelongto a classthatderivesfrom Traced\ar. The virtual baseclassTraced\ar
keepdrackof thevariables name owner, andtracer Classeshatderivesfrom Traced\armustimplementhevirtual method
value , thattakesacharactebuffer asanargumentandwritesthevalueof the variableinto thatbuffer.

class TracedVar {

virtual char* value(char* buf) = 0;
protected:
TracedVar(const char* name);
const char* name_; /I name of the variable
TclObject* owner_; /I the object that owns this variable
TclObject* tracer_; /I callback  when the variable is changed
3

The TclCL library exportstwo classef Traced\ar: Tracedint  and TracedDouble . Theseclassescanbe usedin
placeof the basictype int and doublerespectiely. Both TracedIntand TracedDoubleoverloadall the operatorshat can
changehevalueof thevariablesuchasassignmentincrementanddecrementTheseoverloadedperatoraisethe assign
methodto assigrnthe new valueto thevariableandcall thetracerif the new valueis differentfrom the old one. Tracedintand
TracedDoublalsoimplementtheirvalue methodghatoutputthevalueof thevariableinto string. Thewidth andprecision
of the outputcanbe pre-specified.

3.4.4 command Methods: Definition and Invocation

For every TclObjectthatis creatednsestablishetheinstanceprocedureemd{}, asahookto executingmethodghroughthe
compiledshadav object. The proceduremd{} invokesthe methodcommand) of the shadaev objectautomaticallypassing
theargumentdo cmd{} asanarmgumentvectorto thecommand) method.

The usercaninvoke the cmd{} methodin one of two ways: by explicitly invoking the procedure specifyingthe desired
operatiomasthefirst argumentor implicitly, asif therewereaninstanceprocedurenf the samenameasthedesiredoperation.
Most simulationscriptswill usethelatterform, hencewe will describethatmodeof invocationfirst.

Considetthethatthedistancecomputatiorin SRMis doneby thecompiledobject;hawever, it is oftenusedby theinterpreted
object.lt is usuallyinvokedas:

$srmObject  distance?  (agentAddress )

If thereis noinstanceprocedurecalleddistance? | theinterpretemwill invoketheinstanceprocedurainknown {}, defined
in thebaseclassTclObject. The unknonvn procedurgheninvokes

$srmObject cmd distance?  {(agentAddress )

to executethe operatiorthroughthe compiledobject's command) procedure.

Ofcourse the usercould explicitly invoke the operationdirectly. Onereasorfor this might be to overloadthe operationby
usinganinstanceproceduref the samename.For example,

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

set distanceCache_($addr) [$sel f cnd di stance? $addr]
}

set distanceCache_($addr)

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

int  ASRMAgent:;:command(int argc, const char*const*argv) {
Tcl& tcl = Tcl:instance();
if (argc == 3) {
if  (strcmp(argv[l], "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 canmalke thefollowing obsenationsfrom this pieceof code:

e Thefunctionis calledwith two arguments:
Thefirst agument(argc ) indicatesthe numberof agumentsspecifiedn thecommandine to theinterpreter
Thecommandine argumentssector(argv ) consistof
—argv[0] containghe nameof themethod,cmd"”.
—argv[l] specifieghedesiredoperation.
— If theuserspecifiedarny argumentsthenthey areplacedin argv[2...(argc - 1) .
Theargumentsarepassedsstrings;they mustbe corvertedto the appropriatedatatype.

¢ If the operationis successfullynatchedthe matchshouldreturnthe resultof the operationusingmethodsdescribed
earlier(Section3.3.3).

o command) itself mustreturneitherTCL_OKor TCL_ERRORo indicatesucces®r failureasits returncode.
¢ If theoperatioris notmatchedn thismethodjt mustinvokeits parentscommandnethod andreturnthecorresponding
result.

This permitsthe userto concieve of operationsas having the sameinheritancepropertiesas instanceprocedureor
compiledmethods.

In the eventthatthis commandmethodis definedfor a classwith multiple inheritancethe programmeihastheliberty
to chooseoneof two implementations:

1) Eitherthey caninvoke oneof the parents command method andreturntheresultof thatinvocation,or

2) They caneachof the parents commandmethodsn somesequenceandreturntheresultof thefirst invocationthat
is successfullf noneof themaresuccessfulthenthey shouldreturnanerror.

In our documentwe call operationexecutedhroughthe command() instproc-likes. This reflectsthe usageof theseopera-
tionsasif they wereOTcl instanceprocedure®f anobject,but canbevery subtly differentin their realisatiorandusage.
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3.5 ClassTclClass

Thiscompiledclass(class TclClass )isapurevirtual class.Classeslerivedfrom this baseclassprovide two functions:
constructthe interpretedclasshierarchyto mirror the compiled classhierarchy;and provide methodsto instantiatenew
TclObjects. Eachsuchderived classis associateavith a particularcompiledclassin the compiledclasshierarchy andcan
instantiatenew objectsin theassociatedlass.

As anexample,considera classsuchasthe classRenoTcpClass . It is derivedfrom classTcIClass , andis associated
with theclassRenoTcpAgent . It will instantiatenew objectsin the classRenoTcpAgent . The compiledclasshierarchy
for RenoTcpAgent isthatit derivesfrom TcpAgent , thatin turn derivesfrom Agent , thatin turnderives(roughly)from
TclObject . RenoTcpClass is definedas

static class RenoTcpClass: public  TclClass {
public:
RenoTcpClass() . TclClass("Agent/TCP/Reno") {3
TclObject* create(int argc, const char*const* argv) {
return  (new RenoTcpAgent());

}

} class_reno;

We canmalke thefollowing obsenationsfrom this definition:

N o o b~

. Theclassdefinesonly the constructorandoneadditionalmethod to create  instance®f theassociated clObject.

. nswill executetheRenoTcpClass constructofor thestaticvariableclass_reno , whenit is first started. This sets

up theappropriatenethodsandtheinterpretectlasshierarchy

. The constructorspecifiesthe interpretedclassexplicitly as Agent/TCP/Reno . This alsospecifiesthe interpreted

classhierarchyimplicitly.

Recallthatthe corventionin nsis to usethe characterslash(’/’) is a separatar For ary givenclassA/B/C/D , the
classA/B/C/D is asub-clasof A/B/C |, thatis itself a sub-clas®f A/B, that,in turn, is asub-clas®of A. Aitselfis a
sub-clas®f TclObject

In our caseabove, the TclClassconstructorcreateghreeclassesAgent/TCP/Reno  sub-clas®f Agent/TCP  sub-
classof Agent sub-clas®f TclObject

. Thisclassis associatedavith theclassRenoTcpAgent ; it creatsnew objectsin thisassociatedlass.
. TheRenoTcpClass::create methodreturnsTclObjectsin the classRenoTcpAgent .
. Whentheuserspecifiemew Agent/TCP/Reno ,theroutineRenoTcpClass::create is invoked.

. Theargumentsrector(argv ) consistsof

—argv[0] containsthe nameof the object.

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

—argv[4] containary additionalargumentgpassedisa string) providedby theuser

Theclass Trace illustratesagumenthandlingby TclClassmethods.

class TraceClass : public TcIClass {
public:
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TraceClass() . TclClass("Trace") {3
TclObject* create(int args, const char*const* argv) {
if (args >= 5)
return  (new Trace(*argv[4]));
else
return  NULL;
}

} trace_class;

A new Traceobijectis createdas

new Trace "X"

Finally, thenitty-gritty detailsof how theinterpretedclasshierarchyis constructed:

a > w Nh P

IS

The objectconstructoiis executedvhennsfirst starts.

This constructorcallsthe TclClassconstructomwith the nameof theinterpretedclassasits argument.
TheTclClassconstructoistoresthe nameof the class,andinsertsthis objectinto a linkedlist of the TclClassobjects.
During initialization of the simulator Tcl_Applnit  (void) invokesTclClass::bind (void)

For eachobjectin thelist of TclClassobjects,bind () invokesregister  {}, specifyingthe nameof theinterpreted
classasits agument.

register {} establishetheclasshierarchycreatingtheclasseghatarerequired,andnotyetcreated.

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

3.6 ClassTclCommand

Thisclasqclass TclCommand) providesjustthemechanisnfor nsto exportsimplecommandso theinterpreterthatcan
thenbeexecutedwithin aglobalcontext by theinterpreter Therearetwo functionsdefinedin ~ngmisc.cc:ns-random and
ns-version . Thesetwo functionsareinitialized by thefunctioninit_misc  (void), definedin ~ngmisc.cc;init_misc
isinvokedby Tcl_Applnit  (void) duringstartup.

e class VersionCommand definesthecommandns-version . It takesno agument,andreturnsthe currentns

versionstring.

% ns-version ;# getthecurrentversion
2.0a12

e class RandomCommandiefinesthe commandns-random . With no argument,ns-random returnsaninteger,

uniformly distributedin theinterval [0, 23! — 1].

Whenspecifiedan argument,it takesthatargumentasthe seed.If this seedvalueis 0, the commandusesa heuristic
seedvalue;otherwisejt setsthe seedfor therandomnumbergeneratoto the specifiedvalue.
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% ns-random # returnarandomnumber

2078917053

% ns-random 0O ;# settheseedheuristically
858190129

% ns-random 23786 # setseedo specifiedvalue
23786

Notethat, it is genemlly not advisableto constructtop-level commandshat are availableto the user We now describehow
to defineananv commandiusingtheexampleclass say_hello . Theexampledefinegshecommandhi , to print thestring
“hello world”, followedby any commandine agumentsspecifiedby the user For example,

% hi this is ns [ns-version]
hello world, this is ns 2.0al2

1. Thecommandnustbedefinedwithin aclassderivedfromtheclass TclCommand. Theclassdefinitionis:

class say_hello : public  TclCommand {
public:
say_hello();
int command(int argc, const char*const* argv);

2. Theconstructoffor the classmustinvoke the TclCommandconstructomwith the commandasargument;i.e,,

say_hello() : TclCommand("hi") {3

The TclCommand constructosetsup "hi" asa globalprocedurdghatinvokesTclCommand::dispatch_cmd 0.

3. Themethodcommand)) mustperformthedesiredaction.

The methodis passedwo arguments.Thefirst agument,argc , containsthe numberof actualalgumentspassedy
theuser

Theactualagumentgassedy theuserarepassecsanargumentvector(argv ) andcontainghefollowing:
—argv[0] containshe nameof thecommandhi ).

—argv[l...(argc - 1)] containsadditionalargumentsspecifiedon the commandine by theuser
command) is invokedby dispatch_cmd ().

#include  <streams.h> /* becausaveare usingstreaml/O */
int say_hello::command(int argc, const char*const* argv) {
cout << "hello  world:";
for (nt i =1; i < argc; i++)
cout << ' ' << argvli;

cout << '\ n;
return TCL_OK;
}

4. Finally, we requireaninstanceof this class.TclCommand instancesrecreatedn theroutineinit_misc  (void).

new say_hello;
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Note thatthereusedto be morefunctionssuchasns-at andns-now thatwereaccessiblén this manner Most of these
functionshave beensubsumednto existing classesIn particular ns-at andns-now areaccessiblehroughthe scheduler
TclObject. Thesefunctionsaredefinedin ~ngtcl/lib/ns-lib.tcl.

% set ns [new Simulator] ;# getnew instanceof simulator
_ol

% $ns now ;# querysimulatorfor currenttime
0

% $ns at ... ;# specifyat opetationsfor simulator

3.7 ClassEmbeddedTcl

nspermitsthe developmenbf functionalityin eithercompiledcode,or throughinterpretercode thatis evaluatedatinitializa-
tion. For example,the scripts~tclcl/tcl-object.tclor the scriptsin ~ngtcl/lib. Suchloadingandevaluationof scriptsis done
throughobjectsin theclass EmbeddedTcl .

The easiestvay to extendnsis to addOTcl codeto either~tclcl/tcl-object.tclor throughscriptsin the ~ng'tcl/lib directory
Notethat,in thelattercasenssources-ngtcl/lib/ns-lib.tcl automaticallyandhenceheprogrammemustaddacoupleof lines
to thisfile sothattheir scriptwill alsogetautomaticallysourceddy nsatstartup.As anexample thefile ~ngtcl/mcast/srm.tcl
definessomeof theinstanceprocedureso run SRM. In ~ng'tcl/lib/ns-lib.tcl, we have thelines:

source tcl/mcast/srm.tcl

to automaticallygetsrm.tclsourceddy nsat startup.

Threepointsto notewith EmbeddedTctodearethatfirstly, if thecodehasanerrorthatis caughtduringtheeval, thennswill
not run. Secondlythe usercanexplicitly overrideary of the codein the scripts. In particulay they canre-sourcehe entire
scriptafter makingtheir own changesFinally, afteraddingthe scriptsto ~ng'tcl/lib/ns-lib.tcl, andevery time thereaftethat
they changetheir script, the usermustrecompilens for their changego take effect. Of coursejn mostcase$, the usercan
sourcetheir scriptto overridethe embeddedode.

Therestof this subsectiorillustratehow to integrateindividual scriptsdirectly into ns Thefirst stepis corvertthe scriptinto
anEmbeddedTcbbject. Thelinesbelov expandns-lib.tcl andcreatethe EmbeddedTcbbjectinstancecalledet_ns_lib

tclsh  bin/tcl-expand.tcl tcl/lib/ns-lib.tcl [\
.[Tclltcl2c++ et ns_lib > gen/ns_tcl.cc
Thescript,~ngbin/tcl-expand.tclexpandsns-lib.tcl by replacingall source lineswith the correspondingourcefiles.

Theprogram~tclcl/tcl2cc.c,corvertsthe OTcl codeinto anequivalentEmbeddedTcbbject,et_ns_lib

During initialization, invoking the methodEmbeddedTcl::load explicitly evaluateshearray

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

4Thefew placeswherethis might notwork arewhencertainvariablesmight have to be definedor undefinedpr otherwisethe scriptcontainscodeother
thanprocedureandvariabledefinitionsandexecutesactionsdirectly thatmight notbereversible.
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et_tclobject.load();

— Similarly, ~ngitcl/lib/ns-lib.tcl is evaluateddirectly by Tcl_Applnit in ~ngns_tclsh.cc.
et _ns_lib.load();

3.8 ClasslinstVar

This sectiondescribesheinternalsof theclass  InstVar . Thisclassdefinegshemethodsandmechanismgo binda C++
membeivariablein thecompiledshadav objectto a specifiedOTcl instancevariablein theequivalentinterpretedbject. The
bindingis setup suchthatthe valueof the variablecanbe setor accesseeitherfrom within theinterpretey or from within
thecompiledcodeatall times.

There are five instancevariable classes:class  InstVarReal , class InstVarTime , class InstVarBand-
width ,class InstVarint ,andclass InstVarBool |, correspondingo bindingsfor real,time, bandwidth,nteger,
andboolearvaluedvariablesrespectiely.

We now describehe mechanisnby which instancevariablesaresetup. We usetheclass  InstVarReal  toillustratethe
concept.However, this mechanisnis applicableto all five typesof instancevariables.

Whensettingup aninterpretedvariableto accesss membervariable,the memberfunctionsof the classinstVar assumehat
they areexecutingin the appropriatenethodexecutioncontext; therefore they do not querytheinterpreterto determinethe
context in which this variablemustexist.

In orderto guaranteahe correctmethodexecutioncontext, a variablemustonly be boundif its classis alreadyestablished
within the interpreter andthe interpreteris currentlyoperatingon an objectin thatclass. Note thatthe former requiresthat
when a methodin a given classis going to make its variablesaccessiblevia the interpreter theremust be an associated
classTclClass(Section3.5) definedthatidentifiesthe appropriateclasshierarchyto the interpreter The appropriatenethod
executioncontext canthereforebe createdn oneof two ways.

An implicit solutionoccurswhenerer a new TclObjectis createdwithin theinterpreter This setsup the methodexecution
contet within theinterpreter Whenthe compiledshadaev objectof theinterpretedT clObjectis createdthe constructorfor
thatcompiledobjectcanbind its membervariablesof thatobjectto interpretednstancevariablesin the context of the newly
creatednterpretedbject.

An explicit solutionis to definea bind-variables operationwithin a command function, that can then be invoked
via the cmd method. The correctmethodexecutioncontext is establishedn orderto executethe cmd method. Lik ewise,
the compiledcodeis now operatingon the appropriateshadav object,and canthereforesafely bind the requiredmember
variables.

An instancevariableis createcby specifyingthe nameof the interpretedvariable,andthe addresof the memberariablein
the compiledobject. The constructorfor the baseclassinstVar createsaninstanceof the variablein theinterpreterandthen
setsup atraproutineto catchall accesse® the variablethroughtheinterpreter

Wheneerthevariableis readthroughthe interpreteythe traproutineis invokedjust prior to the occurrencef theread.The
routineinvokesthe appropriateget functionthatreturnsthe currentvalueof thevariable. This valueis thenusedto setthe
valueof theinterpretedvariablethatis thenreadby theinterpreter

Likewise,wheneer the variableis setthroughtheinterpreterthetraproutineis invokedjust after to the write is completed.

Theroutinegetsthe currentvalue setby the interpretey andinvokesthe appropriateset functionthat setsthe valueof the
compiledmembetto the currentvaluesetwithin theinterpreter
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Part 1l

Simulator Basics
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Chapter 4

The ClassSimulator

Theoverall simulatoris describedy aTcl class ~ Simulator . It providesasetof interfacesfor configuringa simulation
andfor choosinghetype of eventscheduleusedto drive the simulation.A simulationscriptgenerallybeginsby creatingan
instanceof this classandcalling variousmethodgo createnodes topologies,andconfigureotheraspectof the simulation.
A subclas®f SimulatorcalledOIdSim is usedto supportnsvl backward compatibility.

The proceduresand functions describedin this chaptercan be found in ~ng'tcl/lib/ns-lib.tcl, ~ngschedulefcc,h}, and,
~ngheap.h.

4.1 Simulator Initialization

Whena new simulationobjectis createdn tcl, theinitialization procedureperformsthe following operations:

e initialize the pacletformat(callscreate_packetformat )
¢ createaschedulefdefaultsto a calendarscheduler)

e createa“null agent”(adiscardsink usedin variousplaces)

Thepacletformatinitialization setsup field offsetswithin pacletsusedby theentiresimulation.It is describedn moredetalil
in the following chapteron paclets(Chapterl1). The schedulerunsthe simulationin anevent-drivenmannerandmay be
replacedby alternatve schedulersvhich provide somevhat differentsemanticgseethe following sectionfor more detail).
Thenull agentis createdwith thefollowing call:

set nullAgent_ [new Agent/Null]

This agentis generallyusefulasa sink for droppedpacketsor asa destinatiorfor packetsthatarenot countedor recorded.

4.2 Schedulersand Events

The simulatoris an event-driven simulator Thereare presentlyfour schedulerswvailablein the simulator eachof which
is implementedusing a different data structure: a simple linked-list, heap,calendarqueue(default), and a specialtype
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called“real-time”. Eachof thesearedescribedbelon. The schedulerunsby selectingthe next earliestevent, executingit
to completion,andreturningto executethe next event. Presentlythe simulatoris single-threadedand only one eventin
executionat ary giventime. If morethanoneeventarescheduledo executeat the sametime, their executionis performed
onthefirst scheduled- first dispatchednanner Simultaneougventsarenot re-orderecanymoreby schedulergasit wasin
earlierversionsandall schedulershouldyeild the sameorderof dispatchinggiventhe samenput.

No partial executionof eventsor pre-emptioris supported.

An eventgenerallycomprisesa“firing time” andahandlerfunction. Theactualdefinitionof aneventis foundin ~ng'scheduleh:

class Event {

public:
Event* next_; /* eventlist */
Handler*  handler_; /* handlerto call wheneventready*/
double time_; [* timeatwhich eventis ready*/
int  uid_; /* uniquelD */
Event() : time_(0), uid (0) {

2

/*

*

Thebaseclassfor all eventhandleis. Whenan event's scheduled
* timearrives,it is passedo handlewhich mustconsumet.
* j.e., if it needs to be freed it, it must be freed by the handler.

*/
class Handler {
public:
virtual void handle(Event* event);
2

Two typesof objectsarederivedfrom thebaseclass Event : packetsand“at-events”. Packetsaredescribedn detailin
the next chapter(Chapterl1.2.1). An at-esentis atcl proceduresxecutionscheduledo 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,thenchangeghe default scheduleimplementatiorto be heap-based
(seebelow), andfinally scheduleshe function$self complete_sim to be executedat time 300.5(seconds)(Not¢hat
this particularcodefragmentexpectsto be encapsulatedth anobjectinstanceprocedurewherethe appropriatereferenceo
$self s correctlydefined.). At-eventsareimplementedas eventswherethe handleris effectively an executionof the tcl
interpreter

4.2.1 The List Scheduler

Thelist schedulef(class Scheduler/List ) implementsthe schedulewusinga simplelinked-list structure. Thelist is
keptin time-order(earliestto latest),so eventinsertionanddeletionrequirescanningthe list to find the appropriateentry.
Choosingthe next eventfor executionrequirestrimming thefirst entry off the headof thelist. Thisimplementatiorpreseres
eventexecutionin a FIFO manneffor simultaneougvents.
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4.2.2 the heapscheduler

The heapscheduler(class Scheduler/Heap ) implementsthe scheduleusinga heapstructure. This structureis su-
perior to thelist structurefor a large numberof events,asinsertionand deletiontimesarein O(logn) for n events. This
implementationin nsv2 is borrovedfrom theMaRS-2.0simulator1]; it is believedthatMaRSitself borrovedthe codefrom
NetSim[10], althoughthis lineagehasnotbeencompletelyverified.

4.2.3 The Calendar QueueScheduler

The calendamqueueschedulelclass  Scheduler/Calendar ) usesa datastructureanalogougo a one-yeardeskcal-
endar in which eventson the samemonth/dayof multiple yearscanbe recordedn oneday:. It is formally describedn [6],
andinformally describedn Jain(p. 410)[11]. Theimplementatiorof Calendarqueuesn nsv2 wascontritutedby David
Wetherall(presentlyat MIT/LCS).

4.2.4 The Real-Time Scheduler

Thereal-timeschedulefclass  Scheduler/RealTime ) attemptdo synchronizeheexecutionof eventswith real-time.
It is currentlyimplementedas a subclassf the list scheduler The real-time capabilityin nsis still underdevelopment,
but is usedto introducean ns simulatednetwork into a real-world topologyto experimentwith easily-configuredetwork
topologies cross-trafic, etc. This only worksfor relatively slow network traffic datarates,asthe simulatormustbe ableto
keeppacewith thereal-world pacletarrival rate,andthis synchronizations not presentlyenforced.

4.3 Other Methods

TheSimulator  classprovidesanumberof methodsusedto setup the simulation.They generallyfall into threecateories:
methodgo createandmanagehetopology(whichin turn consistof managinghe nodegChapters) andmanaging

helinks (Chaptei6)), methoddo performtracing(Chapter21),andhelperfunctionsto dealwith theschedulerThefollowing
is alist of the non-topologyrelatedsimulatormethods:

Simulator instproc now # returnschedulersnotionof currenttime
Simulator  instproc at args # sdeduleexecutionof codeat specifiedime
Simulator  instproc cancel args ;# cancelevent
Simulator  instproc run args # startscheduler
Simulator  instproc halt # stop(pauselhescdheduler
Simulator  instproc flush-trace ;# flushall traceobjectwrite buffers
Simulator  instproc create-trace type files  src dst # createtraceobject
Simulator  instproc create_packetformat ;# setupthesimulator’s padketformat
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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 $ns_ at S$opt(stop) "puts NS EXITING..” ; $ns_ halt"

or, 9%$ns_ at 10.0 "$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 tclI'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 Ilapse 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_ dumpqg

Commandfor 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

This chapterdescribe®neaspecbf creatingatopologyin ns i.e., creatingthenodes.In thenext chapter(Chapter6), we will
describesecondaspecbf creatingthetopology i.e., connectinghe nodesto form links. Recallthateachsimulationrequires
asingleinstanceof theclass  Simulator  to controlandoperatethatsimulation. The classprovidesinstanceprocedures
to createandmanagehetopology, andinternally storesreferences$o eachelementof the topology We begin by describing
the proceduresn the classSimulator(Section5.1). We thendescribeheinstanceproceduresn the classNode(Section5.2)
to accessandoperateonindividual nodes.We concludewith detaileddescriptionf the Classifier(Section5.3) from which
the morecomplex nodeobjectsareformed.

The proceduresindfunctionsdescribedn this chaptercanbefoundin ~ngtcl/lib/ns-lib.tcl, ~ngtcl/lib/ns-nodes.tcl,
~ng'classifiefcc, h}, ~ngclassifieraddrcc, ~ngclassifiermcast.cc-ngclassifiermpath.ccand,~ngreplicatorcc.

5.1 Simulator Methods: Creatingthe Topology

Thebasicprimitive for acquiringa nodeis

set ns [new Simulator]
$ns node

The instanceprocedurenode constructsa nodeout of more simple classifierobjects(Section5.3). The Nodeitself is a
standalone&lassin OTcl. However, mostof the component®f the nodearethemselesTclObjects. Thetypical structureof
anodeis asshovn in Figure5.1.

Theaddres®f anagentin anodeis 16 bitswide: the higher8 bits definethenodeid_ , thelower 8 bitsidentify theindividual

agentatthenode. This limits the numberof nodesin a simulationto 256 nodes.If the userneeddo createa topologylarger
than256 nodesthenthey shouldfirst expandthe addresspacebeforecreatingany nodesas

$ns set-address-format expanded

This expandsthe addresspaceto 30 bits, the higher22 of which areusedto assignnodenumbers.NOTE: Startingfrom
release?.1b6,the above is no longernecessarynds using 32-bit integersfor both addressandport. Therefore the above
restrictionof 256 nodesis nolongerapplicable.
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Figure5.1: Structureof anUnicastNode

By default,nodesin nsareconstructedor unicastsimulations.In orderto enablemulticastsimulation,the simulationshould
be createdwith anoption“-multicaston”, e.g.:

set ns [new Simulator -multicast on]

«««< nodes.tg 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 nolonger
needed»»»>1.8 Theinternalstructureof atypical multicastnodeis shavn in Figure5.2.

Whena simulationusesmulticastrouting,the highestbit of theaddressndicateswhetherthe particularaddresss a multicast

addres®r anunicastaddresslf thebit is 0, the addressepresents unicastaddresselsethe addressepresenta multicast
addressThisimpliesthat,by default,a multicastsimulationis restrictedto 128nodes.

5.2 NodeMethods: Configuring the Node

Procedures$o configureanindividual nodecanbe classifiednto:
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Figure5.2: Internal Structureof a MulticastNode

— Controlfunctions

— AddressandPortnumbemanagementnicastrouting functions
— Agentmanagement

— Adding neighbors

We describesachof thefunctionsin thefollowing paragraphs.

Control functions

1. $node entry returnstheentrypointfor anode. Thisis thefirst elementwhich will handlepaclketsarriving at that
node.

TheNodeinstancevariable,entry _ , storeshereferencehis element.For unicastnodesthis is theaddreslassifier
thatlooks at the higherbits of the destinationaddress.The instancevariable,classifier_ containsthereference
to this classifier However, for multicastnodes the entry pointis the switch_  which looks at thefirst bit to decide
whetherit shouldforwardthe pacletto the unicastclassifier or the multicastclassifierasappropriate.
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2. $node reset will resetall agentsatthenode.

3. $node enable-mcast is aninternalprocedurausedby the classsimulatorwhencreatinga node. This procedure
installstheadditionalclassifiermeededo converta unicastnodeto a multicastnode.

Addressand Port number management The procedurebnode id returnsthe nodenumberof the node. This number
is automaticallyincrementecand assignedo eachnodeat creationby the classSimulatormethod,$ns node . Theclass
Simulatoralsostoresaninstancevariablearray*, Node_, indexed by the nodeid, andcontainsa referenceto the nodewith
thatid.

Theprocedurebnode agent ({port ) returnsthehandleof theagentatthespecifiedport. If no agentatthe specifiedport
numberis available,the procedureeturnsthe null string.

The procedurealloc-port returnsthe next available port number It usesaninstancevariable,np_, to track the next
unallocatecportnumber

The proceduresadd-route  andadd-routes , areusedby unicastrouting (Chapter23) to addroutesto populatethe
classifier_ The usagesyntaxis $node add-route  (destination id ) (TclObject ); TclObject s the
entryof dmux_, the portdemultiplexer atthe node,if thedestinatiorid is the sameasthis nodesid, it is oftenthe headof a
link to sendpacletsfor thatdestinatiorto, but couldalsobethethe entryfor otherclassifiersor typesof classifiers.

$node add-routes  (destination id ) (TclObjects ) isusedto addmultiple routesto the samedestinatiorthat

mustbe usedsimultaneouslyn roundrobin mannerto spreadthe bandwidthusedto reachthat destinationacrossall links

equally It is usedonly if theinstancevariablemultiPath_  is setto 1, anddetaileddynamicroutingstrat@iesarein effect,

andrequiresthe useof a multiPath classifier We describeheimplementatiorof the multiPath classifiedaterin this chapter
(Section5.3); hawever, we deferthediscussiorof multipathrouting (Chapter23) to the chapteron unicastrouting.

Thedualof add-routes {} is delete-routes {}. It takestheid, alist of TclObjects , andareferencdo thesimula-
tor'snullagent . It removesthe TclObjectsin thelist from theinstalledroutesin the multipathclassifier If therouteentry
in the classifierdoesnot point to a multipathclassifier theroutinesimply clearsthe entryfrom classifier_ , andinstalls
thenullagent inits place.

Detaileddynamicrouting also usestwo additionalmethods:the instanceprocedureinit-routing {} setstheinstance
variablemultiPath_  to be equalto the classvariableof the samename. It alsoaddsa referenceo the route controller
objectat thatnodein the instancevariable,rtObject_ . The proceduretObject? {} returnsthe handlefor the route
objectatthenode.

Finally, the procedurantf-changed  {} is invoked by the network dynamicscodeif alink incidenton the nodechanges
state.Additional detailson how this procedureds usedarediscussedaterin the chapteron network dynamicgChapter25).

Agent management Givenan (agen}, the procedureattach {} will addthe agentto its list of agents_ , assigna port
numberthe agentandsetits sourceaddresssetthetargetof the agentto beits (i.e., thenodes) entry {}, andadda pointer
to theportdemultiplexerat the node(dmux_) to theagentat the correspondinglotin thedmux_ classifier

Corverselydetach {}will removetheagentfromagents_ , andpointtheagentstarget,andtheentryin thenodedmux_
to nullagent

Tracking Neighbors Eachnodekeepsalist of its adjacenneighbordn its instancevariable,neighbor_ . Theprocedure
add-neighbor  {} addsaneighborto thelist. Theprocedureneighbors {} returnsthislist.

li.e, aninstancevariableof a classthatis alsoanarrayvariable
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5.3 The Classifier

The function of a nodewhenit recevesa paclet is to examinethe paclet’s fields, usuallyits destinationaddressand on
occasion,its sourceaddress. It shouldthen map the valuesto an outgoinginterfaceobjectthat is the next downstream
recipientof this paclet.

In ns, thistaskis performedby a simpleclassifierobject. Multiple classifierobjects,eachlooking at a specificportionof the
pacletforwardthe pacletthroughthenode.A nodein nsusesmary differenttypesof classifiersor differentpurposesThis
sectiondescribesomeof themorecommon,or simpler, classifierobjectsin ns

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

A classifierprovidesa way to matcha paclet againstsomelogical criteria andretrieve a referenceto anothersimulation
objectbasedon the matchresults. Eachclassifiercontainsa table of simulationobjectsindexed by slot number The job of
aclassifieris to determinethe slot numberassociatedvith arecevved paclet andforwardthatpacletto the objectreferenced
by thatparticularslot. TheC++class  Classifier (definedin ~ndclassifieth) 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) = O;
void alloc(int);
NsObject**  slot_; /* tablethatmapsslot numberto a NsObject*/
int  nslot_;
int  maxslot_;

2

Theclassify () methodis purevirtual, indicatingtheclassClassifier is to beusedonly asabaseclass.Thealloc ()

methoddynamicallyallocatesenoughspacen thetableto hold the specifiedhumberof slots. Theinstall () andclear ()
methodsadd or remove objectsfrom thetable. Therecv () methodandthe OTcl interfaceareimplementedasfollows in
~ngclassifiercc:

/*
* objectsonly ever see"packet" events which comeeither
* fromanincominglink or alocal agent(i.e., padet souice).
*/
void Classifier::recv(Packet* p, Handler*)
{
NsObject*  node;
int cl = classify(p);
if (cl <0 ¢ >=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) {
/*
* S$classifier clear  $slot
*/
if  (strcmp(argv[l], "clear") == 0) {
int slot = atoi(argv[2)]);
clear(slot);
return  (TCL_OK);
}
/*
* $classifier installNext $node
*
if (stremp(argv[1], "installNext") == 0) {
int slot = maxslot + 1;
NsObject* node = (NsObject*)TclObject::lookup(argv[2])
install(slot, node);
tcl.resultf("%u", slot);
return  TCL_OK;
}
if  (strcmp(argv[l], "slot") == 0) {
int slot = atoi(argv[2]);
if  ((slot >= 0) || (slot < nslot)) {
tcl.resultf("%s", slot_[slot]->name());
return TCL_OK;
}
tcl.resultf("Classifier: no object at slot %d", slot);
return  (TCL_ERROR);
}
} else if (argc == 4) {
/*
* S$classifier install $slot  $node
*/
if  (stremp(argv[l], "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 paclet, it handsit to the classify () method. This is defineddifferently in eachtype of
classifierdervedfrom the baseclass. The usualformatis for theclassify () methodto determineandreturna slotindex
into thetableof slots. If theindex is valid, andpointsto a valid TclObject,the classifierwill handthe paclet to that object
usingthatobjectsrecv () method.If theindex is notvalid, the classifierwill invoke theinstanceprocedureno-slot {} to
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attemptto populatethe table correctly However, in the baseclassClassifier::no-slot {} printsanderrormessage
andterminatesexecution.

Thecommand) methodprovidesthefollowing instproc-likesto theinterpreter:

e clear {{slot} clearstheentryin aparticularslot.
¢ installNext {{objec}} installsthe objectin the next availableslot, andreturnsthe slot number

Notethatthisinstproc-likeis overloadedy aninstanceyroceduref thesamenamethatstoresareferenceo theobject
stored.This thenhelpsquick queryof the objectsinstalledin the classifierfrom OTcl.

e slot {(index)} returnstheobjectstoredin the specifiedslot.
e install  {(index), (objec}} installsthespecified{objec} attheslot (index).

Notethatthis instproc-like too is overloadedby aninstanceprocedurenf the samenamethat storesa referenceo the
objectstored.This s alsoto quickly queryof the objectsinstalledin the classifierfrom OTcl.

5.3.1 AddressClassifiers

An addres<tlassifieris usedin supportingunicastpacket forwarding. It appliesa bitwise shift and maskoperationto a
paclet’s destinationaddresgo producea slot number The slot numberis returnedfrom the classify () method. The

class AddressClassifier (definedin ~ndclassifieraddrcc)ide definedasfollows:
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_;
h
The classimposeso directsemantianeaningon a paclket’s destinatioraddresdield. Rather it returnssomenumberof bits
from the paclet's dst_ field asthe slot numberusedin the Classifier::recv () method. The mask_ andshift_
valuesaresetthroughQOTcl.

5.3.2 Multicast Classifiers

Themulticastclassifierclassifieacletsaccordingto both sourceanddestination(group)addressedt maintainsa (chained
hash)table mappingsource/grougpairsto slot numbers.Whena paclet arrivescontaininga source/groupunknownn to the
classifierit invokesanOtcl procedureNode::new-group  {} to addanentryto its table. This OTcl procedurenay usethe
methodset-hash  to addnew (source,group, slot) 3-tuplesto the classifiers table. The multicastclassifieris definedin
~ngclassifiermcast.casfollows:
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static class MCastClassifierClass : public TclClass {
public:
MCastClassifierClass() . TclClass("Classifier/Multicast") {}
TclObject* create(int argc, const char*const* argv) {
return  (new McCastClassifier());

} class_mcast_classifier;

class McCastClassifier . 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 M= s >> 16;
s M= s >> §;
return (s & Oxff);

}
struct  hashnode {
int slot;
nsaddr t  src;
nsaddr t  dst;
hashnode* next;
2
hashnode* ht [256];
const hashnode* lookup(nsaddr_t src, nsaddr t dst) const;
3
int  MCastClassifier::classify(Packet *const  pkt)
{
IPHeader *h = IPHeader::access(pkt->bits());
nsaddr_t src = h->src() >> 8;  [FXXX*/
nsaddr_t dst = h->dst();
const hashnode* p = lookup(src, dst);
it (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);
}

MCastClassifier mplementsa chainedhashtable and appliesa hashfunction on both the paclet source

47



anddestinatioraddressesThe hashfunction returnsthe slot numberto index theslot_  tablein the underlyingobject. A
hashmissimplies paclet delivery to a previously-unknavn group; OTcl is calledto handlethe situation. The OTcl codeis
expectedo insertanappropriateentryinto the hashtable.

5.3.3 MultiP ath Classifier

This objectis devisedto supportequalcostmultipathforwarding,wherethe nodehasmultiple equalcostroutesto the same
destination,andwould like to useall of them simultaneously This objectdoesnot look at ary field in the paclet. With
every succeedingpaclet, it simply returnsthe next filled slotin roundrobin fashion.The definitionsfor this classifierarein
~ng'classifiermpath.ccandareshovn below:

class MultiPathForwarder : public  Classifier {
public:
MultiPathForwarder() . ns_(0), Classifier() {
virtual int classify(Packet* const) {
int cl;
int faill = ns_;
do {
cl = ns_++;
ns_ %= (maxslot_  + 1);
} while (slot_[cl] == 0 && ns_ != fail);
return  cl;
_ }
private:
int ns_; /* nextslotto beused. Probablya misnomer?/
h

5.3.4 Hash Classifier

This objectis usedto classify a paclet asa memberof a particularflow. As their nameindicates,hashclassifiersusea
hashtableinternally to assignpacletsto flows. Theseobjectsare usedwhereflow-level informationis required(e.g. in
flow-specificqueuingdisciplinesand statisticscollection). Several “flow granularities”are available. In particulay pack-
ets may be assignedo flows basedon flow ID, destinationaddresssource/destinatioaddressesyr the combinationof
source/destinatioaddresseplusflow ID. The fields accessedby the hashclassifierarelimited to theip header:src(),
dst(), flowid() (seeip.h ).

The hashclassifieris createdwith aninteger argumentspecifyingthe initial size of its hashtable. The currenthashtable
sizemay be subsequentlalteredwith theresize method(seebelow). Whencreatedthe instancevariablesshift . and
mask__ areinitialized with thesimulators currentNodeShift andNodeMask valuesrespectiely. Thesevaluesareretrieved
from the AddrParams objectwhenthe hashclassifieris instantiated The hashclassifierwill fail to operateproperlyif the
AddrParams structures notinitialized. Thefollowing constructor@reusedfor the varioushashclassifiers:

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

The hashclassifierrecevespaclets,classifieghemaccordingo their flow criteria,andretrievesthe classifierslotindicating
thenext nodethatshouldrecevethe paclet. In severalcircumstancewith hashclassifiersmostpaclketsshouldbeassociated
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with a singleslot, while only a few flows shouldbe directedelsavhere. The hashclassifierincludesa default_  instance
variableindicatingwhich slotis to beusedfor packetsthatdo not matchary of theperflow criteria. Thedefault_  maybe
setoptionally.

Themethoddor 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 the hashtablewithin thehashclassifier Thebuck argumentspecifieghe
hashtablebucketnumberto usefor theinsertionof this entry. Whenthebucketnumberis notknown, buck maybespecified
asauto . Thesrc, dst andfid amumentsspecifythe IP source,destination,andflow IDs to be matchedfor flow
classification.Fieldsnot usedby a particularclassifier(e.g. specifyingsrc flor a flow-id classifier)is ignored. The slot
argumentindicatestheindex into the underlyingslottablein the baseClassifier objectfrom which the hashclassifieris
derived. Thelookup functionreturnsthe nameof the objectassociatedavith the givenbuck/src/dst/fid tuple. The
buck amumentmaybeauto , asfor set-hash . Thedel-hash functionremovesthespecifiedentryfrom thehashtable.
Currently thisis doneby simply markingtheentryasinactive, soit is possibleto populatethe hashtablewith unusecdentries.
Theresize functionresizeghehashtableto includethe numberof bucketsspecifiedby theargumentbuck .

Providednodefaultis defined a hashclassifierwill performacall into OTcl whenit recevesapacletwhich matchesio flow
criteria. The call takesthefollowing form:

$obj unknown-flow src dst flowid buck

Thus,whena paclet matchingno flow criteriais receved, the methodunknown-flow  of theinstantiatechashclassifier
objectis invokedwith thesourcedestinationandflow id fieldsfrom thepaclet. In addition,thebuck field indicateghehash
bucket which shouldcontainthis flow if it wereinsertedusingset-hash . This arrangemenévoids anotherhashlookup
whenperforminginsertionsinto the classifiewhenthe bucketis alreadyknown.

5.3.5 Replicator

Thereplicatoris differentfrom the otherclassifierswe have describedearlier, in thatit doesnot usethe classify function.
Ratherit simply usesthe classifierasatableof n slots;it overloadsherecv () methodto producen copiesof a paclket,that
aredeliveredto all n objectsreferencedn thetable.

To supporimulticastpacletforwarding,aclassifiereceving amulticastpaclketfrom sourceS destinedor groupG computes
ahashfunctionh (S, G) giving a“slot number”in theclassifiers objecttable.In multicastdelivery, the paclket mustbe copied
oncefor eachlink leadingto nodessubscribedo G minusone. Productionof additionalcopiesof the pacletis performecby
aReplicator  class,definedin replicator.cc

/*

Areplicatoris notreally a padet classifierbut

we simplyfind corveniencen leveragingits slottable
(this objectusedto implemenfan-outona multicast
routeraswell asbroadcast_ANSs)

* X ¥ %

*/
class Replicator : public  Classifier {
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public:
Replicator();

void recv(Packet*, Handler h = 0);
virtual int classify(Packet* const) {};
protected:
int ignore_;
2
void Replicator::recv(Packet* p, Handler*)
{
IPHeader *iph = IPHeader::access(p->bits());
if (maxslot_ < 0) {
if  (lignore_)
Tcl::instance().evalf("%s drop %u %u", name(),
iph->src(), iph->dst());
Packet::free(p);
return;
}
for (int i =0; i < maxslot ; ++) {
NsObject* o = slot_[i];
if (o !'= 0)
o->recv(p->copy());
}
/¥ weknowthat maxslotis non-null */
slot_[maxslot_]->recv(p);
}

As we canseefrom the code,this classdoesnot really classify paclets. Rather it replicatesa paclet, onefor eachentryin
its table,anddeliversthe copiesto eachof thenodedistedin thetable. Thelastentryin thetablegetsthe“original” paclet.
Sincetheclassify () methodis purevirtual in the baseclass thereplicatordefinesanemptyclassify () method.
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5.4 Commandsat a glance

Following is a list of commonnodecommandsisedin simulationscripts:

$ns_ node
Commando createa simplenode. This returnsa handleto thenodeinstancecreated.

$ns_ node <hierarchical address>
Commando createa nodewith hierarchicaladdressing/routinglhis too returnsa handleto the hier-nodeinstance.

$ns_ node-config <-option>  <value>

This commands a partof thenew NodeAPIs andsetsup configurationfor a givennodetype. Notethatthis commanchas
to be calledbeforecreationof thenodes.Thedefault value(i.e if node-configs not called)setsup configuratiorfor asimple
nodewith flat addressing/routingl he detailson different<options>andtheir available<values>thatcanbe usedto
configurea nodecanbefoundin chaptettitied "Restructuringnsnodeandnev NodeAPIs" in nsNotesandDocumentation.

$node id
Returnstheid numberof thenode.

$node node-addr
Returngheaddres®f thenode.In caseof flat addressingthe nodeaddresss sameasits node-id.In caseof hierarchical
addressingthenodeaddressn the form of astring (viz. "1.4.3")is returned.

$node reset
Resetall agentattachedo this node.

$node agent <port_num>
Returnsthe handleof theagentatthe specifiedport. If no agentis foundatthe givenport, anull stringis returned.

$node entry
Returnstheentrypoint for thenode.Thisis first objectthathandlegpaclket receving at this node.

$node attach <agent> <optional:port_num>
Attachesthe <agent>to this node.Incaseno specificport numberis passedthe nodeallocatesa port numberandbindsthe
agentto this port. Thusoncetheagentis attachedit recevespacletsdestinedor this host(node)andport.

$node detach <agent> <null_agent>

Thisis thedualof "attach"describedabove. It detachesheagentfrom this nodeandinstallsa null-agentto the port this
agentwasattachedThisis doneto handletransitpacletsthatmaybe destinedo the detachedgent.Theseon-the-flypkts
arethensinkedatthenull-agent.

$node neighbors
This returnsthelist of neighbordor thenode.

$node add-neighbor <neighbor_node>
Thisis acommando add<neighbor_node>  to thelist of neighboramaintainedy thenode.

Following is alist of internalnodemethods:
$node enable-mcast

Thisis aninternalprocedurausedby ClassSimulatorwhile creatinga nodeandis usedto install additionalmulticast
classifierawithin the nodethatcorvertsanunicastnodeinto a multicastone.
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$node add-route  <destination_id> <target>

Thisis usedin unicastroutingto populatethe classifier Thetargetis a Tcl object,which maybethe entry of dmux_ (port
demultiplexerin thenode)incasethe <destination_id> is sameasthis node-id.Otherwiseit is usuallythe headof the
link for thatdestinationlt couldalsobethe entryfor otherclassifiers.

$node alloc-port <null_agent>
This returnsthe next availableport hnumber Usesinstancevariablenp_ to trackthe next unallocategort number

$node incr-rtgtable-size
Theinstancevariablertsize_  is usedto keeptrackof sizeof routing-tablein eachnode.This commands usedto
increasdherouting-tablesizeevery time anrouting-entryis addedo theclassifiers.

$node getNode
Returnstheinstanceof self (thenode).

$node attachinterfaces <ifaces>
Attachesthe nodeto eachof the<ifaces>.

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

$node createlnterface <num>
Createsanew network interfaceandlabelsit with <num>.

$node getinterfaces
Returnsthelist of interfacesfor thenode.

Thereareothernodecommandshatsupportshierarchicakouting, PIM, IntTCR detaileddynamicrouting,equalcost

multipathrouting, PGM router, manualroutingandpower modelfor mobilenodesTheseandothermethodsdescribed
earliercanbefoundin ngtcl/lib/ns-node.tcl.
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Chapter 6

Links: Simple Links

This is the secondaspecibf definingthetopology In the previous chapter(Chapters), we haddescribechow to createthe
nodesin thetopologyin ns We now describehow to createthelinks to connecthe nodesandcompletethetopology: In this
chapterwe restrictoursehesto describingthe simplepointto pointlinks. nssupportsa variety of othermedia,includingan
emulationof a multi-accesd. AN usinga meshof simplelinks, andothertrue simulationof wirelessandbroadcastedia.
They will bedescribedn a separatehapter The CBQIink is derivedfrom simplelinks andis a considerablymorecomplex
form of link thatis alsonot describedn this chapter

We begin by describinghecommandso createalink in this section.As with thenodebeingcomposeaf classifiersasimple
link is built up from a sequencef connectors.We alsobriefly describesomeof the connectorsn a simplelink. We then
describeheinstanceprocedureshatoperateonthevariouscomponentsf definedby someof theseconnectorgSection6.1).
We concludethe chapterwith a descriptionthe connectorobject(Section6.2), including brief descriptionsof the common
link connectors.

Theclass Link isastandalonelassin OTcl, thatprovidesafew simpleprimitives.Theclass  SimpleLink  provides
theability to connecttwo nodeswith a pointto pointlink. nsprovidestheinstanceproceduresimplex-link {} toforma
unidirectionallink from onenodeto another Thelink is in the classSimpleLink. Thefollowing describeghe syntaxof the
simplex link:

set ns [new Simulator]
$ns simplex-link (node0) (nodel) (bandwidth ) (delay ) (queue_type )

The commandcreatesa link from (node0 ) to (nodel ), with specified(bandwidth ) and{delay ) characteristicsThe
link usesaqueueof type{(queue_type ). TheprocedurealsoaddsaTTL checlerto thelink. Fiveinstancevariablesdefine
thelink:
head_  Entry pointto thelink, it pointsto thefirst objectin thelink.
gueue_  Referencdo the main queueelementof thelink. Simplelinks usually
have one queueperlink. Othermore complex typesof links may have
multiple queueelementsn thelink.

link_ A referenceo the elementthatactuallymodelsthelink, in termsof the
delayandbandwidthcharacteristicef the link.
ttl_ Referencdo theelementhatmanipulateshettl in every paclet.
drophead_  Referencdo anobjectthatis theheadof aqueueof elementghatprocess
link drops.
In addition, if the simulatorinstancevariable,$traceAllFile_ , Is defined,the procedurewill addtraceelementghat
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trackwhena pacletis enqueue@nddequeuedrom queue_ . Furthermoretracinginterposes droptraceelementafterthe

drophead_ . Thefollowing instancevariablestrackthetraceelements:
enqT_  Referenceo theelementhattracespacletsenteringqueue_ .
deqT_  Referenceo theelementhattracespacletsleaving queue_ .
drpT_  Referenceo the elementhattracespacletsdroppedrom queue_ .
rcvT_  Referencdo the elementhattracespacletsrecevedby thenext node.

Note however, thatif theuserenabletracingmultiple timesonthelink, theseinstancevariableswill only storeareferenceo

thelastelementsnserted.

Other configurationmechanismshat add componentgo a simplelink are network interfaces(usedin multicastrouting),
link dynamicsmodels,andtracingandmonitors. We give a brief overview of the relatedobjectsat the end of this chapter

(Section6.2),anddiscussheir functionality/implementatioim otherchapters.

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

6.1 InstanceProceduresfor Links and SimpleLinks

Link procedures Theclass Link is implementedentirely in Otcl. The OTcl SimpleLink
LinkDelay classto simulatepaclketdelivery delays.Theinstanceproceduredn theclassLink are:
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head{} returnsthehandlefor head .
queue {} returnsthe handlefor queue_ .
link {} returnsthehandlefor thedelayelementink_
up{} setlink statusto “up” in the dynamics_ element. Also, writes out a traceline to eachfile

specifiedhroughtheprocedurdrace-dynamics  {}.

down{} Aswith up{}, setlink statusto “down” in thedynamics_ element.Also, writes out atrace
line to eachfile specifiedthroughtheprocedurdrace-dynamics  {}.

up?{} returnsstatusof thelink. Statuds“up” or“down”; statuds “up” if link dynamicds notenabled.

all-connectors

cost {}
cost? {}

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

all-connectors reset .
setlink costto valuespecified.
returnsthe costof thelink. Default costof link is 1, if no costhasbeenspecifiedearlier

SimpleLink Procedures The Otcl class

SimpleLink  implementsa simple point-to-pointlink with an associated

queueanddelay. It is derivedfrom the baseOtcl classLink asfollows:

Class SimpleLink  -superclass Link

SimpleLink  instproc int { src dst bw delay q { lltype "DelayLink" Y|
$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 hew Delay/Link
alsothat,the Queue objectmusthave alreadybeencreated.

Therearetwo additionalmethodgmplementedin OTcl) aspartof the SimpleLink
Thesefunctionsaredescribedn furtherdetailin the sectionon tracing(Chapter21).

1The currentversionalsoincludesan objectto examinethe network layer“ttl” field anddiscardpacletsif thefield reachesero.
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6.2 Connectors

Connectorsunlink classifierspnly generatalatafor onerecipient;eitherthe pacletis deliveredto thetarget neighbor
orit is sentto hedrop-target_

A connectowill receive a paclet, performsomefunction,anddeliver the paclet to its neighbor or dropthe paclet. There
areanumberof differenttypesof connectorsn ns Eachconnectoperformsa differentfunction.

networkinterface labelspacletswith incominginterfaceidentifie—it is usedby somemulticastrouting protocols.The
classvariable“Simulator Numberinterfces_1" tells nsto addtheseinterfacesandthen,it is added
to either end of the simplex link. Multicast routing protocolsare discussedn a separatechapter
(Chapter24).

DynaLink Objectthatgatedraffic dependingpnwhetherthelink is up or down. It expectsto beattheheadof the
link, andis insertedon the link just prior to simulationstart. It's status_ variablecontrolwhether
thelink is up or down. The descriptionof how the DynaLink objectis usedis in a separatehapter
(Chapterb).

DelayLink Objectthatmodelsthelink’ s delayandbandwidthcharacteristicslf thelink is not dynamic,thenthis
objectsimply scheduleseceve eventsfor the downstreamobjectfor eachpaclet it recevesat the
appropriatdgime for thatpacket. However, if thelink is dynamic,thenit queueghe pacletsinternally,
and scheduleone receves event for itself for the next paclet that mustbe delivered. Thus,if the
link goesdown at somepoint, this objectsreset () methodis invoked, andthe objectwill dropall
pacletsin transitat theinstantof link failure. We discusghe specificsof this classin anotherchapter
(Chapter8).

Queues modelthe outputbuffersattachedo alink in a“real” routerin a network. In ns they areattachedo,
andareconsideredaspartof thelink. We discussthe detailsof queuesanddifferenttypesof queues
in ndn anotherchapter(Chapter7).

TTLChecler will decrementhettl in eachpaclketthatit recevves. If thatttl thenhasa positive value,the pacletis
forwardedto the next elementonthelink. In thesimplelinks, TTLCheckersareautomaticallyadded,
andareplacedasthe lastelementon the link, betweenthe delayelementandthe entry for the next
node.

6.3 Object hierarchy

The baseclassusedto representinks is calledLink. Methodsfor this classarelistedin the next section.Otherlink objects
derivedfrom thebaseclassaregivenasfollows:

¢ SimpleLink ObjectA SimpleLinkobjectis usedto represent simpleunidirectionallink. Thereareno statevariables
or configuratiorparameterassociateavith this object. Methodsfor this classare: $simplelink enable-mcast
<src> <dst>
Thisturnson multicastfor thelink by creatinganincomingnetwork interfacefor the destinatiorandaddsanoutgoing
interfacefor thesource.

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

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

$simplelink trace-dynamics <ns> <file>  <optional:op>
This setsup tracingspeciallyfor dynamiclinks. <op>allows settingup of namtracingaswell.

56



$simplelink init-monitor <ns> <gtrace> <samplelnterval>
Insertobjectsthatallow usto monitorthe queuesizeof this link. Returnthe nameof the objectthatcanbe queriedto
determinghe averagegueuesize.

$simplelink attach-monitors <insnoop> <outsnoop> <dropsnhoop> <gmon>
Thisis similar to init-monitor, but allows for specificatiorof moreof theitems.

$simplelink dynamic
Setsup thedynamicflag for thislink.

$simplelink errormodule <args>
Insertsanerrormodulebeforethe queue.

$simpleilnk insert-linkloss <args>
Insertsthe errormoduleafterthe queue.

//Otherlink objectsderivedfrom classSimpleLinkareFQLink, CBQLink andIntServLink.
Configurationparametergor FQLink are:

gqueueManagement_Thetype of queuemanagementsedin thelink. Default valueis DropTail.
No configurationparametersrespecifiedfor CBQLink andIntServLinkobjects.

¢ DelayLink ObjectThe DelayLink Objectsdetermineghe amountof time requiredfor a paclketto traversealink. Thisis

definedto be size/bw+ delaywheresizeis the paclet size,bw is thelink bandwidthanddelayis thelink propagation

delay Thereareno method=or statevariablesassociateavith this object.
ConfigurationParametersre:

bandwidth_ Link bandwidthin bits persecond.
delay_ Link propagatiordelayin seconds.

6.4 Commandsat a glance

Following is alist of commonlink commandsaisedin simulationscripts:

$ns_  simplex-link <nodel> <node2> <bw> <delay> <qtype> <args>

This commanccreatesanunidirectionallink betweemodelandnode2with specifiedbandwidth(BW) anddelay
characteristicsThelink usesa queuetype of <qtype>anddependingn the queuetypedifferentargumentsarepassed
through<args>.

$ns_  duplex-link <nodel> <node2> <bw> <delay> <qtype> <args>

This createsa bi-directionallink betweemodelandnode2.This procedureessentiallycreatesa duplex-link from two
simplex links, onefrom nodelto node2andthe otherfrom node2to node1l.The syntaxfor duplex-link is sameasthatof
simplex-link describedabove.

$ns_  duplex-intserv-link <nl> <n2> <bw> <dly> <sched> <signal> <adc> <args>

This createsa duplex-link betweem1 andn2 with queuetype of intsery with specifiedBW anddelay Thistype of queue
implementsa schedulewith two level servicegriority. Thetype of intservqueueis givenby <sched>with admission
controlunit type of <adc>andsignalmoduleof type <signal>.

$ns_  simplex-link-op <nl> <n2> <op> <args>
Thisis usedto setattributesfor a simplex link. Theattributesmaybethe orientation,color or queue-position.

$ns_  duplex-link-op <nl> <n2> <op> <args>
This commands usedto setlink attributes(lik e orientationof thelinks, color or queue-positionjor duplex links.
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$ns_  link-lossmodel <lossobj>  <from> <to>
This functiongeneratefossegqusingthelossmodel<lossobj>insertedn thelink betweern<from>nodeand<to>node)in
thelink thatcanbevisualizedby nam.

$ns_ lossmodel <lossobj>  <from> <to>
Thisis usedto insertalossmodulein regularlinks.

Following is alist of internallink-relatedprocedures:

$ns_ register-nam-linkconfig <link>
Thisis aninternalprocedureusedby "$link  orient"  to register/updaté¢he orderin which links shouldbe createdn
nam.

$ns_  remove-nam-linkconfig <idl> <id2>
This proceduras usedto remove ary duplicatelinks (duplicatelinks maybe createcby 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 be now pointedby thehead_ elementin thelink, i.e, <connectornow becomeshe
first objectin thelink.

$link  link
Returngtheinstancevariablelink_ . Thelink_  istheelementn thelink thatactuallymodelsthelink in termsof delay
andbandwidthcharacteristicef thelink.

$link  queue
Returngtheinstancevariablequeue_ . queue_ is queueelemenin thelink. Theremaybe oneor morequeueelementsn
aparticularlink.

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

$link  cost?
Returnsthe costvaluefor thelink. Default costof link is setto 1.

$link  if-label?
Returnsthe network interfacesassociatedavith thelink (for multicastrouting).

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

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

$link  up?
Returngthelink status.The statusis always"up" asdefault,if link dynamicss notenabled.

$link  all-connectors op

This commandappliesthe specifiedoperation<op>to all connectorsn thelink. Like,$link  all-connectors
reset or$link all-connectors isDynamic
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$link  install-error <errmodel>
Thisinstallsanerrormoduleafterthelink_  element.

In additionto the Link andlink-relatedcommanddisted above, thereareotherprocedures$o supportthe specific
requirement®f differenttypesof links derivedfrom thebaseclass'Link" like simple-link (SimpleLink),integratedservice
(IntServLink),class-basedueug(CBQLink), fair queue(FQLink) andprocedureso supportmulticastrouting,sessionsim,
nametc. Theseandtheabove proceduresnaybefoundin ngtcl/lib(ns-lib.tcl, ns-link.tcl, ns-intservcl, ns-namsupp.tcl,
ns-queue.tcl)ngtcl/mcast/(McastMonitotcl, ns-mcast.tcl)ngtcl/session/session.tcl.
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Chapter 7

QueueManagementand Packet Scheduling

Queuegepresentocationswherepacketsmay be held (or dropped).Packet schedulingrefersto the decisionprocessused
to choosewhich paclets shouldbe servicedor dropped. Buffer managementefersto ary particulardiscipline usedto
regulatethe occupang of a particularqueue. At present,supportis includedfor drop-tail (FIFO) queueing,RED buffer
managemenCBQ (includinga priority andround-robinscheduler)andvariantsof Fair Queueingncluding, Fair Queueing
(FQ), StochasticFair Queueing(SFQ), and Deficit Round-Robin(DRR). In the commoncasewhere a delay elementis
downstreanfrom aqueuethequeuemaybeblodkeduntil it is re-enabledby its downstreanmeighbor Thisis themechanism
by which transmissiordelayis simulated. In addition,queuesnay be forcibly blocked or unbloclked at arbitrarytimesby
their neighborgwhich is usedto implementmulti-queueaggreyatequeueswith inter-queueflow control). Packet dropsare
implementedn suchaway thatqueuesontaina “drop destination”;thatis, an objectthatrecevvesall packetsdroppedby a
queue.This canbeusefulto (for example)keepstatisticson droppedpaclets.

7.1 The C++ QueueClass

The Queue classis derived from a Connector baseclass. It providesa baseclassusedby particulartypesof (derived)
gqueueclassesaswell asacall-backfunctionto implementblocking (seenext section).Thefollowing definitionsareprovided
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 glim_; /* maximumallowedpktsin queuer/
int  blocked_;
int unblock_on_resume_; /* unblok qonidle?*/
QueueHandler gh_;
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Theenque anddeque functionsarepurevirtual, indicatingthe Queue classis to be usedasabaseclass;particularqueues
arederivedfrom Queue andimplementthesetwo functionsasnecessaryParticularqueuesdo not, in generaloverridethe
recv functionbecausdt invokesthetheparticularenque anddeque .

The Queue classdoesnot containmuchinternalstate.Oftenthesearespecialmonitoringobjects(Chapter21). Theqglim_
memberis constructedo dictatea boundon the maximumqueueoccupang, but this is not enforcedby the Queue class
itself; it mustbe usedby the particularqueuesubclasse# they needthis value. The blocked_ memberis a boolean
indicatingwhetherthe queueis ableto senda packetimmediatelyto its downstreammeighbor Whena queues blocked, it is
ableto enqueugpaclketsbut not sendthem.

7.1.1 Queueblocking

A queuemay be eitherblocked or unbloclked at arny giventime. Generally a queueis blockedwhena pacletis in transit
betweent andits downstreanmeighbor(mostof thetime if the queueis occupied).A blockedqueuewill remainblockedas
long asit downstreamlink is busyandthe queuehasat leastonepacketto send.A queuebecomesinblockedonly whenits
resume functionis invoked (by meansof adownstreanmeighborschedulingt via a callback),usuallywhenno pacletsare
gqueued.Thecallbackis implementedy usingthefollowing classandmethods:

class QueueHandler : public Handler {
public:
inline QueueHandler(Queue& q) : queue (q) {}
void handle(Event*); [* calls queue_.resume() */
private:
Queue& queue_;
3
void QueueHandler::handle(Event*)
{
queue_.resume();
}
Queue::Queue() : drop_(0), blocked (0), gh_(*this)
{
Tcl& tcl = Tcl:instance();
bind("limit_", &glim_);
}
void Queue::recv(Packet* p, Handler*)
{
enque(p);
if  (Iblocked ) {
/*
* 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.q., 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, &gh_);
else {
if  (unblock_on_resume )
blocked . = 0;
else
blocked = 1;
}
}

The handlermanagementereis somavhat subtle. Whena new Queue objectis created,t includesa QueueHandler
object(gh_) whichis initialized to containa referencdo the new Queue object(Queue& QueueHandler::queue_ ).
This is performedby the Queue constructorusingthe expressiongh_ (*this) . Whena Queuerecevesa pacletit calls
the subclasgi.e. queueingdiscipline-specificyersionof theenque functionwith the paclet. If the queueis not blocked,
it is allowed to senda paclet and calls the specificdeque function which determineswhich paclet to send,blocksthe
queue(because pacletis now in transit),andsendsthe paclket to the queues downstreamneighbor Note thatary future
pacletsreceved from upstreamneighborswill arrive to a blocked queue. When a downstreamneighborwishesto cause
the queueto becomeunblocledit scheduleshe QueueHandleshandle functionby passingkgh_ to the simulatorsched-
uler. Thehandle functioninvokesresume , which will sendthe next-schedulegaclket downstream(andleave the queue
blocked),or unblockthe queuewhenno pacletis readyto be sent. This processs mademoreclearby alsoreferringto the
LinkDelay::recv () method(Section8.1).

7.1.2 PacketQueueClass

The Queue classmay implementbuffer managemenand schedulingbut do not implementthe low-level operationson a
particularqueue.The PacketQueue classis usedfor this purposeandis 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_; /I packet count

This classmaintainsa linked-list of paclets,andis commonlyusedby particularschedulingand buffer managementlis-
ciplinesto hold an orderedsetof paclets. Particular schedulingor buffer managemenschemesnay malke useof several

62



PacketQueue objects. The PacketQueue classmaintainscurrentcountsof the numberof pacletsheldin the queue
which is returnedby the length () method. The enque function placesthe specifiedpaclet at the end of the queueand
updateghelen_ membervariable. The deque functionreturnsthe paclet at the headof the queueandremovesit from

the queue(andupdateghe counters)or returnsNULL if the queueis empty Thelookup functionreturnsthe nth paclet
from the headof the queueor NULL otherwise.Theremove functiondeleteshe paclet storedin the givenaddressrom

the queue(andupdateghe counters) It causesanabnormalprogramterminationif the packetdoesnot exist.

7.2 Example: Drop Talil

Thefollowing exampleillustratestheimplementatiorof theQueue/DropTail  object,whichimplementdIFO scheduling
anddrop-on-aerflow buffer managementypical of mostpresent-daynternetrouters.Thefollowing definitionsdeclarethe
classandits OTcl linkage:

/*

* A boundeddrop-tail queue

*/

class DropTail : public Queue {

protected:
void enque(Packet*);
Packet* deque();
PacketQueue (g_;

The baseclassQueue, from which DropTail s derived, providesmostof the neededunctionality. The drop-tailqueue
maintainsexactly oneFIFO queuejmplementedy including an objectof the PacketQueue class.Drop-tail implements
its own versionsof enque anddeque asfollows:

/*
*  drop-tail
*/
void DropTail::enque(Packet* p)
{
g_.enque(p);
if  (g_.length() >= glim_) {
g_.remove(p);
drop(p);
}
}
Packet* DropTail::deque()
{
return  (g_.deque());
}

Here,theenque functionfirst storeshe pacletin theinternalpaclet queug(which hasno sizerestrictions) andthenchecks
the size of the paclet queueversusglim_ . Drop-on-overflow is implementediy droppingthe packet mostrecentlyadded
to the paclet queueif thelimit is reachedr exceeded.Simple FIFO schedulings implementedn the deque function by
alwaysreturningthefirst pacletin the pacletqueue.
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7.3 Different typesof Queueobjects

A queueobjectis a generalclassof objectcapableof holding and possiblymarking or discardingpaclets asthey travel
throughthe simulatedtopology ConfigurationParametersisedfor queueobjectsare:

limit_ Thequeuesizein paclets.
blocked_ Setto falseby default, thisis trueif thequeueis blocked (unableto senda pacletto its downstreanmeighbor).

unblock_on_resume_ Setto true by default, indicatesa queueshouldunblockitself at the time the last paclket paclet sent
hasbeentransmitted but not necessarilyeceved).

Otherqueueobjectsderivedfrom the baseclassQueuearedrop-tail, FQ, SFQ,DRR, RED andCBQ queueobjects.Eachare
describedhsfollows:

e Drop-tail objects: Drop-tail objectsarea subclas®f Queueobjectsthatimplementsimple FIFO queue.Thereareno
methodsgconfigurationparameteror statevariablesthatarespecificto drop-tailobjects.

e FQ objects: FQ objectsarea subclasof QueueobjectsthatimplementFair queuing. Thereareno methodsthatare
specificto FQ objects.ConfigurationParametersre:

secskerByte
Thereareno statevariablesassociatedvith this object.

e SFQobjects: SFQ objectsare a subclassof Queueobjectsthat implementStochasticFair queuing. Thereare no
methodghatarespecificto SFQobjects.ConfigurationParametersire:
maxqueue_
buckets_

Thereareno statevariablesassociatedvith this object.

¢ DRR objects: DRR objectsare a subclasof Queueobjectsthat implementdeficit round robin scheduling. These
objectsimplementdeficit roundrobin schedulingamongstifferentflows ( A particularflow is onewhich haspaclets
with thesamenodeandportid OR pacletswhich have thesamenodeid alone).Also unlike othermulti-queueobjects,
this queueobjectimplementsa singlesharedouffer spaceor its differentflows. ConfigurationParametersire:
buckets_ Indicatesthetotal numberof bucketsto be usedfor hashingeachof theflows.
blimit_ Indicatesthe sharecdouffer sizein bytes.
quantum__ Indicateg(in bytes)how mucheachflow cansendduringits turn.
mask _mask_,whensetto 1, meanghata particularflow consistsof packetshaving the samenodeid (andpossibly

differentportids), otherwisea flow consistf pacletshaving the samenodeandportids.

e RED objects: RED objectsare a subclasof Queueobjectsthatimplementrandomearly-detectiorgatevays. The
objectcan be configuredto eitherdrop or “mark” paclets. Thereare no methodsthat are specificto RED objects.
ConfigurationParametersre:

bytes_ Setto "true" to enable*byte-mode”RED, wherethe size of arriving pacletsaffect the likelihood of marking
(dropping)paclets.

gueue-in-bytes_ Setto "true" to measureéhe averagequeuesizein bytesratherthanpaclets. Enablingthis optionalso
causeshresh_andmaxthresh to be automaticallyscaledoy mean_pktsize (seebelow).

thresh_ Theminimumthresholdfor the averagequeuesizein paclets.
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maxthresh_ The maximumthresholdfor the averagequeuesizein paclets.

mean_pktsize_A roughestimateof the averagepaclet sizein bytes. Usedin updatingthe calculatedaveragequeue
sizeafteranidle period.

g_weight_ Thequeueweight,usedn theexponential-weightedhoving averagefor calculatingtheaveragequeussize.
wait_ Setto trueto maintainaninterval betweerdroppedpaclets.

linterm_ Astheaveragequeuesizevariesbetweerfthresh_"and"maxthresh_"thepacketdroppingprobabilityvaries
betweerD and"1/linterm".

setbit_ Setto "true"to markpacletsby settingthe congestiorindicationbit in pacletheadersatherthandroppaclets.

drop-tail_ Setto true to usedrop-tail ratherthanrandomdropyhenthe queueoverflows or the averagequeuesize
exceeds'maxthresh_"For afurtherexplanationof thesevariablessee[2].

Noneof the statevariablesof the RED implementatiorareaccessible.

¢ CBQobjects:CBQ objectsarea subclas®f Queueobjectsthatimplementclass-basedueueing.

$cbg insert  <class>

Inserttraffic classclassinto thelink-sharingstructureassociateavith link objectcbq.

$cbg bind <cbqgclass>  <id1> [$id2]

Causepacletscontainingflow id id1 (or thosein therangeidl to id2 inclusive) to be associatedvith thetraffic class
cbqclass.

$cbqg algorithm  <alg>
Selectthe CBQ internalalgorithm.<alg>maybe setto oneof: "ancestoronly”, "top-level”, or "formal".

¢ CBQ/WRRobjects:CBQ/WRRobjectsareasubclas®f CBQ objectsthatimplementweightedround-robinscheduling
amongclasse®f thesamepriority level. In contrastCBQ objectsmplementpaclet-by-paclketround-robinscheduling
amongclasse®f the samepriority level. ConfigurationParametersire:

maxpkt_ The maximumsizeof a pacletin bytes. This is usedonly by CBQ/WRR objectsin computingmaximum
bandwidthallocationsfor the weightedround-robinscheduler

CBQcLASs OBJECTS
CBQClassobjectsimplementthetraffic classesssociatedvith CBQ objects.

$cbgclass  setparams <parent> <okborrow> <allot> <maxidle> <prio> <level>
Setsseveralof the configurationparameter$or the CBQ traffic class(seebelow).

$cbqclass  parent  <chqcllnone>
specifythe parentof this classin thelink-sharingtree. The parentmay be specifiedas“none” to indicatethis classis aroot.

$cbqclass  newallot  <a>

Changethe link allocationof this classto the specifiedamount(in range0.0to 1.0). Note that only the specifiedclassis
affected.

$cbgclass  install-queue <g>

Install a Queueobjectinto the compoundCBQ or CBQ/WRRIink structure. Whena CBQ objectis initially created,it
includesno internalqueue(only a pacletclassifierandscheduler).

ConfigurationParametersre:

okborrow_ is abooleanindicatingthe classis permittedto borrow bandwidthfrom its parent.

allot_ is themaximumfractionof link bandwidthallocatedto the classexpressedsa realnumberbetweerf.0and1.0.
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maxidle_ is themaximumamountof time a classmayberequiredto have its paclketsqueuedeforethey arepermittedto be
forwarded

priority_ istheclass’priority level with respecto otherclassesThis valuemayrangefrom 0 to 10,andmorethanoneclass
may exist atthe samepriority. Priority O is the highestpriority.

level_ isthelevel of this classin thelink-sharingtree.Leaf nodesin thetreeareconsideredo beatlevel 1; their parentsare
atlevel 2, etc.

extradelay  increasehedelayexperiencedy a delayedclassby the specifiedime

QUEUE-MONITOR OBJECTS
QueueMonitorObjectsare usedto monitor a setof paclet andbyte arrival, departureanddrop counters. It alsoincludes
supportfor aggreyatestatisticssuchasaveragegueuesize,etc.

$queuemonitor
resetall the cumulatve countersdescribedbelow (arrivals, departuresand drops)to zero. Also, resetthe integratorsand
delaysamplerif defined.

$queuemonitor  set-delay-samples <delaySamp_>
Setup the SamplesobjectdelaySamp to recordstatisticsaboutqueuedelays.delaySamp is a handleto a Samplesobject
i.e the Samplebjectshouldhave alreadybeencreated.

$queuemonitor  get-bytes-integrator
ReturnsanIntegratorobjectthatcanbe usedto find theintegral of the queuesizein bytes.

$gueuemonitor  get-pkts-integrator
Returnsanintegratorobjectthatcanbe usedto find theintegral of the queuesizein paclets.

$qgueuemonitor  get-delay-samples

Returnsa SampleobjectdelaySamp to recordstatisticsaboutqueuedelays.
Thereareno configurationparameterspecificto this object.
StateVariablesare:

size_Instantaneouqueuesizein bytes.

pkts_ Instantaneougueuesizein paclets.

parrivals_ Runningtotal of pacletsthathave arrived.

barri vals_ Runningtotal of bytescontainedn pacletsthathave arrived.

pdepartures_ Runningtotal of pacletsthathave departednotdropped).

bdepartures_ Runningtotal of bytescontainedn pacletsthathave departednotdropped).
pdrops_ Total numberof pacletsdropped.

bdrops_ Total numberof bytesdropped.

bytesint_ Integratorobjectthat computeghe integral of the queuesizein bytes. The sum_variableof this objecthasthe
runningsum(integral) of the queuesizein bytes.

pktsint_ Integratorobjectthatcomputeghe integral of the queuesizein paclets. The sum_variableof this objecthasthe
runningsum(integral) of the queuesizein paclets.
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QUEUEMONITOR/ED OBJECTS

This derivedobjectis capableof differentiatingregularpacletdropsfrom earlydrops.Somequeuedlistinguishregulardrops
(e.g. dropsdueto buffer exhaustion)from otherdrops(e.g. randomdropsin RED queues)Undersomecircumstancest is
usefulto distinguishthesetwo typesof drops.

StateVariablesare:

epdrops_ Thenumberof pacletsthathave beendropped-early”.

ebdrops_ Thenumberof bytescomprisingpaclketsthathave beendropped‘early”.

Note: becausehis classis a subclasof QueueMonitorobjectsof this type also have fields suchas pdrops_andbdrops_.
Thesefieldsdescribethetotal numberof droppedpacletsandbytes,includingbothearlyandnon-earlydrops.

QUEUEMONITOR/ED/FLOWMON OBJECTS
Theseobjectsmaybe usedin the placeof a corventionalQueueMonitoobjectwhenwishingto collectperflow countsand
statistican additionto the aggreyatecountsandstatisticgprovided by the basicQueueMonitor

$fmon classifier <cl>
This inserts(read)the specifiedclassifierinto (from) theflow monitorobject. This is usedto mapincomingpacletsto which
flows they areassociatedvith.

$fmon dump
Dumpthe currentperflow countersandstatisticsto the I/O channekpecifiedn a previousattachoperation.

$fmon flows
Returna characteistring containingthe namesof all flow objectsknown by this flow monitor. Eachof theseobjectsare of
type QueueMonitor/ED/Fluav.

$fmon attach  <chan>
Attachatcl I/0O channeko theflow monitor. Flow statisticsarewritten to the channelwhenthe dumpoperationis executed.

ConfigurationParametersre:

enable_in_ Setto trueby default, indicatesthatperflow arrival stateshouldbe keptby the flow monitor. If setto false,only
theaggreyatearrival informationis kept.

enable_out_ Setto true by default, indicatesthatperflow departurestateshouldbe keptby the flow monitor. If setto false,
only the aggreyatedeparturenformationis kept.

enable_diop_ Setto true by default, indicatesthat perflow drop stateshouldbe kept by the flow monitor. If setto false,
only the aggregyatedropinformationis kept.

enable_edpp_ Setto true by default, indicatesthat perflow early drop stateshouldbe keptby the flow monitor. If setto
false,only the aggrgateearly dropinformationis kept.

QUEUEMONITOR/ED/FLOW OBJECTS

Theseobjectscontainperflow countsandstatisticsmanagedy a QueueMonitor/ED/Flevemonobject. They aregenerally
createdn anOTcl callbackprocedurevhena flow monitoris givenapacletit cannotmapon to aknown flow. Notethatthe
flow monitor’s classifieris responsibldor mappingpacletsto flows in somearbitraryway. Thus,dependingon the type of
classifierused,not all of the statevariablesmay be relevant(e.g. one may classify pacletsbasedonly on flow id, in which
casethe sourceanddestinatioraddressemay not be significant).StateVariablesare:

src_ Thesourceaddres®f paclketsbelongingto this flow.
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dst_ Thedestinatioraddres®f packetsbelongingto this flow.

flowid_ Theflow id of pacletsbelongingto this flow.

7.4 Commandsat a glance

Following is a list of queuecommandsisedin simulationscripts:

$ns_  queue-limit <nl> <n2> <limit>
This setsalimit onthe maximumbuffer sizeof the queuen thelink betweemodes<nl>and<n2>.

$ns_ trace-queue  <nl> <n2> <optional:file>
This setsup traceobjectsto log eventsin the queue.lf tracefileis not passedit usestraceAllFile_

$ns_ namtrace-queue  <nl> <n2> <optional:file>
Similar to trace-queuabove, this setsup nam-tracingn the queue.

$ns_  monitor-queue <nl> <n2> <optional:qtrace> <optional:sampleinterval>

to write theevents.

This commandnsertsobjectsthatallows usto monitorthe queuesize. This returnsa handleto the objectthatmaybe

queriedto determinghe averagequeuesize. Thedefault valuefor sampleinteralis 0.1.
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Chapter 8

Delaysand Links

Delaysrepresenthetime requiredfor apacletto traversealink. A specialform of this object(“dynamiclink”) alsocaptures
the possibility of alink failure. The amountof time requiredfor a pacletto traversealink is definedto be s/b + d wheres
is the paclet size (asrecordedn its IP header)) is the speedof thelink in bits/sec,andd is thelink delayin secondsThe
implementatiorof link delaysis closelyassociatedavith the blockingprocedureslescribedor Queuesn Section7.1.1.

8.1 TheLinkDelay Class

Theclass LinkDelay is derivedfrom the baseclass Connector . Its definitionis in ~ngdelaycc, 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 latencyonthis link */
double bandwidth(); /* bandwidthon this link */
inline double txtime(Packet* p) { [* timeto sendpktp onthislink */

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 notlink is ~ */
Event inTransit_;
PacketQueue* itq_; [* internal padet queuefor dynamiclinks */
Packet* nextPacket_; /* tobedeliveredfor a dynamiclink. */
Event intr_;
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Therecv () methodoverridesthe baseclassConnectowersion.lt 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_;
itg_->enque(p);
schedule_next();
} else {
s.schedule(target_, p, txt + delay);
}

/¥ XXXonly needoneintr_ sinceupsteamobjectshould
blodk until it’ s handleris called

Thisonly holdsif thelink is notdynamic. If it is, then

thelink itselfwill hold the padket,andcall theupsteam

objectat theappmopriatetime Thissecondnterruptis

calledi nTransi t _, andis invokedthroughschedul e_next ()

* % % X F X

*/
s.schedule(h, &intr_, txt);

This object supportsone instproc-like, $object  dynamic , to setits variable,dynamic_ . This variable determines
whetherthelink is dynamicor not (i.e., proneto fail/recover at appropriateimes). Theinternalbehaior of thelink in each
caseis different.

For “non-dynamic”links, this methodoperatedy receving a paclet, p, andschedulingwo events.Assumethesetwo events
arecalled £, and E», andthatevent F; is scheduledo occurbeforeE». FE; is scheduledo occurwhenthe upstreanmode
attachedo this delay elementhascompletedsendingthe currentpacket (which takestime equalto the paclet sizedivided
by thelink bandwidth).E; is usuallyassociatedvith a Queue object,andwill causet to (possibly)becomeunblocked(see
section7.1.1). E> representshe paclet arrival eventat the downstreamneighborof the delayelement.Event E; occursa
numberof seconddaterthan E; equalto thelink delay

Alternately whenthelink is dynamic,andreceivesp, thenit will scheduleF; to possiblyunblockthequeueattheappropriate
time. However, E, is schedulednly if p is the only paclket currentlyin transit. Otherwise thereis at leastone pacletin
transiton the link thatmustbe deliveredbeforep at E5. Therefore paclet p is heldin the objects inTransitqueue,itq_ .
Whenthe pacletjust beforep in transiton thelink is deliveredat the neighbormode,the DelayLink objectwill schedulean
eventfor itselfto fire at E». At thatappropriatdimethen,it’shandle () methodwill directly sendp toits target. Theobjects
internalschedule_next () methodwill schedulgheseeventsfor pacletsintransitattheappropriatdime.

8.2 Commandsat a glance

The LinkDelay objectrepresentshe time requiredby a paclet to trans\ersethe link andis usedinternally within a Link.
Hencewe donotlist ary linkdelayrelatedcommandsuitablefor simulationscriptshere.
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Chapter 9

Agents

Agentsrepresenendpointswherenetwork-layer packetsare constructedr consumedandare usedin the implementation
of protocolsat variouslayers. Theclass Agent hasanimplementationpartly in OTcl and partly in C++. The C++
implementatioris containedn ~ngagent.cand~nsgagent.handthe OTcl supportis in ~ngdtcl/lib/ns-agent.tcl.

9.1 Agentstate

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

addr_  nodeaddres®f myself(sourceaddressn paclets)
dst_  wherel amsendingoaclketsto

size pacletsizein bytes(placedinto the commonpacket header)
type_  typeof paclet(in thecommonheaderseepaclket.h)
fid_ the IP flow identifier (formerly classin ns-1)
prio_ the P priority field
flags_ pacletflags(similarto ns-1)
defttl_ defaultIP ttl value

Thesevariablesmaybemodifiedby ary classderivedfrom Agent , althoughnotall of themmaybeneededy ary particular
agent.

9.2 Agent methods

Theclass Agent supportspaclet generatiorand reception. The following memberfunctionsare implementedoy the
C++ Agentclass,andaregenerallynot overriddenby derivedclasses:

Packet* allocpkt () allocatenew pacletandassignits fields
Packet* allocpkt (int) allocatenew pacletwith adatapayloadof n bytesandassignits fields
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The following memberfunctionsarealsodefinedby the classAgent, but are intendedto be overriddenby classesleriving
from Agent:

void
void

timeout (timeoutnumber) subclass-specifitme out method

recv (Packet*, Handler*) receving agentmainreceve path
Theallocpkt () methodis usedby derived classedo createpacletsto send. The functionfills in the following fieldsin
the commonpaclet header(Sectionl1l): uid, ptype, size , andthefollowing fieldsin the IP header:src, dst,
flowid, prio, ttl . It alsozero-fillsin the following fields of the Flagsheader:ecn, pri, usrl, usr2 . Any
packetheadeiinformationnotincludedin thesdists mustbe mustbe handledn the classeslerivedfrom Agent .

Therecv () methodis the main entry point for an Agentwhich recevespaclets,andis invoked by upstrearmodeswhen
sendinga paclet. In mostcasesAgentsmale no useof the secondargument(the handlerdefinedby upstreammodes).

9.3 Protocol Agents

Thereareseveralagentsupportedn the simulator Thesearetheirnamesn OTcl:

TCP
TCP/Reno
TCP/NevReno
TCP/Sackl
TCP/Fack
TCP/FullTcp
TCP/\egas
TCP/\egas/RBP
TCP/\egas/RBP
TCP/Asym
TCP/Reno/Asym
TCP/Nenvreno/Asym
TCPSink
TCPSink/DelAck
TCPSink/Asym
TCPSink/Sackl
TCPSink/Sack1/DelAck

UbDP

RTP
RTCP

LossMonitor

IVS/Source
IVS/Recever

a“Tahoe"TCPsendelcwnd= 1 onary loss)
a“Reno” TCPsender(with fastrecovery)
amodifiedRenoTCP sendei(changegastrecovery)
aSACK TCPsender

a“forward” SACK sendefTCP
amorefull-functioned TCPwith 2-way traffic
a“Vegas"TCPsender

aVegasTCPwith “rate basedbacing”
aRenoTCPwith “rate basedpacing”
anexperimentalTahoeT CP for asymmetridinks
anexperimentaRenoTCP for asymmetridinks
anexperimentaNewRenoTCPfor asymmetridinks
aRenoor TahoeTCPrecever (notusedfor FullTcp)
aTCPdelayed-ACK recever

anexperimentall CP sink for asymmetridinks
aSACK TCPrecever

adelayed-ACK SACK TCPrecever

abasicUDP agent

anRTP sendemlndrecever
anRTCPsendeandrecever

apacletsinkwhich checksfor losses
anlVS source

anlVS recever
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CtrMcast/Encap a“centralisedmulticast”encapsulator
CtrMcast/Decap a“centralisedmulticast”de-encapsulator
Message aprotocolto carrytextual messages
Message/Prune processemulticastroutingprunemessages

SRM anSRM agentwith non-adaptretimers
SRM/Adaptve anSRM agentwith adaptvetimers

Tap interfaceshesimulatorto alive network
Null adegenerateagentwhich discardpaclets

rtProto/DV  distance-ectorrouting protocolagent

Agentsare usedin the implementationof protocolsat variouslayers. Thus, for sometransportprotocols(e.g. UDP) the
distribution of paclet sizesand/orinter-departurgdimesmay be dictatedby someseparatambjectrepresentinghe demands
of anapplication.To this end,agentsxposeanapplicationprogrammingnterface(API) to the application.For agentused
in the implementatiorof lower-layer protocols(e.g. routing agents) sizeand departureiiming is generallydictatedby the

agents own processingf protocolmessages.

9.4 OTcl Linkage

Agentsmay be createdwithin OTcl andan agents internalstatecanbe modifiedby useof Tcl’'sset functionandary Tcl
functionsan Agent(or its baseclasses)mplements Note thatsomeof an Agent’s internalstatemay exist only within OTcl,

andis thusis notdirectly accessiblérom C++.

9.4.1 Creatingand Manipulating Agents

Thefollowing exampleillustratesthe creationandmodificationof an Agentin OTcl:

set newtcp [new Agent/TCP] ;# createnew object(and C++ shadowobject)
$newtcp set window_ 20 # setsthetcp agent’swindowto 20
$newtcp target  $dest ;# targetis implementedn Connectorclass
$newtcp set portiD_ 1 # existsonlyin OTcl, notin C++

9.4.2 Default Values

Default valuesfor membervariables,thosevisible in OTcl only andthoselinked betweenOTcl and C++ with bind are

initialized in the ~ng'tcl/lib/ns-defult.tclfile. For example,Agent is initialized asfollows:

Agent set fid_ O
Agent set prio_ O
Agent set addr_ O
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Agent set dst_ O
Agent set flags_ O

Generallytheseinitializationsareplacedin the OTcl namespacbeforearny objectsof thesetypesarecreated Thus,whenan
Agent objectis createdthecallsto bind in theobjects’constructorwill causeshe correspondingnembervariablesto be
setto thesespecifieddefaults.

9.4.3 OTcl Methods

Theinstanceprocedureslefinedfor the OTcl Agent classarecurrentlyfoundin ~ng'tcl/lib/ns-agent.tclThey areasfollows:
port theagents portidentifier
dst-port thedestinations portidentifier
attach-source (stype ) createandattacha Sourceobjectto anagent

9.5 Examples: Tcp, TCP Sink Agents

Theclass TCPrepresentasimplified TCPsenderlt sendslatato a TCPSink agentandprocesseiis acknavledgments.
It hasa separat@bjectassociatedvith it which representanapplications demand.By looking attheclass TCPAgent
andclass TCPSinkAgent , wemayseehow relatively comple< agentsareconstructedAn examplefrom the TahoeTCP
agentTCPAgent is alsogivento illustratethe useof timers.

9.5.1 Creatingthe Agent

Thefollowing OTcl codefragmentcreatesa TCPagentandsetsit up:

set tcp [new Agent/TCP] # createsenderagent
$tcp set fid 2 # setlP-layerflow D
set sink [new Agent/TCPSink] ;# createreceiveragent
$ns attach-agent $n0 $tcp ;# putsenderonnode$n0
$ns attach-agent $n3 $sink ;# putreceiveronnode$n3
$ns connect S$tcp $sink ;# establishTCP connection
set ftp [new Application/FTP] ;# createan FTP source"application”
$ftp  attach-agent $tep # associate=TP with the TCP sender
$ns at 1.2 "$ftp  start" ;# arrangefor FTPto startattime1.2sec

The OTcl instructionnew Agent/TCP resultsin the creationof a C++ TcpAgent classobject. It's constructoperforms
first invokesthe constructorof the Agent baseclassandthenperformsits own bindings. Thesetwo constructorappearas
follows:

The TcpSimpleAgentonstructo(~ng'tcp.cc):

TcpAgent::TcpAgent() : Agent(PT_TCP), rtt_active_(0), rit_seq_(-1),
rtx_timer_(this), delsnd_timer_(this)
{
bind("window_", &wnd );
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bind("windowlnit_", &wnd_init_);

bind("windowOption_", &wnd_option_);
bind("windowConstant_", &wnd_const );
bind("off_ip_", &off_ip );
bind("off_tcp_", &off_tep);

}

The Agentconstructoi(~ngagent.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*/
/I thisis reallyan IP agent,sosetup
/I for genemting theappropriate P fields...
bind("addr_", (int*)&addr );
bind("dst_", (int*)&dst );
bind("fid_", (int*)&fid_);
bind("prio_", (int*)&prio_);
bind("flags_", (intv)&flags_);

}

Thesecodefragmentsllustratethe commoncasewherean agents constructoipasses paclket type identifierto the Agent
constructor Thevaluesfor the variouspaclet typesareusedby the paclet tracingfacility (Section21.5)andaredefinedin
~ngtrace.h. The variableswhich are boundin the TcpAgent constructorare ordinaryinstance/membevariablesfor the
classwith the exceptionof the specialintegervaluesoff tcp_  andoff ip_ . Theseareneededn orderto accesa TCP
heademlandIP headerrespectiely. Additional detailsarein the sectionon packetheader¢Section11.1).

Notethatthe TcpAgent constructorcontainsnitializationsfor two timers,rtx_timer_ anddelsnd_timer_

TimerHandler  objectsareinitialized by providing a pointer(thethis  pointer)to therelevantagent.

9.5.2 Starting the Agent

The TcpAgent agentis startedin the examplewhenits FTP sourcereceivesthestart  directive attime 1.2. The start
operationis aninstanceproceduralefinedontheclassApplication/FTP(Section31.4). 1t is definedn ~ngtcl/lib/ns-source.tcl
asfollows:

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

In thiscaseagent refersto oursimpleTCPagentandsend -1 is analogoudo sendinganarbitrarily largefile.

Thecallto send eventuallyresultsin the simpleTCP sendemgeneratingaclets. The following functionoutput  performs
this:
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void TcpAgent::output(int segno, 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))
/*  Notimerpending Sceduleone */
set_rtx_timer();
}
Herewe seeanillustration of the useof the Agent::allocpkt () method.This outputroutinefirst allocatesa new paclet

(with its commonand IP headersalreadyfilled in), but thenmustfill in the appropriateT CP-layerheadeffields. To find
the TCP headelin a paclket (assumingt hasbeenenabledSection11.2.4))theoff tcp_  mustbe properlyinitialized, as
illustratedin the constructor The packet access () methodreturnsa pointerto the TCP headerits sequenceaumberand
time stampfieldsarefilled in, andthesend () methodof the classConnectois calledto sendthe packetdownstreanonehop.
Notethatthe C++:: scopingoperatoris usedhereto avoid calling TcpSimpleAgent::send () (whichis alsodefined).
The checkfor a pendingtimer usesthe timer methodstatus () whichis definedin the baseclassTimerHandler It is used
hereto seta retransmissiotimer if oneis notalreadyset(a TCP sendemnly setsonetimer perwindow of packetson each
connection).

9.5.3 Processingnput at Recever

Many of the TCP agentscan be usedwith the class TCPSink asthe 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  *ntcp
ntcp->seqno()

(hdr_tcp*)opkt->access(off_tcp );
(hdr_tcp*)npkt->access(off_tcp );
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);

Therecv () methodoverridesthe Agent::recv () method(which merelydiscardsthe receved paclet). It updatessome
internalstatewith the sequenc@umberof therecevedpaclet (andthereforerequiresheoff tcp_ variableto beproperly
initialized. It thengeneratesin acknavledgmentfor therecevved paclet. Theack () methodmakesliberal useof accesgo
paclet headeffieldsincludingseparat@accesset the TCP header|P headerFlagsheaderandcommonheader Thecall to
send () invokestheConnector::send () method.

9.5.4 ProcessingResponsest the Sender

Oncethesimple TCP’s peerreceivesdataandgeneratean ACK, the sendemust(usually)procesghe ACK. In the TcpA-
gent agentthisis doneasfollows:

/*
* mainreceptionpath- shouldonly seeacks, otherwisethe
* networkconnectionsre misconfigued

*/
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)
guench(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 invokedwhenan ACK arrivesat the sender In this case, oncethe informationin the ACK is processedby
newack ) the pacletis no longerneededandis returnecdto the packet memoryallocator In addition,thereceiptof the ACK
indicatesthe possibility of sendingadditionaldata,sothe TcpSimpleAgent::send () methodis invokedwhich attempts
to sendmoredataif the TCPwindow allows.
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9.5.5 Implementing Timers

As describedn the following chapter(Chapterl0), specifictimer classesnustbe derived from an abstractbaseclass
TimerHandler definedin ~ngtimer-handlerh. Instance®of thesesubclassesanthenbe usedasvariousagenttimers. An
agentmay wish to overridethe Agent::timeout () method(which doesnothing). In the caseof the TahoeTCP agent,
two timersareused: a delayedsendtimer delsnd_timer_  andaretransmissioniimer rtx_timer_ . We describethe
retransmissiotimerin TCP (Section10.1.2)asanexampleof timer usage.

9.6 Creatinga NewAgent

To createa new agent,onehasto do thefollowing:

. decideits inheritancestructure(Section9.6.1),andcreatethe appropriateclassdefinitions,
. definetherecv () andtimeout () methodgSection9.6.2),

. defineary necessaryimer classes,

. defineOTcl linkagefunctions(Section9.6.3),

. write thenecessar®Tcl codeto accestheagent(Section9.6.4).

g ~h W N P

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

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

Decidingon theinheritancestructureis a matterof personakhoice,but is likely to berelatedto thelayerat which the agent
will operateandits assumptionsn lower layerfunctionality. The simplesttype of Agent,connectionlesglatagram-oriented
transportjs the Agent/UDP baseclass.Traffic generatorganeasilybe connectedo UDP Agents.For protocolswishingto
usea connection-orientedtreamtransporf(like TCP), the variousTCP Agentscould be used.Finally, if a new transportor
“sub-transportprotocolis to be developed,usingAgent asthebaseclasswould likely be the bestchoice.In our example,
we'll useAgentasthebaseclass giventhatwe areconstructinganagentiogically belongingto the P layer (or justaboveit).

We may usethefollowing 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_;

h

class ECHO_Timer : public TimerHandler {
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public:

ECHO_Timer(ECHO_Agent *a) : TimerHandler() { a_ =4a; }
protected:

virtual void expire(Event *e);

ECHO_Agent *a_;
%

9.6.2 Therecv()andti nmeout () Methods

Therecv () methodis notdefinedhere,asthis agentrepresents requesfunctionandwill generallynotbereceving events
or paclets. By notdefiningtherecv () methodthebaseclassversionof recv () (i.e., Connector::recv () isused.The
timeout () methodis usedto periodically sendrequestpaclets. The following timeout () methodis used,alongwith a
helpermethodsendit  ():

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); /I Connector::send()

}

void ECHO_Timer::expire(Event *e)

{
a_->timeout(0);

}

Thetimeout () methodsimply arrangegor sendit () to beexecutedeveryinterval secondsThesendit () method

createsanew pacletwith mostof its headeffieldsalreadysetup by allocpkt (). The pacletis only lacksthe currenttime
stamp.Thecall to access () providesfor a structurednterfaceto the paclet headeffields, andis usedto setthetimestamp
field. Notethatthis agentusesits own specialheadel(*"ECHOHeader”).The creationanduseof packetheaderss described
in laterchapten(Chapterl1); to sendthe pacletto the next downstrearmode,Connector::send () is invokedwithouta
handler

9.6.3 Linking the “ping” Agentwith OTcl

We have themethodsandmechanismsor establishingOTcl Linkageearlier(Chapter3). This sectionis a brief review of the
essentiafeaturesf thatearlierchapteranddescribeshe minimumfunctionalityrequiredto createthe ping agent.

Therearethreeitemswe musthandleto properlylink our agentwith Otcl. Firstwe needto establisha mappingbetweerthe
OTcl namefor our classandthe actualobjectcreatedvhenaninstantiationof the classis requestedn OTcl. Thisis doneas
follows:

1Thisis perhapsinrealisticallysimple. An ICMP ECHOREQUEST agentwould likely wish to processECHOREPLY messages.
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static class ECHOCIlass : public TclClass {
public:
ECHOCIlass() : TclClass("Agent/ECHO") {3
TclObject* create(int argc, const char*const* argv) {
return  (new ECHO_Agent());

} class_echo;

Here,a static object“class_echo’is created.It’s constructor(executedmmediatelywhenthe simulatoris executed)places
theclassname*Agent/ECHO”into the OTcl namespace . Themixing of caseis by corvention;recallfrom Section3.5in the
earlierchapterghatthe “/” characteiis a hierarchydelimiter for the interpretechierarchy The definition of the create ()

methodspecifieshow a C++ shadaev objectshouldbe createdwhenthe OTcl interpreteris instructedto createan object
of class“Agent/ECHO".In this case,a dynamically-allocateabjectis returned.This is the normalway nenv C++ shadev

objectsarecreated.

Oncewe havetheobjectcreationsetup, we will wantto link C++membewvariableswith correspondingariablesn theOTcl
nnamespace so thataccesseto OTcl variablesare actually backed by membervariablesin C++. Assumewe would like
OTcl to beableto adjustthe sendinginterval andthe paclet size. Thisis accomplishedh the classs constructor:

ECHO_Agent::ECHO_Agent() : Agent(PT_ECHO)
{
bind_time("interval_", &interval );
bind("packetSize ", &size );
}
Here, the C++ variablesinterval_ andsize_ arelinkedto the OTcl instancevariablesinterval_ and packet-

Size_ , respectiely. Any reador modify operationto the Otcl variableswill resultin a correspondingiccesdo the un-

derlying C++ variables. The detailsof the bind () methodsaredescribecelsavhere(Section3.4.2). The definedconstant
PT_ECHGQs passedo the Agent () constuctosothatthe Agent::allocpkt () methodmaysetthe paclettypefield used
by thetracesupport(Section21.5). In this case PT_ECHGCrepresentsa new paclet type andmustbe definedin ~ngtrace.h
(Section21.4).

Onceobjectcreationandvariablebinding is setup, we may wantto createmethodsmplementedn C++ but which canbe
invokedfrom OTcl (Section3.4.4). Theseareoftencontrolfunctionsthatinitiate, terminateor modify behavior. In ourpresent
example,we maywishto be ableto startthe ping queryagentfrom OTcl usinga “start” directive. This maybeimplemented
asfollows:

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

{
if (argc == 2) {
if (stremp(argv[1], "start") == 0) {
timeout(0);
return  (TCL_OK);
}
}
return  (Agent::command(argc, argv));
}

Here,the start () methodavailableto OTcl simply calls the C++ memberfunction timeout () which initiatesthe first
packetgeneratiorandscheduleshe next. Notethis classis sosimpleit doesnotevenincludeaway to be stopped.
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9.6.4 Usingthe agentthroughOTcl

The agentwe have createdwill have to be instantiatedand attachedto a node. Note that a nodeand simulatorobjectis
assumedo have alreadybeencreated.Thefollowing OTcl codeperformsthesefunctions:

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

To settheinterval andpaclet size,andstartpaclet generationthe following OTcl codeis executed:

$echoagent set dst_  $dest
$echoagent set fid_ O

$echoagent set prio_ O
$echoagent set flags O
$echoagent set interval_ 1.5
$echoagent set packetSize 1024
$echoagent start

Thiswill causeour agentto generat@mne1024-bytepacketdestinedor node$dest every1.5seconds.

9.7 The Agent API

Simulatedapplicationsmay beimplementecn top of protocolagents.Chapter31 describeshe API usedby applicationso
accessheservicegrovidedby the protocolagent.

9.8 Different agentobjects

ClassAgentformsthebaseclassfrom which differenttypesof objectslike Nullobject, TCP etcarederived. The methodsor
Agentclassaredescribedn the next section.Configurationparametersor:

fid_ Flowid.

prio_ Priority.

agent_addr_ Addressof thisagent.
agent_port_ Portadressf thisagent.
dst_addr_ Destinationaddresgor theagent.
dst_port_ Destinationportaddresdor theagent.
flags_

ttl_ TTL defaultsto 32.

Thereareno statevariablesspecificto the genericagentclass.Otherobjectsderivedfrom Agentaregivenbelow:
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Null Objects Null objectsarea subclas®f agentobjectsthatimplementa traffic sink. They inheritall of the genericagent
objectfunctionality. Thereareno methodsspecificto this object. The statevariablesare:
e sport_
e dport_
LossMonitor Objects LossMonitorobjectsareasubclas®f agentobjectsthatimplementatraffic sinkwhichalsomaintains

somestatisticsaboutthe receized datae.g.,numberof bytesreceved, numberof pacletslost etc. They inherit all of
thegenericagentobjectfunctionality.

$lossmonitor clear
Resetghe expectedsequenc@umberto -1.

StateVariablesare:

nlost_ Numberof pacletslost.

npkts_ Numberof pacletsreceied.

bytes Numberof bytesreceved.

lastPktTime_ Time atwhichthelastpacketwasreceved.
expected_ The expectedsequencaumberof the next paclet.

TCP objects TCP objectsare a subclassof agentobjectsthat implementthe BSD Tahoe TCP transportprotocol as de-
scribedin paper:"Fall, K., andFloyd, S. Comparison®f Tahoe,Reno,and SackTCP. December1995." URL ftp://
ftp.ee.lbl.gw/papers/sacks.ps.Zhey inheritall of the genericagentfunctionality. ConfigurationParametersire:
window_ Theupperboundontheadwertisedwindow for the TCP connection.

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

windowlnit_ Theinitial sizeof the congestiorwindow on slow-start.
windowOption_ Thealgorithmto usefor managinghe congestiorwindow.

windowThr esh_ Gainconstanto exponentialaveragingdfilter usedto computeawnd (seebelow). For investigations
of differentwindow-increasealgorithms.

overhead_ Therangeof a uniform randomvariableusedto delay eachoutputpacket. Theideais to insertrandom
delaysatthesourcean orderto avoid phaseeffects,whendesiredseeFloyd, S.,andJacobsony. OnTraffic Phase
Effectsin Packet-SwitchedGatavays. Internetworking: ResearclandExperience).3 N.3, Septembef992. pp.
115-156]. This hasonly beenimplementedor the Tahoe("tcp") versionof tcp, not for tcp-reno. This is not
intendedo be arealisticmodelof CPU processingverhead.

ecn_ Setto trueto useexplicit congestiomotificationin additionto packet dropsto signalcongestion.This allows a
FastRetransmitaftera quench()dueto anECN (explicit congestiomoatification)bit.

packetSize Thesizein bytesto usefor all pacletsfrom this source.

tcpTick_ The TCP clock granularityfor measuringoundtriptimes. Note thatit is setby defaultto the non-standard
valueof 100ms.

bugFix_ Setto trueto remove abugwhenmultiple fastretransmitsareallowedfor pacletsdroppedn asinglewindow
of data.

maxburst_ Setto zeroto ignore. Otherwise the maximumnumberof pacletsthatthe sourcecansendin responséo
asingleincomingACK.

slow_start_restart_ Setto 1 to slow-startafterthe connectiorgoesidle. On by default.
DefinedConstantsare:

MWS The Maximum Window Sizein packetsfor a TCP connection.MWS determineghe size of an arrayin tcp-
sink.cc. The default for MWS is 1024 paclets. For TahoeTCR the "window" parameterrepresentinghe re-
ceiver's adwertisedwindow, shouldbe lessthanMWS-1. For RenoTCR the "window" parameteshouldbe less
than(MWS-1)/2.
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StateVariablesare:

dupacks_ Numberof duplicateacksseensinceary new datawasacknavledged.

seqno_ Highestsequencaumberfor datafrom datasourceto TCP.

t_seqno_ Currenttransmitsequenceumber

ack_ Highestacknavledgmentseenfrom recever. cwnd_Currentvalueof the congestiorwindow.

awnd_ Currentvalueof alow-pasdfiltered versionof the congestiorwindow. For investigationf differentwindow-
increasaalgorithms.

ssthresh_ Currentvalueof the slow-startthreshold.
rtt_ Round-triptime estimate.
srtt_ Smoothedound-triptime estimate.
rttv ar_ Round-triptime meandeviation estimate.
backoff  Round-triptime exponentialbacloff constant.
TCP/RenoObjects TCP/Renoobjectsarea subclasof TCP objectsthatimplementthe RenoTCP transportprotocol de-
scribedin paper:"Fall, K., andFloyd, S. Comparison®f Tahoe,Reno,and SackTCP. December1995." URL ftp://

ftp.ee.lbl.gw/papers/sacks.ps.Zhereareno methodsconfigurationparametersr statevariablesspecificto this ob-
ject.

TCP/NewrenoObjects TCP/Nevrenoobjectsarea subclas®f TCP objectsthatimplementa modifiedversionof the BSD
RenoTCPtransporprotocol. Thereareno methodsor statevariablesspecificto this object.

ConfigurationParametersre:

newreno_changes_Setto zerofor the default NewRenodescribedn "Fall, K., andFloyd, S. Comparison®f Tahoe,
Reno,andSackTCP. Decemberl995". Setto 1 for additionalNewRenoalgorithms[seeHoe, J., Improving the
Start-upBehavior of a CongestiorControlSchemédor TCR in SIGCOMM 96, August1996,pp. 270-280.URL
http://www.acm.og/sigcomm/sigcmmm6/papas/hace.htnl.]; this includesthe estimationof the ssthrestparame-
terduringslow-start.

TCP/VegasObjects Thereareno methodsor configurationparameterspecificto this object. Statevariablesare:

v_alpha_
e vV _beta
e V_gamma_
o v rItt
TCP/Sack1Objects TCP/Sacklbjectsareasubclas®f TCPobjectsthatimplementheBSD RenoTCPtransporirotocol
with Selectve AcknowledgemenExtensiongdescribedn "Fall, K., andFloyd, S. Comparison®f Tahoe,Reno,and

SackTCP Decembefl995". URL ftp:// ftp.ee.Ibl.gw/papers/sacks.ps.Zhey inheritall of the TCP objectfunctional-
ity. Thereareno methodsgonfigurationparametersr statevariablesspecificto this object.

TCP/FACK Objects TCP/Fackobjectsarea subclas®of TCP objectsthatimplementthe BSD RenoTCP transporiprotocol
with Forward Acknowledgementongestiorcontrol. They inherit all of the TCP objectfunctionality. Thereareno
methodor statevariablesspecificto this object.

ConfigurationParametersre:

ss-dv4 Overdampingalgorithm. Divides ssthreshoy 4 (insteadof 2) if congestionis detectedwithin 1/2 RTT of
slow-start.(1=Enable0=Disable)

rampdown Rampdaevn datasmoothingalgorithm.Slowly reducesongestiorwindow ratherthaninstantlyhalvingit.
(1=EnableQ=Disable)

TCP/FULLTCP Objects This sectionhasnot yet beenaddedhere. Theimplementatiorandthe configurationparameters
aredescribedn paper:"Fall, K., Floyd, S.,andHendersonT., Ns SimulatorTestsfor RenoFullTCR July, 1997."URL
ftp://ftp.ee.lbl.gw/papers/fulltcpps.
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TCPSINK Objects TCPSinkobjectsarea subclas®f agentobjectsthatimplementa recever for TCP paclets. The simu-
lator only implements'one-way" TCP connectionswherethe TCP sourcesendgdatapacletsandthe TCP sink sends
ACK paclets. TCPSinkobjectsinherit all of the genericagentfunctionality. Thereareno methodsor statevariables
specificto the TCPSinkobject. ConfigurationParameterare

packetSize_Thesizein bytesto usefor all acknavledgmenpaclets.

maxSackBlocks Themaximumnumberof blocksof datathatcanbeacknavledgedn a SACK option. For arecever
thatis alsousingthetime stampoption[RFC 1323],the SACK optionspecifiedn RFC2018hasroomto include
threeSACK blocks. This is only usedby the TCPSink/Sackkubclass.This valuemay not be increasedvithin
ary particularTCPSinkobjectafterthat objecthasbeenallocated.(Oncea TCPSinkobjecthasbeenallocated,
thevalueof this parametemaybe decreasedut notincreased).

TCPSINK/DELA CK Objects DelAck objectsarea subclasof TCPSinkthatimplementa delayed-ACK recever for TCP
paclets. They inherit all of the TCPSinkobjectfunctionality. Thereareno methodsor statevariablesspecificto the
DelAck object.ConfigurationParametersire:

interval_ The amountof time to delay beforegeneratingan acknaviedgmentfor a single paclet. If anotherpaclet
arrivesbeforethis time expires,generat@anacknavledgmenimmediately

TCPSINK/SACK1 Objects TCPSink/Sacklbjectsarea subclasof TCPSinkthatimplementa SACK recever for TCP
paclets. They inherit all of the TCPSinkobjectfunctionality. Thereareno methodsgconfigurationparametersr state
variablesspecificto this object.

TCPSINK/SACK1/DELA CK Objects TCPSink/Sackl/DelAckbjectsarea subclasof TCPSink/Sackthatimplementa
delayed-SAK recever for TCP paclets. They inherit all of the TCPSink/Sacklobjectfunctionality Thereareno
methodsor statevariablesspecificto this object. ConfigurationParametersre:

interval_ The amountof time to delay beforegeneratingan acknaviedgmentfor a single paclet. If anotherpaclet
arrivesbeforethis time expires,generatenacknaviedgmenimmediately

9.9 Commandsat a glance

Following arethe agentrelatedcommandsisedin simulationscripts:

ns_ attach-agent <node> <agent>

This commandattacheshe <agent>to the<node>.We assuméerethatthe <agent>hasalreadybeencreated An agentis
typically createcby set agent [new Agent/AgentType] whereAgent/Agentypedefinesthe classdefinitonof the
specifiedagenttype.

$agent port
This returnsthe port numberto which the agentis attached.

$agent dst-port
This returnsthe port numberof the destination Whenary connectioris setupbetweer? nodesgachagentstoreshe
destinatiorportin its instancevariablecalleddst_port

$agent attach-app <s_type>
This commandsttachesnapplicationof type<s_type> totheagent.A handleto theapplicationobjectis returned.Also
notethatthe applicationtype mustbe definedasa paclettypein paclet.h.

$agent attach-source <s_type>

This usedto bethe procedureo attachsourceof type<s_type> totheagent.But thisis obsoletenow. Useattach-app
(describedchbore)instead.
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$agent attach-tbf <tbf>
Attachesatokenbucketfilter (tbf) to theagent.

$ns_ connect <src> <dst>
Setsup aconnectiorbetweerthe srcanddstagents.

$ns_ create-connection <srctype>  <src> <dsttype> <dst> <pkiclass>

This setsup acompleteconnectiorbetweertwo agentsFirst createsa sourceof type <srctype>andbindsit to <src>.Then
createsa destinatiorof type <dsttype>andbindsit to <dst>.Finally connectghe srcanddstagentsandreturnsa handleto
thesourceagent.

$ns_ create-connection-list <srctype>  <src> <dsttype> <dst> <pkiclass>
This commands exactly similar to create-connectiodescribedabove. But insteadof returningonly the source-agenthis
returnsalist of sourceanddestinatioragents.

Internalprocedures:

$ns_  simplex-connect <src> <dst>

Thisis aninternalmethodthatactuallysetsup anunidirectionalconnectiorbetweerthe <src>agentand<dst>agent.It
simply setsthedestinatioraddres@nddestinatiorport of the <src>as<dst>%s agent-addresandagent-portThe"connect"
describedhbove callsthis methodtwice to setup a bi-directionalconnectiorbetweerthe srcanddst.

$agent set <args>
Thisis aninternalprocedurausedto inform usersof the backward compatibilityissuesesultingfrom the upgradeto 32-bit
addressingpacecurrentlyusedin ns

$agent attach-trace <file>
This attacheshe <file> to theagentto allow nam-tracingof the agentevents.

In additionto theagentrelatedprocedureslescribechere thereareadditionalmethodshatsupportdifferenttype of agents
like Agent/Null, Agent/TCR Agent/CBR,Agent/TORA, Agent/mcasetc. Theseadditionalmethodsalongwith the
procedureslescribecherecanbefoundin ngtcl/lib/(ns-agent.tcins-lib.tcl, ns-mip.tcl,ns-mobilenode.tclhs-namsupp.tcl,
ns-queue.tclns-route.tcins-sat.tcins-source.tcl)They arealsodescribedn the previoussection.
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Chapter 10

Timers

Timersmaybeimplementedn C++or OTcl. In C++,timersarebasednanabstracbaseclassdefinedn ~ngtimer-handlerh.
They aremostoftenusedin agentsput theframework is generakenoughto be usedby otherobjects.Thediscussiorbelow is
orientedtowardsthe useof timersin agents.

The proceduresindfunctionsdescribedn this chaptercanbefoundin ~ngtcl/ex/timer.tcl, and~ngtimer-handler{cc, h}.

In OTcl, asimpletimer classis definedin ~ngtcl/ex/timer.tcl. Subclassesanbederivedto provide a simplemechanisnfor
schedulingeventsatthe OTcl level.

10.1 C++ abstract baseclassTimerHandler

TheabstracbaseclassTimerHandler  containsthefollowing public memberfunctions:

void sched (doubledelay) scheduleatimerto expire delaysecondsn thefuture
void resched (doubledelay) reschedulatimer(similarto sched (), buttimer maybepending)
void cancel () cancelapendingtimer

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

TheabstracbaseclassTimerHandler  containsthefollowing protectedmembers:

virtual void expire (Event*e) =0 thismethodmustbefilled in by thetimerclient
virtual void handle (Event*e) =0 consumesnevent
int status_ keepsrackof the currenttimer status
Event event_ eventto beconsumedipontimer expiration

The purevirtual functionsmustbe definedby thetimer classegleriving from this abstracbaseclass.

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 canseethattimersmake useof methodsf the Scheduler class.

10.1.1 Definition of a newtimer
To definea new timer, subclasshis functionanddefinehandle () if neededhandle () is notalwaysrequired):

class MyTimer : public TimerHandler {

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

protected:

MyAgentClass *a_;
I3

Thendefineexpire:

double
MyTimer::expire(Event *e)

/I dothework

/[ return TIMER_HANDLED; /I => donotresheduletimer
/I return  delay; /I => resteduletimer after delay

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

OftenMyTimer will beafriend of MyAgentClass , orexpire () will only call apublic functionof MyAgentClass .

Timersarenotdirectly accessiblérom the OTcl level, althoughusersarefreeto establistmethodbindingsif they sodesire.

10.1.2 Example: Tcp retransmissiontimer

TCPis anexampleof anagentwhich requiresimers. Therearethreetimersdefinedin the basicTahoeTCP agentdefinedin
tcp.cc

rtx_timer_; [*  Retransmissioimer*/
delsnd_timer_; /* Delayssendingof padetsby a smallrandomamountof time,*/

[* to avoidphaseeffects*/
burstsnd_timer_; /* HelpsTCPto stagger the transmissiorof a large window*/

/* into several smallerbursts*/
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In ~ngtcp.h,threeclassesrederivedfrom thebaseclassclass  TimerHandler

class RtxTimer : public TimerHandler {
public:
RtxTimer(TcpAgent *a) : TimerHandler() { a =a; }
protected:
virtual void expire(Event *e);
TcpAgent *a_;
2
class DelSndTimer : public TimerHandler {
public:
DelSndTimer(TcpAgent *a) : TimerHandler() { a_=14a }
protected:
virtual void expire(Event *e);
TcpAgent *a_;
2
class BurstSndTimer : public TimerHandler  {
public:
BurstSndTimer(TcpAgent *a) : TimerHandler() { a =a }
protected:
virtual void expire(Event *e);
TcpAgent *a_;
2

In theconstructofor TcpAgent intcp.cc , eachof thesetimersis initialized with thethis  pointer whichis assignedo
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 theretransmissiottimer. Varioushelpermethodsmay be definedto scheduldimer
events;e.d.,

/*
* Setretransmittimer usingcurrentrtt estimate By callingr esched()
* it doesnot matterwhetherthetimerwasalreadyrunning.

*/
void TcpAgent::set_rtx_timer()
{
rtx_timer_.resched(rtt_timeout());
}
/*

*  Setnew retransmissionimer if notall outstanding
* datahasbeenadked. Otherwisejf atimeris still
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* outstandinggcancelit.

*/
void TcpAgent::newtimer(Packet* pkt)
{
hdr tcp  *tcph = (hdr_tcp*)pkt->access(off_tcp );
if (t_seqno_ > tcph->seqgno())
set_rtx_timer();
else if (rtx_timer_.status() == TIMER_PENDING)
rtx_timer_.cancel();
}
Intheabovecode theset_rtx_timer () methodrescheduletheretransmissiotimerby callingrtx_timer_.resched 0.

Notethatif it is uncleamwhetheror notthetimeris alreadyrunning,callingresched () eliminategheneedo explicitly cancel
thetimer. In thesecondunction,examplesaregivenof theuseof thestatus () andcancel (void) methods.

Finally, the expire (void) methodfor classRtxTimer mustbe defined. In this case,expire (void) calls the time-
out (void) methodfor TcpAgent . This is possiblebecausdimeout () is a public memberfunction; if it werenot, then
RtxTimer would have hadto have beendeclaredafriend classof TcpAgent .

void TcpAgent::timeout(int tno)
{
I*  retransmit timer */
if (tno == TCP_TIMER_RTX) {
if (highest_ack == maxseq_ && !slow_start_restart ) {
/*
TCPoption:
* If nooutstandingdata,thendon’t do anything
*
return;
2
recover_ = maxseq_;
recover_cause_ = 2

closecwnd(0);

reset_rtx_timer(0,1);

send_much(0, TCP_REASON_TIMEOUT maxburst_);
} else {

/*

* delayed-sentimer, with randomoverhead

* to avoidphaseeffects

*

send_much(1, TCP_REASON_TIMEOUT maxburst );

}

}

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

}

ThevariousTCP agentsontainadditionalexamplesof timers.
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10.2 OTcl Timer class

A simpletimer classis definedin ~ng'tcl/mcast/timetcl. Subclassesf Timer canbe definedasneeded.Unlike the C++
timer API, whereasched () abortsif thetimeris alreadyset,sched () andresched () arethesamej.e.,nostateis keptfor
the OTcl timers. Thefollowing methodsaredefinedin the Timer baseclass:

$self sched $delay ;# causes$selftimeout"to becalled $delaysecondsn the future
$self resched $delay ;# sameas"$selfsched$delay”
$self  cancel ;# cancelsanypendingsdeduledcallbadk
$self  destroy # sameas"$selfcancel”
$self  expire # calls"$selftimeout"immediately

10.3 Commandsat a glance

Following is alist of methoddor theclassTimer. Notethatmary differenttypesof timershave beenderivedfrom this base
class(viz. LogTimer, Timer/Iface,Timer/Iface/PruneCacheTmer, Timer/Scubaetc).

$timer  sched <delay>
This commanccancelsary othereventthatmay have beenscheduledndre-scheduleanothereventaftertime <delay>.

$timer resched <delay>
Similarto "sched"describedabore. Addedto have similar APIs asthatof the C++timers.

$timer  cancel
This cancelsary scheduledvent.

$timer  destroy
Thisis similarto cancel.Cancelsary scheduledvent.

$timer  expire
This commanccallsfor atime-out. However thetime-outprocedureneedgo bedefinedin the sub-classes.

All theseprocedureganbefoundin ngtcl/mcast/timeitcl.
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Chapter 11

Packet Headersand Formats

The proceduresand functionsdescribedn this chaptercan be found in ~ng'tcl/lib/ns-lib.tcl, ~ngtcl/lib/ns-paclet.tcl, and
~ngpaclet.{cc, h}.

Objectsin theclass Packet arethefundamentalnit of exchangebetweerobjectsin the simulation.The classPacket
providesenoughinformationto link apaclketonto alist (i.e., in aPacketQueue oronafreelist of paclets),referto abuffer
containingpacletheadershataredefinedon a perprotocolbasis,andto referto a buffer of pacletdata.New protocolsmay
definetheir own pacletheaderor mayextendexisting headersvith additionalfields.

New paclet headersareintroducedinto the simulatorby defininga C++ structurewith the neededields, defininga static
classto provide OTcl linkage,andthenmodifying someof the simulatorinitialization codeto assigna byte offsetin each
pacletwherethe new headeiis to belocatedrelative to others.

Whenthe simulatoris initialized throughOTcl, ausermaychooseo enableonly a subsebf the compiled-inpacletformats,
resultingin amodestsaszingsof memoryduringthe executionof the simulation.Presentlymostconfigured-inpaclketformats
areenabled.The managementf which paclet formatsarecurrentlyenabledn a simulationis handledby a specialpaclet
heademanagebjectdescribecbelown. This objectsupportsan OTcl methodusedto specifywhich paclet headerswill be
usedin a simulation. If anobjectin the simulatormakesuseof afield in a heademwhich hasnot beenenableda run-time
fatalprogramabortoccurs.

11.1 A Protocol-SpecificPacket Header

Protocoldeveloperswill oftenwishto provide a specificheadettypeto be usedin paclets. Doing soallows a new protocol
implementatiorto avoid overloadingalready-&isting headeffields. We considera simplified versionof RTP asanexample.
The RTP heademill requirea sequenceumberfieldsanda sourceidentifierfield. Thefollowing classesreatethe needed
header(see~ndrtp.hand~ngrtp.cc):

Fromrtp.h:
/¥ rtp padket. For now,justhavesrcid + segno. */
struct  hdr_rtp  {
u_int32_t srcid_;
int  segno_;
/¥ per-fieldmembeifunctions */
u_int32_t&  srcid() { return (srcid)); }
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int& segno() { return (segno)); }

/*  Padketheaderaccesdgunctions */
static int offset_;

inline static int& offset() { return offset_; }
inline static hdr_rtp*  access(Packet* p) {
return  (hdr_rtp*) p->access(offset_);
}
2
Fromrtp.cc:

class RTPAgent: public Agent {

int off rtp_;
3
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->seqgno() = seqgno_++,;
rh->srcid() = session_->srcid();
target_->recv(p, 0);
}
RTPAgent::RTPAgent()
session_(0), lastpkttime_(-1e6)
{
type_ = PT_RTP;
bind("seqno_", &seqno );
}

Thefirst structure hdr_rtp , definesthe layout of the RTP paclet header(in termsof wordsandtheir placement):which
fields are neededand how big they are. This structuredefinitionis only usedby the compilerto computebyte offsetsof
fields; no objectsof this structuretype are ever directly allocated. The structurealso providesmemberfunctionswhich in
turn provide a layer of datahiding for objectswishingto reador modify headeffields of paclets. Note thatthe staticclass
variableoffset_  is usedto find the byte offset at which the rtp headeris locatedin anarbitrary ngpaclet. Two methods
are provided to utilize this variableto accesghis headerin ary paclet: offset() andaccess() . Thelatteris what
mostusersshouldchooseto accesshis particularheaderin a paclet; the formeris usedby the paclet headermanagement
classandshouldseldombe used. For example,to accesshe RTP paclet headerin a paclet pointedby p, onesimply says
hdr_rtp::access(p) . The actualbinding of offset_  to the positionof this headelin a pacletis doneby routines
inside~nd/tcl/lib/ns-paclet.tcland~ngpaclet.cc.
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IMPOR TANT : Noticethatthisis completelydifferentfrom theoriginalmethodto access packetheaderwhichrequireghat
anintegervariable,off_ (hdrname )_, be definedfor ary paclet headethatoneneedsto accessThisis now anobsolete
method;its usagss tricky andits misusecanbe very difficult to detect.

Thestaticobjectclass_rtphdr of class RTPHeaderClass is usedto provide linkageto OTcl whenthe RTP header
is enabledatconfiguratiortime. Whenthesimulatorexecutesthis staticobjectcallsthePacketHeaderClass  constructor
with agumentsPacketHeader/RTP"  andsizeof(hdr_rtp) . Thiscauseshesizeof theRTP headeto bestoredand
madeavailableto thepaclketheademanageatconfiguratiortime (seebelow, Sectionl1.2.4).Noticethatbind_offset()
MUST becalledin the constructorof this class,sothatthe paclket heademanageiknows whereto storethe offsetfor this
particularpacletheader

The samplememberfunction sendpkt () methodof RTPAgent createsa new packet to sendby calling allocpkt (),

which handlesassignmenof all the network-layerpacket headeffields (in this case |P). HeadersotherthanIP arehandled
separately In this case the agentusesthe RTPHeader definedabove. The Packet::access  (void) memberfunction
returnsthe addres®f thefirst bytein abuffer usedto hold headeinformation(seebelow). Its returnvalueis castasa pointer
to theheadeof interestafterwhich memberfunctionsof the RTPHeader objectareusedto accessndividualfields.

11.1.1 Adding a New Packet Header Type
Assumingwe wishto createa new headeicallednewhdr thefollowing stepsareperformed:

1. createanew structuredefiningtheraw fields (calledhdr_newhdr ), defineoffset  andaccessnethods.
2. definememberfunctionsfor neededields.

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

4. edit ~ndtcl/lib/ns-paclet.tclto enablenew paclet format (seell.2.2,11.2.4). Alternatively, one may call create-
packet-header  in onesown code(see~ngdtcl/lib/ns-paclet.tclfor exampleof usingthis Tcl function.

11.2 Packet Classes

Therearefour C++ classegelevantto the handlingof pacletsandpaclet headersn general:Packet , p_info Pack-
etHeader , andPacketHeaderManager . Theclass Packet definesthetypefor all pacletsin the simulation;it is
asubclasof Event sothatpacletsmaybe schedulede.g.for laterarrival at somequeue).Theclass  packet_info
holdsall text representationfor pacletnames.Theclass PacketHeader providesabaseclassfor any paclet header
configuredinto the simulation. It essentiallyprovides enoughinternal stateto locateary particularpaclet headerin the
collectionof paclet headergpresentn ary givenpaclet. Theclass PacketHeaderManager definesa classusedto
collectandmanagecurrently-configuredheadersilt is invokedby amethodavailableto OTcl at simulationconfiguratiortime
to enablesomesubsebf the compiled-inpacletheaders.

11.2.1 The Packet Class

The classPacket definesthe structureof a packetandprovidesmemberfunctionsto handleafreelist for objectsof thistype.
It isillustratedin Figure1ll.1landdefinedasfollowsin packet.h

class Packet : public Event {
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Packet points to next packet in either

next_ free list or in a PacketQueue
hdrsize_ accessdata() packet data
|
|
. ; N\
| bits() p
| /
I / . .
| )/ size determined .
| )/ at compile time ip header body
| /
: 2
S'Z.e Dletermlne?_ size determined
_at Simulator Config { at compile time tcp header body
Time, stored in hdrsize .
\ size determined
" at compile time rtp header body
size determined
\\\ at compile time trace header body

Figurell.1: A Packet Object

private:
friend class PacketQueue;
u_char* bits_;
u_char* data_; [* variablesizebuffer for 'data’ */
u_int datalen_; [* lengthof variable sizebuffer */
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 offy {
if (off < 0)
abort();
return  (&bits_[off]);
}
inline u_char* accessdata() { return data_; }
2

Thisclassholdsapointerto agenericarrayof unsignedharacterécommonlycalledthe“bagof bits” or BOB for short)where
paclet headeffieldsarestored.It alsoholdsa pointerto paclet “data” (which is oftennot usedin simulations).The bits
variablecontainsthe addres®f thefirst byte of the BOB. Effectively BOB is (currentlyimplementechs)a concatenatiomf
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all the structureglefinedfor eachpaclet header(by corvention,the structureswith nameseginninghdr_ (something ))
that have beenconfiguredin. BOB generallyremainsa fixed size throughouta simulation,andthe sizeis recordedin the
Packet::hdrlen_ membewariable. This sizeis updatedduring simulatorconfiguratiorby OTcl.

The othermethodsof the classPacket arefor creatingnew pacletsandstoringold (unused)oneson a privatefreelist. Such
allocationanddeallocatioris performedoy thefollowing code(in ~ngpaclet.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 padetwith 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 existingpadet */
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
{

11t is notintendecto be updatedafter configuratiortime. Doing soshouldbe possible 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);

}
Thealloc () methodis a supportfunction commonlyusedto createnew paclets. It is calledby Agent::allocpkt 0

methodon behalfof agentsandis thusnot normallyinvokeddirectly by mostobjects.It first attemptgo locateanold paclet

onthefreelist andif thisfailsallocatesanew oneusingthe C++new operator NotethatPacket classobjectsandBOBsare
allocatedseparatelyThefree () methodfreesapacletby returningit to thefreelist. Notethatpadetsare neverreturnedto

thesystens memoryallocator. Insteadthey arestoredonafreelist whenPacket::free () is called. Thecopy () member
createsa new, identical copy of a paclet with the exceptionof the uid_  field, which is unique. This functionis usedby

Replicator  objectsto supportmulticastdistributionandLANSs.

11.2.2 p_info Class

This classis usedasa “glue” to bind numericpaclet type valueswith their symbolicnames.Whena new paclet type is
defined,its numericcodeshouldbe addedo theenumeratiorpacket_t  (see~ngpacket.h)? andits symbolicnameshould
be addedo the constructomf p_info

enum packet t {

PT_TCP,

PT_NTYPE// This MUSTbe the LAST one
3
class p_info {
public:

p_info() {

name_[PT_TCP]= "tcp";

}

}

11.2.3 The hdr_cmn Class

Every pacletin the simulatorhasa “common”heademhich is definedin ~ngpaclket.hasfollows:

struct  hdr_cmn {

double ts_; /* timestampfor g-delaymeasuement/
packet_t ptype_; [* padettype(seeabove)*/
int uid_; [* uniqueid */
int size ; /¥ simulatedpadket size*/

2Note: PT_NTYPEshouldremainthe lastelementf this enumeration.
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int iface_; [* receivinginterface(label) */

[*  Packetheaderaccesdunctions */

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); }

This structureprimarily definesfieldsusedfor tracingtheflow of pacletsor measuringtherquantities. Thetime stampfield
is usedto measuregueuingdelayat switch nodes.The ptype_ field is usedto identify the type of paclets,which makes
readingtracessimpler Theuid_ field is usedby the schedulein schedulingpacletarrivals. Thesize_  field is of general
useandgivesthe simulatedpaclet’s sizein bytes.Notethatthe actualnumberof bytesconsumedn the simulationmay not
relateto the valueof this field (i.e., size_  hasno relationshipto sizeof(struct hdr_cmn) or otherns structures).
Rather it is usedmostoftenin computingthe time requiredfor a paclet to be deliveredalonga network link. As suchit
shouldbe setto thesumof theapplicationdatasizeandIP-, transport-andapplication-leel headergor thesimulatedpaclet.
Theiface_ field is usedby the simulatorwhenperformingmulticastdistribution treecomputationslt is a labelindicating
(typically) onwhich link a pacletwasreceved.

11.2.4 The PacketHeaderManagerClass

An objectof theclass PacketHeaderManager is usedto managehe setof currently-actve packet headettypesand
assigneachof themuniqueoffsetsin the BOB. It is definedin boththe C++andOTcl code:

Fromtcl/lib/ns-paclet.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 Il }

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_ }

Lot Nt et Wt W W e W W W e W Nt !
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CtrMcast  off_CtrMcast_ }
Prune off_prune_ }

Tap off tap_  }

aSRMoff asrm_ }

SRMoff srm_  }} {

set cl [lindex  $pair 0]

set var [lindex  $pair 1]

Lt Nt W W Waan !

PacketHeaderManager  set vartab_($cl) $var
}
Simulator  instproc create_packetformat {1} {
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 + (BNS_ALIGN-1)) & ~($NS_ALIGN-1)]
set base $hdrlen_
incr hdrlen_  S$incr
return  $base
}

Frompaclet.cc:

/*  manajesactivepadetheadertypes */
class PacketHeaderManager : public TclObject {
public:
PacketHeaderManager() {
bind("hdrlen_", &Packet::hdrlen_);
}

h

The codein ~nd/tcl/lib/ns-paclet.tclis executedwhenthe simulatorinitializes. Thus,the foreach statements executed
beforethe simulationbegins, andinitializesthe OTcl classarrayvartab_ to containthe mappingbetweerclassthe name
andthe nameof the variableusedto containthat classs headerin a packet (which is initialized later). For example,the
valueof vartab_(IP) is setto off_ip_ . Noticethatheretheoff_ (hdrname )_ stuff is only providedfor backward
compatibilityreasonsasdiscussedbove (11.1),pacletheadershouldbe accessedsinghdr_ (hdrname )::access()

Thecreate_packetformat {} instanceproceduras partof the basicSimulatorclassandis calledonetime duringsim-
ulatorconfiguration.lt first creates singlePacketHeaderManager  object. The C++ constructotinks the OTcl instance
variablehdrlen_  (of classPacketHeaderManager ) tothe C++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 managerthe foreach loop enableseachof the paclet headersof interest. This loop iterates
throughthelist of definedpacletheader®f theform (h;, 0;) whereh; is thenameof theith headelando; is the nameof the
variablecontainingthelocationof the h; headein BOB. The placementf headerss performedby theallochdr  instproc
of the PacketHeaderManager  OTcl class.Theprocedurekeepsarunningvariablehdrlen_  with the currentlengthof
BOB asnew paclet headersare enabled.It alsoarrangedor 8-byte alignmentfor ary newly-enabledpaclet header This
is neededo ensurethat when double-vorld length quantitiesare usedin paclet headerson machinesvheredouble-vord
alignmentis required,accessaultsarenot produced’.

11.3 Commandsat a glance

Following is alist of paclet-headerelatedprocedures:

$ns_ create_packetformat
Thisis aninternalsimulatorprocedureandis calledonceduringthe simulatorconfiguratiorto setupa
pacletHeaderManagebject.

$pktHdrManager  allochdr
Thisis anotherinternalprocedureof ClassPacketHeaderManagehatkeepsrack of avariablecalledhdrlen_  asnew
paclet-headersreenabledlt alsoallows 8-byteallignmentfor ary newly-enabledpkt header

3In someprocessearchitecturesincluding the Sparcand HP-R, double-vord accessmustbe performedon a double-vord boundary(i.e. addresses
endingin 0 mod8). Attemptingto performunalignedaccesseresultin anabnormalprogramtermination.
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Chapter 12

Err or Model

Thischaptedescribesheimplementatiorandconfiguratiorof errormodels whichintroducegacketlossesnto asimulation.

12.1 Implementation

The proceduresndfunctionsdescribedn this sectioncanbefoundin ~ngerrmodel.{cc h}.

Error model simulateslink-level errorsor loss by either marking the paclet’s error flag or dumpingthe paclet to a drop

target. In simulations.errorscanbe generatedrom a simplemodelsuchasthe paclet errorrate,or from morecomplicated
statisticalandempiricalmodels.To supportawide variety of models the unit of errorcanbe specifiedn termof paclet, bits,

or time-based.

TheErrorModel classis derivedfrom theConnector baseclass.As theresult,it inheritssomemethodgor hookingup
objectssuchastarget anddrop-target . If thedroptargetexists, it will recevedcorruptedpacketsfrom ErrorModel
Otherwise ErrorModel  just markstheerror_  flag of the packet’s commonheaderthereby allowing agentsto handle
theloss.TheErrorModel alsodefinesadditionalTcl methodunit  to specifythe unit of errorandranvar to specifythe
randomvariablefor generatingerrors. If not specified the unit of errorwill bein paclets,andthe randomvariablewill be
uniform distributedfrom 0 to 1. Below is a simpleexampleof creatinganerrormodelwith the paclet errorrateof 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: settheunitandrandomvariable
$loss_module  unit  pkt # error unit: padets(thedefault)
$loss_module ranvar [new RandomVariable/Uniform]

# settargetfor droppedpadets
$loss_module  drop-target [new Agent/Null]

In C++,theErrorModel  containsboththe mechanisnmandpolicy for droppingpackets. The packet droppingmechanism
is handledby therecv method,andpaclet corruptingpolicy 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 unitin pkt, bit, or time*/
RandomVariable*  ranvar_;
double rate ;

3

TheErrorModel only implementsa simplepolicy basedn asingleerrorrate,eitherin pacletsof bits. More sophisticated

droppingpolicy canbeimplementedn C++ by deriving from ErrorModel

12.2 Configuration

andredefiningits corrupt  method.

The previoussectiontalked abouterrormodel,in this sectionwe discusshow to useerrormodelsin ns.

To useanerrormodel,it hasto beinsertedinto a SimpleLink object. Because SimpleLinkis a compositeobject(Chapter
6), anerrormodelcanbeinsertedto mary places.Currentlywe provide the following methodgo insertanerrormoduleinto

threedifferentplaces.

e Insertan error modulein a SimpleLink BEFOREthe queuemodule. This is provided by the following two OTcl

methods:
SimpleLink::errormodul@rgs

Simulator::lossmodelem) (src) {ds?

When an error modelis given as a parameterit insertsthe error moduleinto

the simplelink, right after the queuemodule,and setthe drop-tagetof the er-

ror modelto be the drop traceobjectof the simplelink. Note thatthis requires
the following configurationorder: ns namtrace-all followed by link con-
figurations,followed by error modelinsertion. When no argumentis given, it

returnsthe currenterrormodelin thelink, if theres arny. This methodis defined
in ngtcl/lib/ns-link.tcl

Call SimpleLink::errormoduldo insertthe given error moduleinto the simple

link (src,dst). It'ssimply awrapperfor theabove method.This methods defined
in ng'tcl/lib/ns-lib.tcl.

¢ Insertanerrormodulein a SimpleLink AFTER thequeuebut BEFOREthedelaylink. Thisis providedby thefollowing

two methods:

SimpleLink::insert-linklossargs This

Simulator::link-lossmodelem) (src) (ds?

methods behaior is identical to that of Sim-
pleLink::errormodule , except that it inserts an error module
immediatelyafterthe queueobject. It’' s definedin ng'tcl/lib/ns-link.tcl

This is a wrapperfor SimpleLink::insert-linkloss . It's defined
in ngtcl/lib/ns-lib.tcl

The namtracesgeneratedy error modelsinsertedusingthesetwo methodsdo not requirespecialtreatmentandcan
bevisualizedusinganolderversionof nam.
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¢ Insertan errormodulein a Link AFTER the delaylink module. This canbe doneby Link::install-error
Currentlythis API doesnt produceary trace.It only senesasa placeholdefor possiblefuture extensions.

12.3 Multi-state error model

Contributedby JianpingPan (jpan@bbcuwaterloo.ca).

The multi-stateerrormodelimplementgime-basecerror statetransitions.Transitionsto the next error stateoccuratthe end
of thedurationof the currentstate.The next error stateis thenselectedusingthetransitionstatematrix.

To createa multi-stateerrormodel,thefollowing parametershouldbe supplied(asdefinedin ngtcl/lib/ns-errmodel.tcl):

e states : anarrayof stateqerrormodels).

e periods : anarrayof statedurations.

e trans : thetransitionstatemodelmatrix.

e transunit  : oneof [pkt|byte|time]

e sttype : typeof statetransitionsto use:eithertime or pkt .
e nstates : numberof states.

e start : thestartstate.

Hereis asimpleexamplescriptto createa multi-stateerrormodel:

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

# Array of stateg(error models)
set m_states [list $tmp $tmpl  $tmp2]
# Durationsfor eac of the statestmp,tmplandtmp?2,respectively
set m_periods [list 0 .0075 .00375]
# Transitionstatemodelmatrix
set m_transmx { {0.95 0.05 0}
{0 0 1}
t. 0o 0}
set m_trunit  pkt
# Usetime-basedransition
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 alist of errormodelrelatedcommandsommonlyusedin simulationscripts:

set em [new ErrorModel]

$em unit  pkt

$em set rate_  0.02

$em ranvar [new RandomVariable/Uniform]
$em drop-target [new Agent/Null]

Thisis a simpleexampleof how to createandconfigureanerrormodel. The commandgo placethe errormodelin asimple
link will beshavn next.

$simplelink errormodule  <args>
This commandsnsertsthe errormodelbeforethe queueobjectin simplelink. Howeverin this casetheerrormodel’s
drop-tagetpointsto thelink’ sdrophead_  element.

$ns_ lossmodel <em> <src> <dst>
This commandlacesthe errormodelbeforethe queuein a simplelinkdefinedby the <src>and<dst>nodes.Thisis
basicallya wrapperfor the abose method.

$simplelink insert-linkloss <args>

This insertsa loss-moduleafterthe queueput right beforethedelaylink_  elementin thesimplelink. Thisis becaus@am
canvisualizea packetdroponly if the pacletis onthelink or in the queue.Theerrormodules drop-tagetpointsto the
link’sdrophead_ element.

$ns_ link-lossmodel <em> <src> <dst>
Thistoo is awrappemethodfor insert-linklossmethoddescribedabove. Thatis this insertsthe errormoduleright afterthe
queueelementn asimplelink (src-dst).

In additionto the methodsdescribedabove for the classErrorModel,thereareseveral othertypesof errormodulesderived

from this baseclasslike SRMErrorModel ErrorModel/Trace,ErrorModel/Periodietc. Thesedefinitionscanbefoundin
ngtcl/lib/(ns-errmodel.tchndns-defult.tcl).
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Chapter 13

Local AreaNetworks

The characteristicef the wirelessandlocal areanetworks (LAN) areinherentlydifferentfrom thoseof point-to-pointlinks.
A network consistingof multiple point-to-pointlinks cannotcapturethe sharingand contentionpropertiesof a LAN. To
simulatethesepropertieswe 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 creatingand configuringa LAN slightly differs from thoseof point-to-pointlink. At the top level, the
OTcl classSimulator  exportsa nev methodcalledmake-lan . The parameterso this methodaresimilar to the method
duplex-link , exceptthat make-lan only acceptsa list of nodesas a single parameteinsteadof 2 parametersasin
duplex-link

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

The optionalparameterso make-lan specifythe type of objectsto be createdfor thelink layer(LL), theinterfacequeue,
the MAC layer(Mac), andthe physicallayer (Channel ). Below is anexampleof how anevw CSMA/CD (Ethernet)LAN is
created.

Example:
$ns make-lan "$nl $n2" $bw $delay LL Queue/DropTall Mac/Csma/Cd

createsa LAN with basiclink-layer, drop-tailqueue andCSMA/CD MAC.
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Figure13.1: Connectvity within aLAN

13.2 Componentsof a LAN
LanLink captureshefunctionality of thethreelowestlayersin the network stack:

1. Link Layer(LL)
2. MediumAccessControl(MAC) Layer
3. Physical(PHY) Layer

Figure13.1lillustratesthe extendednetwork stackthatmakessimulationsof local areanetwork possiblein ns A paclet sent
down the stackflows throughthe link layer (Queue andLL), the MAC layer (Mac), andthe physicallayer (Channel to
Classifier/Mac ). The pacletthenmakesits way up the stackthroughthe Mac, andtheLL.

At thebottomof thestack thephysicallayeris composeaf two simulationobjects:theChannel andClassifier/Mac
TheChannel objectsimulateshe sharednediumandsupportshe mediumaccessnechanismsf the MAC objectson the
sendingsideof thetransmissionOnthereceving side, the Classifier/Mac is responsibldor deliveringandoptionally
replicatingpacletsto thereceving MAC objects.

Dependingon the type of physicallayer, the MAC layer mustcontaina certainsetof functionalitiessuchas: carriersense,
collision detection collision avoidance etc. Sincethesefunctionalitiesaffect boththe sendingandreceving sides,they are
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implementedn a single Mac object. For sending,the Mac object mustfollow a certainmediumaccessrotocol before
transmittingthe paclket on the channel.For receving, the MAC layeris responsibldor deliveringthe pacletto thelink layer.

Abovethe MAC layer, thelink layercanpotentiallyhave mary functionalitiessuchasqueuingandlink-level retransmission.
The needof having a wide variety of link-level schemeseadsto the division of functionality into two componentsQueue
andLL (link-layer). The Queue object,simulatingthe interfacequeue belongsto the sameQueue classthatis described
in Chapter7. The LL objectimplementsa particulardatalink protocol,suchasARQ. By combiningboth the sendingand
receving functionalitiesinto onemodule theLL objectcanalsosupportothermechanismsuchaspiggybacking.

13.3 ChannelClass

The Channel classsimulatesthe actualtransmissiorof the paclet at the physicallayer The basicChannel implements
a sharedmediumwith supportfor contentionmechanisms.lt allows the MAC to carry out carrier sense contention,and
collision detection.If morethanonetransmissionsverlapsin time, a channekaiseshe collision flag. By checkingthis flag,

the MAC objectcanimplementcollision detectionandhandling.

Sincethe transmissiortime is a function of the numberof bits in the packet andthe modulationspeedof eachindividual

interface (MAC), the Channel objectonly setsits busy signal for the durationrequestedoy the MAC object. It also
scheduleshe pacletsto be deliveredto the destinationMA C objectsafterthetransmissioniime plusthe propagatiordelay

13.3.1 Channel State

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

delay propagatiordelayonthe channel

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 variety of MAC protocols.
Theclassis definedasfollow in ~ngchannel.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:

e txstop()  methodreturnsthetime whenthechannelwill becomedle, which canbe usedby the MAC to implement
carriersense.

e contention() methodallows the MAC to contendfor the channelbeforesendinga paclet. The channelthenuse
this paclketto signalthe correspondindviac objectat the endof eachcontentionperiod.

e collision() methodindicatesvhethera collision occursduringthe contentiorperiod. Whenthe Channel  signal
theendof thecontentionperiod,the MA C canusethe collision() methodto detectcollision.

e send() methodallowsthe MAC objectto transmita paclket on the channeffor a specifieddurationof time.

e hold() methodallowsthe MAC objectto hold thechannefor a specifieddurationof time without actuallytransmit-
ting any paclets. Thisis usefulin simulatingthe jammingmechanisnmof someMA C protocols.

13.4 MacClassifier Class

The MacClassifier classextendsthe Classifier classto implementa simple broadcastingnechanism.It modifies
therecv() methodin the following way: sincethe replicationof a paclet is expensve, normally a unicastpacket will
be classifiedby the MAC destinationaddresamacDA __and delivereddirectly to the MAC object with suchan address.
However, if thedestinatiorobjectcannotbefoundor if the MAC destinatioraddresss explicitly setto thebroadcasaddress
BCAST_ADDRhepaclketwill bereplicatedandsentto all MACsonthelan excludingtheonethatis thesourceof the paclet.
Finally, by settingthe boundvariable MacClassifier::bcast_ to a non—zerovalue, will causeMacClassifier
alwaysto replicatepaclets.

class MacClassifier . public  Classifier {
public:

void recv(Packet*, Handler*);
h
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) {
/I Replicate packets to all slots (broadcast)
return;

}

mac->recv(p);
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13.5 MAC Class

The Mac objectsimulatesthe mediumaccessrotocolsthat are necessaryn the sharedmediumenvironmentsuchasthe
wirelessandlocal areanetworks. Sincethe sendingandreceving mechanismaretightly coupledin mosttypesof MAC
layers,it is essentiafor the Mac objectto beduplex.

Onthe sendingside,the Mac objectis responsibldor addingthe MAC headeandtransmittingthe paclket ontothe channel.

On thereceving side,the Mac objectasynchronouslyecevespacletsfrom the classifierof the physicallayer. After MAC
protocolprocessingit passeshe datapacletto thelink layer.

13.5.1 Mac State

The C++ class Mac classcontainsenoughinternal stateto simulatethe particular MAC protocol. It also exportsthe
following OTcl configurationparameter:

bandwidth_ modulationrateof the MAC
hlen_  additionalbytesaddedo pacletfor MAC header
label MAC address

13.5.2 Mac Methods

Theclass Mac classaddedseveral Tcl methodsfor configurationjn particular linking with othersimulationobjects:

channel specifythechannefor transmission
classifier theclassifierthatdeliver pacletsto receving MAC
maclist alink list of MAC interfaceson thesamenode

13.5.3 Mac Classin C++

In C++, the Mac classderivesfrom Connector . Whentherecv() methodgetsa paclet, it identifiesthe direction of
the paclket basedon the presencef a callbackhandler If thereis a callbackhandler the pacletis outgoing,otherwise,|t 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);
h

Whena Mac objectrecevesa pacletvia its recv()  method,it checkswhetherthe paclet is outgoingor incoming. For
an outgoingpaclet, it assumeshatthe link-layer of the sendetasobtainedthe destinationMA C addressandfilled in the
macDA _field of theMAC headerhdr_mac . TheMacobjectfills in therestof theMA C headewmwith thesourceMAC address
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andtheframetype. It thenpasseshe paclettoits send() methodwhich carriesout the mediumaccessprotocol. For the
basicMac object,thesend methodcallstxtime()  to computethetransmissiontime, theninvokesChannel::send  to
transmitthe paclet. Finally, it scheduledtself to resumeafterthetransmissiortime haselapsed.

For anincomingpaclket,the MAC objectdoesits protocolprocessingandpasseshe pacletto thelink-layer.

13.5.4 CSMA-basedMAC

Theclass CsmaMacextendsthe Mac classwith new methodsthat implementscarrier senseand bacloff mechanisms.
TheCsmaMac::send() methoddetectasvhenthe channebecomesdle usingChannel::txtime() . If thechannels
busy, the MAC scheduleshe next carriersenseat the momentthe channekurnsidle. Oncethe channels idle, the CsmaMac
objectinitiatesthe contentionperiodwith Channel::contention() . At theendof the contentionperiod,the endof-
Contention() methodis invoked. At thistime, the basicCsmaMacjusttransmitsthe pacletusingChannel::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);
h
class CsmaCdMac: public CsmaMac {
public:
CsmaCdMac();
void endofContention(Packet*);
h
class CsmaCaMac: public CsmaMac {
public:
CsmaCaMac();
virtual void send(Packet*);
h

The CsmaCdMacextendsCsmaMacto carryout collision detectionprocedureof the CSMA/CD (Ethernet)protocol. When
the channelsignalsthe end of contentionperiod, the endofContention methodchecksfor collision usingthe Chan-
nel::collision() method.If thereis a collision, the MAC invokesits backoff methodto schedulehe next carrier
sensdo retransmithe paclet.

The CsmaCaMacextendsthe send methodof CsmaMacto carry out the collision avoidance(CSMA/CA) procedure.In-
steadof transmittingimmediatelywhenthe channels idle, the CsmaCaMaaoobjectbacksoff arandomnumberof slots,then
transmitsif thechanneremainsdle until the endof the bacloff period.

13.6 LL (link-layer) Class

The link-layer objectis responsibldor simulatingthe datalink protocols. Many protocolscanbe implementedwithin this
layersuchaspaclet fragmentatiorandreassemblyandreliablelink protocol.
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Anotherimportantfunctionof thelink layeris settingthe MAC destinatioraddressn the MAC headerof the paclet. In the
currentimplementatiorthis taskinvolvestwo separatéssuesfinding the next-hop—nodesIP addresgrouting)andresolving
this IP addressnto the correctMAC addresgARP). For simplicity, the default mappingbetweenMAC andIP addresses

one—to—onewhich meanshatIP addressearere—usedatthe MAC layer.

13.6.1 LL Classin C++

The C++classLL derivesfrom theLinkDelay class. Sinceit is a duplex object,it keepsa separatgointerfor the send

target,sendtarget , andtherecevetarget,recvtarget . It alsodefinesthe methodsecvfrom()
handletheincomingandoutgoingpacletsrespectiely.

class LL : public LinkDelay {

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

inline int  seqgno() return  seqno_;
inline int ackno() return  ackno_;
inline int macDA() return macDA _;

inline Queue *ifq() return  ifg_;

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_; /I link-layer sequence number

int ackno_; // ACKreceived so far
int macDA _; // destination MAC address

Queue* ifg_; /I interface queue

NsObject*  sendtarget_; /[ for outgoing  packet
NsObject*  recvtarget_; /I for incoming packet
LanRouter*  lanrouter_; /I for lookups of the next hop

13.6.2 Example: Link Layer configuration

set I_ [new LL]

set ifg_ [new Queue/DropTail]

$ll_ lanrouter [new LanRouter $ns $lan] # LanRouter is one object
# per LAN

Sl set delay  $delay # link-level overhead

$Il_ 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 LanRout er class

By default, thereis justoneLanRouter objectper LAN, whichis createdvhena new LanNode is initialized. For every
nodeontheLAN, thelink layerobject(LL) hasa pointerto theLanRouter , soit is ableto find thenext hopfor the paclet
thatis sentonthe LAN:

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

int  nh = (lanrouter_) ? lanrouter_->next_hop(p) N
}

LanRouter is ableto find the next hopby queryingthe currentRouteLogic

int LanRouter::next_hop(Packet n) {
int next_hoplP;
if (enableHrouting_) {
routelogic_->lookup_hier(lanaddr_, adst, next_hoplP);
} else {
routelogic_->lookup_flat(lanaddr_, adst, next_hoplP);
}

Onelimitation of thisis thatRouteLogic = maynot be awareof dynamicchangego therouting. But it is alwayspossibleto
derive anew classfrom LanRouter sothatto re—definats next_ hop methodto handledynamicchangesppopriately

13.8 Other Components

In additionto the C++ componentslescribedabove, simulatinglocal areanetworks alsorequiresa numberof existing com-

ponentsn nssuchasClassifier , Queue, andTrace , networkinterface , etc. Configuringtheseobjectsrequires
knowledgeof whatthe userwantsto simulate. Thedefault configurationis implementedn thetwo Tcl files mentionecatthe

beginningof this chapter To obtainmorerealisticsimulationsof wirelessnetworks,onecanusethe ErrorModel  described
in Chapterl2.

13.9 LANs and nsrouting

WhenaLAN is createdusingeithermake-lan or newLan, a“virtual LAN node¢ LanNode is created.LanNode keeps
togetherall sharedbjectsonthe LAN: Channel , Classifier/Mac ,andLanRouter . Thenfor eachnodeontheLAN,

alanlface objectis createdLanlface containsall otherobjectsthatareneededntheper-nodebasis:aQueue, alink

layer (LL), Mac, etc. It shouldbe emphasizedhat LanNode is a nodeonly for routing algorithms: Node andLanNode

have very little in common.Oneof few thingsthatthey shareis anidentifiertakenfrom the Node ID—spacelf hierarchical

routingis used,LanNode hasto be assigneda hierarchical addressjust like any othernode. Fromthe point of view of ns
(static)routing, LanNode is just anothemodeconnectedo every nodeon the LAN. Links connectingthe LanNode with

thenodesonthe LAN arealso“virtual” (Vlink ). Thedefaultroutingcostof suchalink is 1/2, sothe costof traversingtwo

Vlink s(e.g.n1 — LAN — n2) is countedasjustonehop.

Mostimportantmethodof Vlink is theonethatgivesthe headof thelink:
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Figure13.2: Actual LAN configuration(left) andasseerby 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
# i's only used by $lan add-route (empty)
return "™

} else {
# if this is a link TO the lan vnode,
# return the entry to the lanlface object
set src_lif [$lan_  set lanlface_($src )]

return  [$src_lif entry]
}
}
This methodis usedby static(default) routingto install correctroutesatanode(seeSimulator ~ methods
compute-flat-routes and compute-hier-routes in tcl/lib/ns-route.tcl , aswell asNode methods
add-route andadd-hroute in tcl/lib/ns-node.tcl ).

Fromthe codefragmentaboveit canbeseenthatit returnsLAN interfaceof the nodeasa headof thelink to beinstalledin
theappropriateclassifier

Thus,VIink doesnotimposeanydelayonthepadetandsenestheonly purposeo installLAN interfacednsteadof normal
links atnodes’classifiers.

Note, thatthis designallows to have nodesconnectedy parallelLANSs, while in the currentimplementatiorit is impossible
to have nodesconnectedy parallelsimplelinks andusethemboth (the array Simulator  instvar link_  holdsthe
link objectfor eachconnectegair of sourceanddestinationandit canbe only oneobjectpersource/destinatiopair).

13.10 Commandsat a glance

Thefollowing is alist of lan relatedcommandsommonlyusedin simulationscripts:

$ns_ make-lan <nodelist> <bw> <delay> <LL> <ifg> <MAC><channel> <phy>
Createslanfrom a setof nodesgivenby <nodelist>.Bandwidth,delaycharacteristicelongwith thelink-layer, Interface
queue Mac layerandchannekypefor thelan alsoneedso bedefined.Default valuesusedareasfollows:
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<LL>.. LL

<ifg>.. Queue/Dropdil
<MAC>.. Mac
<channel>.Channeland
<phy>..Phy/\WredPhy

$ns_ newlLan <nodelist> <BW> <delay> <args>

This commanccreatesa lan similar to make-landescribedhbove. But this commandtanbe usedfor finer controlwhereas
make-lanis a morecorvinientandeasierrommand For examplenewLan maybeusedto createa lan with hierarchical
addressesSeend/tcl/ex/vlantest-hieitcl, viantest-mcst.tclantest.tclmac-test.tcfor usageof newlLan. Thepossible
argumenttypesthatcanbepassedrelL, ifq, MAC, channelphy andaddress.

$lannode cost <c>
This assignsa costof ¢/2 to eachof the (uni-directional)links in thelan.

$lannode  cost?
Returnsthe costof (bi-directional)links in thelan, i.e c.

Internalprocedures

$lannode addNode <nodes> <bw> <delay> <LL> <ifq> <MAC> <phy>

Lanis implementechsavirtual node.The LanNodemimicsarealnodeandusesanaddresgid) from nodes addresspace.
This commandaddsa list of <nodes>to thelanrepresenteddy lannode . The bandwidth delayandnetwork characteristicef
nodesaregivenby theabove agumentsThisis aninternalcommandusedby make-lanandnewLan.

$lannode id
Returnsthevirtual nodesid.

$lannode node-addr
Returnsvirtual nodess address.

$lannode  dump-namconfig
This commancdcreatesa givenlan layoutin nam. This functionmay be changedo redefinethe lan layoutin adifferentway.

$lannode is-lan?

This commandalwaysreturnsl, sincethe nodehereis a virtual noderepresenting lan. The correspondingommandor
baseclassNode$node is-lan?  alwaysreturnsaO.
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Chapter 14

The (Revised) Addr essingStructurein NS

This chapterdescribesheinternalsof therevisedaddressindormatimplementedn ns Thechapterconsistof five sections.
We describethe APIs that can be usedfor allocatingbits to the ns addressingstructure. The addressspaceas described
in chapter3, canbe thoughtof a contiguousfield of n bits, wheren may vary as per the addresgequiremeniof the sim-

ulation. The default valueof n is 16 (asdefinedby MAXADDRSIZE). The maximumvalueof n is setto 32 (definedas

MAXADDRSIZE). Thesedefaultandmaximumaddressizesaredefinedin ~ng/tcl/lib/ns-defult.tcl.

The addresspaceconsistsof 2 parts,the node-idandthe port-id. The higherbits areassignedasthe nodes addressr id_
andremaininglower bits areassignedo form port-id or the identificationof the agentattachedo the node. Of the higher
bits, 1 bit is assignedor multicast. The default settingsallow 7 higher bits for node-id,the MSB for multicastand the
lower remaining8 bits for port-id. Naturallythis limits the simulationto 128 nodes.This addresspacemay be expandedo
accomodatéargernumberof nodesn the simulation. The port-id mayalsobe expandedo suppprthighernumberof agents.
Additionally, the addresspacemay alsobe setin hierarchicafformat, consistingof multiple levels of addressindnierarchy
We shallbedescribingthe APIs for settingaddresstructurein differentformatsasdescribedabore aswell asexpandingthe
addresspace.The proceduregndfunctionsdescribedn this chaptercanbe foundin ~ngtcl/lib/ns-address.tcladdress.cc
andaddress.h.

14.1 The Default Addr essFormat

The default settingsallocates8 lower bits for port-id, 1 higher bit for mcastandthe rest 7 higher bits for node-id. The
procedurdo settheaddresgormatin default modeis calledduringinitialisation of the simulatoras:

# Thepreamble
set ns [new Simulator] # initialise the simulation

It canalsobe calledexplicitly setas:

$ns set-address-format def
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14.2 The Hierar chical Addr essFormat

Therearetwo optionsfor settinganaddresgo hierarchicaformat,the defaultandthe specified.

14.2.1 Default Hierar chical Setting

Thedefaulthierarchicahode-idconsistof 3 levelswith 8 bits assignedo eachlevel. The hierarchicakonfigurationmaybe
invokedasfollows:

$nsset-address-formatierarchical

This sets:

* 8 bits for port-id,* 24 bits for node-idassignedn - 3 levelsof hierarchy- 8 bits for eachlevel - lookslike 8 8
8- or 7 88, if multicastis enabled.

14.2.2 SpecificHierar chical Setting

The secondoption allows a hierarchicaladdresgo be setwith specifiednumberof levelswith numberof bits assignedor
eachlevel. The API would be asthefollowing:

$nsset-address-forméatierarchicak#n hierarchylevels><#bitsfor levell><#bitsfor level 2> ....<#bitsfor nth level>
An exampleconfiguratiorwould be:
$nsset-address-forméterarchical 8 15

where2 levelsof hierarchyis specified assigning bits for the 1stlevel and15 bits for the second.

14.3 The ExpandedNode-AddressFormat

Ontheeventof requiremendbf morebits to the addresspacethe expandedaddressAPl maybeusedas:
$nsset-address-formakpanded

This expandghe addresspaceo 30 bits, allocating22 higherbits to node-idandlower 8 bits to port-id.

14.4 Expanding port-id field

This primitive may be usedin caseof needto expandportid in the eventof requiremento attacha large numberof agents
to the nodes. This may be usedin conjunctionwith set-addres-formatommand(with differentoptions)explainedabove.
Synopsidor this commandshallbe:

expand-port-field-bits#bitsfor portid>
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expand-port-field-bit€hecksandraiseserrorin thefollowing if therequestegbortsizecannotbeaccomodated.e if sufficient
num.offreebits arenot available)or if requestegbortsizeis lessthanor equalto the existing portsize.

14.5 Errorsin settingaddressformat

Errorsarereturnedfor both set-addess-formaandexpand-port-field-bitgrimitivesin thefollowing cases:

* if numberof bits specifieds lessthanO. * if bit positionsclash(contiguoushumberof requestedreebits not*
found). * if total numberof bits exceedMAXADDRSIZE_. * if expand-port-field-bitss attemptedvith portbits
lessthanor * equalto the existing portsize.* if humberof hierarchylevels donotmatchwith numberof bits *
specified(for eachlevel).

14.6 Commandsat a glance

Thefollowing is alist of address-formatelatedcommandsisedin simulationscripts:

$ns_  set-address-format def

This commands usedinternallyto setthe addresgormatto its default valueof 8 lower bits for port-id, 1 higherbit for
mcastandtherest7 higherbits for port-id. Howeverthis API hasbeenreplacedoy the nev nodeAPI

$ns_  node-config -addressType  flat

$ns_  set-address-format hierarchical

This commands usedto settheaddresgormatto the hierarchicalkconfigurationthatconsistof 3 levelswith 8bitsassigned
to eachlevel and8 lower bits for port-id. However this APl hasbeenreplacedy the new nodeAPI

$ns_  node-config -addressType  hierarchical

$ns_  set-address-format hierarchical <levels>  <args>

This commands usedto setthe addresgormatto a specifichierarchicaketting. The <levels>indicatethe numberof levels
of hierarchyin theaddressingtructurewhile the args definenumberof bits for eachlevel. An examplewould be $ns_
set-address-format hierachical 3 4 4 16 ,where4, 4 and16 definesghe numberof bits to be usedfor the
addresspacen level 1, 2 and3 respectiely.

$ns_ set-address-format expanded
This commandvasusedto expandtheaddresspaceo 30 bits, allocating22 higherbits for node-idandlower 8 bits for
port-id. However this commands obsoletechow by 32 bit addressingi.e node-idfield is 32 bit wide.

expand-port-field-bits <hits-for-portid>

Similar to the commandabore, this wasusedto expandthe addresspacedor the port-id field to <bits-for-portid>numberof
bits. Howeverthis commands obsoletenow thatthe portsare32 bit wide.
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Chapter 15

Mobile Networking in ns

This chapterdescribeghe wirelessmodelthat was originally portedas CMU’s Monarchgroup’s mobility extensionto ns
This chapterconsistof two sectionsandseveralsubsectionsThefirst sectioncoversthe original mobility modelportedfrom
CMU/Monarchgroup.In this sectionwe cover theinternalsof a mobilenoderoutingmechanismandnetwork components
thatareusedto constructhenetwork stackfor amobilenode Thecomponentshatarecoveredbriefly areChannelNetwork-
interface, Radio propagationmodel, MAC protocols,Interface Queue,Link layer and Addressresolutionprotocol model
(ARP). CMU tracesupportandGeneratiorof nodemovementandtraffic scenaridiles arealsocaoveredin this section.The
original CMU modelallows simulationof purewirelessLANs or multihopad-hocnetworks. Furtherextensionsveremadeto
this modelto allow combinedsimulationof wired andwirelessnetworks. MobilelP wasalsoextendedo the wirelessmodel.
Thesearediscussedn the secondsectionof this chapter

15.1 The basicwirelessnodelin ns

The wirelessmodel essentiallyconsistsof the MobileNodeat the core,withadditionalsupportingfeaturesthat allows sim-
ulations of multi-hop ad-hocnetworks, wirelessLANs etc. The MobileNode objectis a split object. The C++ class
MobileNode is derivedfrom parentclass Node. Referto Chapter5 for detailson Node. A MobileNode thusis the
basicNode objectwith addedfunctionalitiesof a wirelessand mobile nodelike ability to move within a given topology,
ability to receve andtransmitsignalsto andfrom a wirelesschanneletc. A major differencebetweerthem,though,is that
a MobileNode is not connectedy meansof Links to othernodesor mobilenodes|n this sectionwe shall describethe
internalsof MobileNode , its routing mechanismshe routing protocolsdsdy aody toraanddsr, creationof network stack
allowing channelaccesdn MobileNode , brief descriptionof eachstackcomponenttrace supportand movement/trafic
scenariageneratiorfor wirelesssimulations.

15.1.1 Mobilenode: creating wir elesstopology

MobileNode isthebasicnsNode objectwith addedunctionalitiedik e movementability to transmitandreceive onachan-

nel thatallows it to be usedto createmobile, wirelesssimulationenvironments.The classMobileNodeis derived from the
baseclassNode.MobileNode is a split object. The mobility featuresncludingnodemovement periodicpositionupdates,
maintainingtopology boundaryetc are implementedn C++ while plumbing of network componentswithin MobileN-

ode itself (like classifiersdmux, LL, Mac, Channeletc) have beenimplementedn Otcl. The functionsand procedures
describedn this subsectiorcanbe foundin ~ngmobilenode.{cc,h}~ngtcl/lib/ns-mobilenode.tcl-ngtcl/mobility/dsdvtcl,
~ngtcl/mobility/dsrtcl, ~ngtcl/mobility/tora.tcl. Examplescriptscanbefoundin ~ngtcl/ex/wireless-test.tchind~ngitcl/ex/wireless.tcl.
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While thefirst exampleusesa smalltopologyof 3 nodesthe secondexamplerunsover atopologyof 50 nodes.Thesescripts
canberunsimply by typing

$ns tcl/ex/wireless.tcl (or /wireless-test.tcl)

The four ad-hocrouting protocolsthatare currentlysupportedare DestinationSequencd®istanceVector(DSDV), Dynamic
SourceRouting (DSR), TemporallyorderedRouting Algorithm (TORA) and Adhoc On-demandistanceVector (AODV).
The APIs for creatinga mobilenodedependson which routing protocolit would be using. Hencethe primitive to createa
mobilenodds

set mnode [$opt(rp)-create-mobile-node $id]

where$opt(rp)defines'dsdv", "aodv", "tora" or "dsr" andid is theindex for themobilenode.

The above procedurecreatesa mobilenode(split)object,createsa routing agentasspecified createghe network stackcon-
sistingof alink layer, interfacequeue maclayer, anda network interfacewith anantennajnterconnectshesecomponents
andconnectsthe stackto the channel. The mobilenodenow lookslik e the schematién Figure15.1.

Themobilenodestructureusedfor DSRroutingis slightly differentfrom the mobilenodedescribedibove. The classSRNode
is derived from classMobileNode. SRNodedoesnotuseaddressdemuxor classifiersandall pacletsreceved by the node
arehandeddow n to the DSR routing agentby default. The DSR routing agenteitherrecevespkts for itself by handingit
over to the port dmux or forwardspkts asper sourceroutesin the pkt hdr or sendsout routerequestsandroute repliesfor
freshpaclets. Detailson DSRroutingagentmaybefoundin section15.1.4. Theschematianodelfor a SRNodeis shovn in
Figurel5.2.

15.1.2 Creating Nodemovements

The mobilenodds designedo move in athreedimensionatopology However thethird dimension(Z) is notused. Thatis
the mobilenodds assumedo move alwayson aflat terrainwith Z alwaysequalto 0. Thusthe mobilenodehasX, Y, Z(=0)
co-ordinateghatis continuallyadjustedasthe nodemaoves. Therearetwo mechanismso inducemovementin mobilenodes.
In thefirst method startingpositionof thenodeandits futuredestinationsnaybe setexplicitly. Thesedirectivesarenormally
includedin a separatenovementscenaridile.

Thestart-positiorandfuture destinationgor a mobilenodemay be setby usingthefollowing APIs:

$node set X <x1>
$node set Y_ <yl>
$node set Z_ <zl1>

$ns at S$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 methodthe node-meement-updtesaretriggeredwhenever the positionof the nodeat a giventime is requiredto be

known. Thismaybetriggeredby aqueryfrom aneighbouringhnodeseekingo know thedistancebetweerthem,or thesetdest
directive describedabove thatchangeshe directionandspeedf thenode.
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Figurel15.1: Schematiof amobilenodeunderthe CMU monarchs wirelessextensiongo ns

An exampleof amovementscenaridile usingtheabove APIs, canbefoundin ~ng'tcl/mobility/scene/scen-670x6705%00-
20-0. Here670x670definesthe lengthandwidth of the topologywith 50 nodesmoving ata maximumspeedof 20m/swith

averagepausdime of 600s.Thesenodemovemenffiles maybe generatedisingCMU’s scenariggeneratoto befoundunder
~ngindep-utils/cmu-scen-gen/setdeSeesubsectiorl5.1.7for detailson generatiorof nodemovementscenarios.
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Figure15.2: Schematiof a SRNodeunderthe CMU monarchswirelessextensiongo ns

The secondmethodemploys randommovementof thenode. The primitive to be usedis:

$mobilenode  start
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which startsthe mobilenodewith arandompositionandhave routinedupdatego changethedirectionandspeedf thenode.
Thedestinatiorandspeedvaluesaregeneratedn arandomfashion.We have notusedthe secondmethodandleave it to the
userto explore the details. The mobilenodemovementis implementedn C++. Seemethodsin ~ngmobilenode.{cc.h}for
theimplementationatietails.

Irrespectve of themethodaisedio generatemodemovementthetopographyor mobilenodesieeddo bedefined.It shouldbe
definedbeforecreatingmobilenodesNormally flat topologyis createdoy specifyingthe lengthandwidth of thetopography
usingthefollowing primitive:

set topo [new Topography]
$topo load_flatgrid $opt(x)  Sopt(y)

whereopt(x) andopt(y) arethe boundariesisedin simulation.

The movementof mobilenodesnaybeloggedby usinga procedurdik e 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 mobilenodepositionswould beloggedevery 0.1 sec.

15.1.3 Network Componentsin a mobilenode

The network stackfor a mobilenodeconsistsof a link layer(LL), an ARP moduleconnectedo LL, an interfacepriority
queue(lFq),a maclayer(MAC), a network interface(netlF)all connectedo the channel. Thesenetwork componentsare
createdandplumbedtogetherin OTcl. TherelevantMobileNodemethodadd-interbice()in ~ng'tcl/lib/ns-mobilenode.tcis
showvn 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

litype mactype qtype glen iftype anttype } {
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$self instvar  arptable_  nifs_
$self instvar  netif . mac_ ifq_ Il_

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 |I_(%t) [new $litype] # link  layer

set ant_($t) [new S$anttype]

#

# Local Variables

#

set nullAgent_  [$ns_ set nullAgent ]
set netif  $netif_($t)

set mac $mac_($t)

set ifqg  $ifq_($t)

set Il SI_($t)

#

# Initialize ARP table only once.
#

if { $arptable_ =" 1} {

set arptable_  [new ARPTable $self $mac]
set drpT [cmu-trace Drop "IFQ" $self]
$arptable_ drop-target $drpT

}

#

# Link Layer

#

Sl arptable  $arptable_
$Il mac $mac

$Il  up-target [$self  entry]
$ll  down-target  $ifg

#

# Interface Queue

#

$ifq target $mac

$ifqg  set glim_  $qglen

set drpT [cmu-trace Drop "IFQ" $self]
$ifq  drop-target $drpT

#

# Mac Layer

#

$mac netif  $netif
$mac up-target Sl

123



$mac down-target  $netif
$mac nodes $opt(nn)

#
# Network Interface
#
$netif  channel $channel
$netif  up-target $mac
$netif  propagation $pmodel ;# Propagation Model
$netif  node S$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 $SrevT
#
# 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 $SrevT
#
# 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

The plumbingin the above methodcreateghe network stackwe seein Figure15.1.

Eachcomponents briefly describechere.Hopefully moredetaileddocuentatiorirom CMU shallbe availablein thefuture.

Link Layer ThelLL usedby mobilenodeis sameasdescribedn Chapterl3. The only differencebeingthelink layer for
mobilenodehasanARP moduleconnectedo it whichresohesall IP to hardware(Mac) addresgornversionsNormally
for all outgoing(into thechannelpaclets,the pacletsarehandeddown to theLL by theRoutingAgent. TheLL hands
down pacletsto the interfacequeue.For all incomingpaclets(out of the channel) the maclayer handsup pacletsto
the LL which is thenhandedoff atthe node_entry  point. Theclass LL is implementedn ~ngll.{cc,h} and
~ndtcl/lan/ns-Il.tcl.

ARP The AddressResolutionProtocol(implementedn BSD style) modulerecevesqueriesfrom Link layer If ARP has
the hardware addresdor destination,t writesit into the macheaderof the packet. Otherwiseit broadcastan ARP
query andcacheghepaclettemporarily For eachunknown destinatiorhardwareaddressthereis a buffer for asingle
paclet. Incaseadditionalpaclketsto the samedestinationis sentto ARP, the earlierbufferedpacletis dropped.Once
the hardware addressof a paclet"s next hop is known, the paclet is insertedinto the interfacequeue. The class
ARPTable isimplementedn ~ngarp.{cc,h} and~ng/tcl/lib/ns-mobilenode.tcl.

Interface Queue Theclass PriQueue isimplementedsapriority queuewhichgivespriority to routingrotocolpaclets,
insertingthematthe headof the queue It supportgunningafilter overall pacletsin thequeueandremovesthosewith
a specifieddestinatioraddressSee~ngpriqueue.{cc,h}for interfacequeuemplementation.

Mac Layer ThelEEE 802.11distributedcoordinatiorfunction(DCF) Mac protocolhasbeenimplementedy CMU. It uses
a RTS/CTS/DATA/ACK patternfor all unicastpackets and simply sendsout DATA for all broadcaspaclets. The
implementatiorusesboth physicalandvirtual carriersense.Theclass Mac802_11 is implementedn ~ngmac-
802_11.{cc,h}.

Tap Agents Agents thatsubclasshemselesasclass Tap definedin mac.hcanregisterthemseleswith themacobject
using methodinstallTap(). If the particularMac protocol permitsit, the tapwill promiscuouslybe givenall paclets
receivedby the maclayer, beforeaddresdiltering is done.See~ngmac.{cc,h}for class = Tapmplementation.

Network Interfaces TheNetwork Interphasdayersenesasahardwareinterfacewhichis usedby mobilenodeo accesshe
channel.Thewirelesssharednediainterfaceis implementedasclass  Phy/WirelessPhy . Thisinterfacesubject
to collisionsandtheradiopropagatiormodelrecevespacletstransmittecby othernodeinterfacesto thechannel.The
interfacestampseachtransmittedpaclet with the meta-dataelatedto the transmittinginterfacelik e the transmission
power, wavelengthetc. This meta-datdn pkt headeiis usedby the propagatiormodelin receving network interface
to determineif the packet hasminimum power to be receved and/orcapturedand/ordetectedcarrier senseyy the
recevving node.ThemodelapproximatesheDSSSradiointerface(LucentWaveLandirect-sequencgpread-spectrum).
See~ndphy.{cc.h} and~ngwireless-phy{cc,h} for network interfaceimplementations.

Radio PropagationModel It usesFriss-spacattenuatior(1/r?) atneardistancesndanapproximatiorto Two ray Ground

(1/r*) atfardistancesTheapproximatiorassumespeculareflectionoff aflat groundplane.See-nstworayground.{cc,h}

for implementation.

Antenna An omni-directionabntennaaving unity gainis usedby mobilenodesSee~-ngantenna.{cc,h¥or implementation
details.

15.1.4 Differenttypesof Routing Agentsin mobile networking

Thefour differentad-hocrouting protocolscurrentlyimplementedor mobile networking in nsaredsdy dsr, aodvandtora.
In this sectionwe shallbriefly discusseachof them.
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DSDV

In this routing protocolrouting messageareexchangedetweemeighbouringnobilenodedi.e mobilenodeghatarewithin
rangeof oneanother) Routingupdatesnaybetriggeredor routine. Updatesaretriggeredin casea routinginformationfrom
oneof t he neighbourdorcesa changein theroutingtable. A packet for which the routeto its destinationis not known is
cachedwhile routing queriesaresentout. The pktsarecacheduntil route-repliesarereceivedfrom thedestination.Thereis
amaximumbuffer sizefor cachingthe pktswaiting for routinginformationbeyondwhich pktsaredropped.

All pacletsdestinedfor the mobilenodeare routeddirectly by the addressdmux to its port dmux. The port dmux hands
the pacletsto the respectie destinationagents.A port numberof 255is usedto attachrouting agentin mobilenodes.The
mobilenodesl souseadefault-tagetin their classifief(or addresslemux).In theeventatargetis notfoundfor thedestination
in the classifier(which happensvhenthe destinationof the pacletis not the mobilenodéitself), the pkts are handedo the
default-targetwhich is theroutingagent.Theroutingagentassignghe next hopfor the packetandsendst down to thelink
layer.

Therouting protocolis mainly implementedn C++. See~ngdsdvdirectoryand~ngtcl/mobility/dsdvtcl for all procedures
relatedto DSDV protocolimplementation.

DSR

This sectionbriefly describeghe functionality of the dynamicsourcerouting protocol. As mentionedearlierthe SRNodeis
differentfrom theMobileNode . TheSRNod€sentry  pointsto the DSRroutingagentthusforcing all pacletsreceved
by thenodeto behandeddown to theroutingagent.Thismodelis requiredfor futureimplementatiorof piggy-baclkedrouting
informationon datapacketswhich otherwisewould not flow throughtheroutingagent.

The DSRagentchecksevery datapacletfor source-routénformation. It forwardsthe pacletaspertheroutinginformation.
Incaseit doesnoffind routinginformationin the paclet, it providesthe sourceroute,if routeis known, or cacheghe paclet
andsendsout routequeriesif routeto destinatioris not known. Routingqueries alwaystriggeredby a datapacket with no
routeto its destinationareinitially broadcasto all neighbours Route-repliearesendbackeitherby intermediatenodesor
the destinatiomode,to the source|f it canfind routinginfo for the destinationin theroute-query It handsover all paclets
destinedo itself to the port dmux. In SRNode the port number255 pointsto a null agentsincethe paclet hasalreadybeen
processetby theroutingagent.

See~nddsrdirectoryand~ng'tcl/mobility/dsrtcl for implementatiorof DSR protocol.

TORA

Torais a distributedrouting protocolbasedon "link reversal"algorithm. At every nodea separateopy of TORA is run for
every destination.Whena nodeneedsa routeto a givendestinationt broadcastea QUERY messageontainingthe address
of the destinationfor which it requiresa route. This paclet travels throughthe network until it reacheghe destinationor
anintermediatenodethat hasa routeto the destinatiomnode. This recepiennodenodethenbroadcastan UPDATE paclet
listing its heightwrt the destination.As this nodepropagateshroughthe network eachnodeupdatests heightto a value
greatetthanthe heightof the neighbouifrom whichit recevesthe UPDATE. Thisresultsin aseriesof directedinks from the
nodethatoriginatedthe QUERY to thedestinatiomode.If anodediscoversaparticulardestinatiorto be unreachablé sets
alocal maximumvalueof heightfor thatdestinationIncasethe nodecannoffind arny neighbouthaving finite heightwrt this
destinationit attemptgo find anew route.In caseof network partition,the nodebroadcasta CLEAR messagé¢hatresetsall
routing statesandremovesinvalid routesfrom the network.

TORA operate®ntop of IMEP (InternetMANET EncapsulatiorProtocol)thatprovidesreliabledelivery of route-messages
andinforms the routing protocol of ary changesf the links to its neighbours.IMEP tries to aggrejateIMEP and TORA
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messagefto a single packet (calledblock) in orderto reduceoverhead.For link-statussensingand maintaininga list of
neighboumodes,IMEP sendsout periodicBEACON messagewhich is answeredy eachnodethat hearsit by a HELLO
reply messageSeenstoradirectoryandngtcl/mobility/tora.tclfor implementatiorof torain ns

AODV

AODV is acombinationof bothDSRandDSDV protocols.It hasthe basicroute-disc@ery androute-maintenancef DSR
andusesthe hop-by-hoprouting, sequenc&umbersandbeaconsf DSDV. The nodethatwantsto know a routeto a given
destinatiorgeneratest ROUTE REQUEST. Therouterequesis forwardedby intermediatenodesthatalsocreatesareverse
routefor itself from the destination Whentherequesteaches nodewith routeto destinatiorit generatesa ROUTE REPLY

containingthe numberof hopsrequiresto reachdestination All nodesthatparticipatesn forwardingthis reply to the source
nodecreates forwardrouteto destination This statecreatedrom eachnodefrom sourceto destinatioris ahop-by-hopstate
andnottheentirerouteasis donein sourcerouting. Seensaodvandngitcl/lib/ns-lib.tcl for implementationatietailsof aodv

15.1.5 Trace Support

Thetracesupportfor wirelesssimulationscurrentlyusecmu-traceobjects.In the futurethis shallbe extendedto mermgewith
traceandmonitoringsupportavailablein ns,which would alsoincludenamsupportfor wirelessmodules.For now we will
explain briefly with cmu-traceobjectsandhow they maybe usedto tracepacketsfor wirelessscenarios.
Thecmu-tracebjectsareof threetypes- CMUTrace/Drop ,CMUTrace/Recv andCMUTrace/Send . Theseareusedfor
tracingpaclketsthataredroppedrecevedandsentby agentsyoutersmaclayersor interfacequeuesn ns Themethodsand
proceduresisedfor implementingwirelesstracesupportcanbefoundunder~ngtrace.{cc,h}and~ngtcl/lib/ns-cmutrace.tcl.

A cmu-traceobjectmay becreatedby thefollowing API:
set sndT [cmu-trace  Send "RTR" $self]

which createsatraceobject,sndT, of thetypeCMUTrace/Send for tracingall pacletsthataresentoutin arouter Thetrace
objectsmaybeusedto tracepacletsin MAC, agentgroutingor others) routersor ary otherNsObject.

The cmu-traceobjectCMUTrace is derived from 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_;
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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);

Thetypefield (describedn Trace classdefinition)is usedto differentiateamongdifferenttypesof traces.For cmu-trace
this canbesfor sendingy for receving or D for droppinga paclet. A fourth typef is usedto denoteforwardingof a paclet
(Whenthe nodeis notthe originatorof the paclet). Similar to the methodTrace::format()the CMUTrace::format()defines
anddictatesthetracefile format. The methodis shawvn below:

void CMUTrace::format(Packet* p, const char

{

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,
break;

case PT_TCP:

case PT_ACK:
format_tcp(p,
break;

case PT_CBR:
format_rtp(p,
break;

offset);

offset);

offset);

Theabove functioncallsdifferentformatfunctionsdependingn thetypeof the packetbeingtraced.All tracesarewrittento
thebuffer wrk_. A countof the offsetfor the buffer is keptandis passedilongthe differenttracefunctions. The mostbasic
formatis definedby format_mac(jandis usedto traceall pkt types. The otherformatfunctionsprint additionalinformation
asdefinedby the paclettypes.The macformat printsthe following:

#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
"%cC %.9f %d (%6.2f %6.2f) %3s %4ds %d %s %d [%x %x %x %x] ",
#else
"%c %.9f _%d_ %3s %4s %d %s %d [%x %x %x %Xx] ",
#endif
op, /l s, r, Dor f
Scheduler::instance().clock(), /I time stamp
src_, /I the nodeid for this node
#ifdef LOG_POSITION
X, /I x co-ord
Y, /Iy co-ord
#endif
tracename, /I name of object type tracing
why, /[ reason, if any
ch->uid(), /I identifier for this event
packet_info.name(ch->ptype()), /I packet type
ch->size(), /I size of cmn header
mh->dh_duration, /I expected time to send data
ETHER_ADDR(mh->dh_da), // mac_destination address
ETHER_ADDR(mh->dh_sa), /I mac_sender address
GET_ETHER_TYPE(mh->dh_body)); /I type - arp or IP

If theLOG_POSITIONIs definedthe x andy co-ordinategor the mobilenodes alsoprinted. The descriptiondor different
fieldsin the mactracearegivenin the commentsabove. For all IP pacletsadditionallP headeffields arealsoaddedto the
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abovetrace.ThelP traceis describedelow:

sprintf(wrk_ + offset, Moo [%d:%d %d:%d %d %d] ",
src, /Il 1P src address
ih->sport_, /[ src port number
dst, /I IP dest address
ih->dport_, /I dest port number
ih->ttl_, /I TTL value

(ch->next_hop_ < 0) ? 0 : ch->next_hop ); /I next hopaddress, if any.

An exampleof atracefor atcp pacletis asfollows:

r 160.093884945 _6_ RTR --- 5 tcp 1492 [a2 4 6 800] ------- [655
36:0 16777984:0 31 16777984] [1 0] 2 O

Herewe seea TCP datapaclet beingreceived by a nodewith id of 6. UID of this pkt is 5 with acmnhdr sizeof 1492. The
macdetailsshavs anIP pkt (ETHERTYPE_IPis definedasOx0800,ETHERTYPE_IPis 0x0806), mac-idof this receving
nodeis 6. Thatof the sendingnodeis 4 and expectedtime to sendthis datapkt over the wirelesschannelis a2 (hex2dec
corversion:160+2sec).Additionally, IP tracesinformationaboutlP srcanddestinatioraddressesThe srctranslategusing
a 3 level hieraddresf 8/8/8)to a addressstring of 0.1.0with port of 0. The destaddresss 1.0.3with port addressof 0.
TheTTL valueis 31 andthedestinationvasa hop away from the src. Additionally TCP format printsinformationabouttcp
seqnoof 1, acknoof 0. Seeotherformatsdescribedn ~ng/cmu-trace.cdor DSR, UDP/MESS/AGE, TCP/ACK andCBR
paclettypes.

Othertraceformatsarealsousedby theroutingagent TORA andDSR)to log certainspeciakoutingeventslik e "originating"
(addingaSRheadeto a paclet) or "ran off theendof asourceroute"indicatingsomesortof routingproblemwith thesource

routeetc. Thesespecialeventtraceshegin with "S" for DSRand"T" for Toraandmaybefoundin ~ngtora/tora.cdor TORA
and~ngddsr/dsgent.ccfor DSRroutingagent.

15.1.6 Revisedformat for wir elesstraces

In an effort to meme wirelesstrace,usingcmu-traceobjects,with nstracing,a new, inproved traceformat hasbeenintro-
duced.Thisrevisedtracesupportis backwardscompatiblewith the old traceformattingandcanbe enabledoy thefollowing
command:

$ns use-newtrace

This commandshouldbe called beforethe universaltracecommand$ns trace-all <trace-fd> . Primitive use-
newtrace setsup new formatfor wirelesstracingby settinga simulatorvariablecallednewTraceFormat . Currentlythis
new tracesupportis availablefor wirelesssimulationsonly andshallbe extendedo restof ndn the nearfuture.

An exampleof the new traceformatis shovn below:

s -t 0.267662078 -Hs 0 -Hd -1 -Ni 0 -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne

-1.000000 -NI RTR-Nw --- -Ma 0 -Md O -Ms 0 -Mt O -Is 0.255 -ld -1.255 -It
message -l 32 -If 0O -li O -lv 32

s -t 1511681090 -Hs 1 -Hd -1 -Ni 1 -Nx 390.00 -Ny 385.00 -Nz 0.00 -Ne
-1.000000 -NI RTR-Nw --- -Ma O -Md 0 -Ms 0 -Mt O -Is 1.255 -ld -1.255 -It
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message -l 32 -If 0O -li 1 -lv 32
s -t 10.000000000 -Hs O -Hd -2 -Ni 0 -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne

-1.000000 -NI AGT-Nw --- -Ma 0 -Md O -Ms O -Mt O -Is 00 -ld 1.0 -t tcp -l 1000 -
If

2 -li 2-v 32 -Pn tcp -Ps 0 -Pa 0 -Pf 0 -Po O

r -t 10.000000000 -Hs O -Hd -2 -Ni 0 -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne

-1.000000 -NI RTR-Nw --- -Ma 0 -Md O -Ms O -Mt O -Is 00 -ld 10 -t tp -l 1000 -
If

2 i 2-v 32 -Pn tcp -Ps 0 -Pa 0 -Pf 0 -Po O

r -t 100.004776054 -Hs 1 -Hd 1 -Ni 1 -Nx 25.05 -Ny 20.05 -Nz 0.00 -Ne

-1.000000 -NI AGT -Nw --- -Ma a2 -Md 1 -Ms 0 -Mt 800 -Is 0.0 -ld 1.0 -It

tecp -l 1020 -If 2 -li 21 -lv 32 -Pn tcp -Ps O -Pa 0 -Pf 1 -Po O

s -t 100.004776054 -Hs 1 -Hd -2 -Ni 1 -Nx 25.05 -Ny 20.05 -Nz 0.00 -Ne

-1.000000 -NI AGT-Nw --- -Ma 0 -Md O -Ms O -Mt O -Is 10 -ld 0.0 -t ack -l 40

-Af 2 - 22 -<lv 32 -Pn tcp -Ps 0 -Pa 0 -Pf 0 -Po O

Explanation of newtrace format
Thenew traceformatasseenabove canbe canbedividedinto thefollowing fields:

Eventtype Inthetracesabove,thefirstfield (asin theoldertraceformat)describeshetypeof eventtakingplaceatthenode
andcanbeoneof thefour types:
s send
r receie]item[d] drop
f forward

Generaltag Thesecondield startingwith "-t" may standfor time or globalsetting

-t time
-t * (globalsetting)
Nodeproperty tags This field denoteghe nodepropertiedik e node-id,the level at which tracingis beingdonelik e agent,
routeror MAC. Thetagsstartwith aleading"-N" andarelisted asbelow:
-Ni: nodeid
-Nx: nodesx-coordinate
-Ny: nodesy-coordinate
-Nz: nodesz-coordinate
-Ne: nodeenegy level
-NI: tracelevel, suchasAGT, RTR, MAC
-Nw: reasorfor theevent. Thedifferentreasongor droppinga pacletaregivenbelow:

"END" DROP_END_OF_SIMULAION
"COL" DROP_MAC_COLLISION

"DUP" DROP_MAC_DUPLICATE

"ERR" DROP_MAC_RACKET_ERFOR

"RET" DROP_MAC_RETR/_COUNT_EXCEEDED
"STA" DROP_MAC_INVALID_STATE

"BSY" DROP_MAC_BUSY
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"NRTE" DROP_R'R_NO_ROUTEi.e norouteis available.

"LOOP" DROP_R'R_ROUTE_LOOPI.e thereis aroutingloop

"TTL" DROP_RR_TTLi.e TTL hasreachedero.

"T OUT" DROP_RR_QTIMEOUTi.e packethasexpired.

"CBK" DROP_R'R_MAC_CALLBACK

"IFQ" DROP_IFQ_QFULLi.e nobuffer spacen IFQ.

"ARP" DROP_IFQ_ARP_FULL.edroppecby ARP

"OUT" DROP_OUTSIDE_SUBNET.e droppedby basestationson receving routingupdategrom nodesout-
sideits domain.

Packetinformation at IP level Thetagsfor thisfield startwith aleading”-I" andarelistedalongwith their explanationsas
following:
-Is: sourceaddress.sourgeort number
-Id: destaddress.degtort number
-It; paclettype
-Il: pacletsize
-If: flow id
-li: uniqueid
-lv: ttl value
Next hop info Thisfield providesnext hopinfo andthetagstartswith aleading"-H".

-Hs: id for thisnode
-Hd: id for next hoptowardsthedestination.

Packet info at MAC level Thisfield givesMAC layerinformationandstartswith aleading"-M" asshavn below:

-Ma: duration

-Md: dst'sethernetddress
-Ms: src'sethernetddress
-Mt: ethernetype

Packet info at "A pplication level" The pacletinformationatapplicationlevel consistof thetype of applicationlike ARP,
TCP thetype of adhocroutingprotocollike DSDV, DSR,AODV etcbeingtraced.This field consistof aleading”-P"
andlist of tagsfor differentapplicationis listed asbelow:

-P arp AddressResolutionProtocol.Detailsfor ARP is givenby thefollowing tags:

-Po: ARP Request/Reply
-Pm: srcmacaddress
-Ps: srcaddress
-Pa: dstmacaddress
-Pd: dstaddress

-P dsr Thisdenotegheadhocrouting protocolcalledDynamicsourcerouting. Informationon DSRis representetly
thefollowing tags:
-Pn: how mary nodedraversed
-Pq: routingrequesflag
-Pi: routerequessequencaumber
-Pp: routingreplyflag
-Pl: replylength
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-Pe: srcof srcrouting->dsbf the sourcerouting
-Pw: errorreportflag ?
-Pm: numberof errors
-Pc: reportto whom
-Pb: link errorfrom linka->linkb
-P cbr Constanbit rate.Informationaboutthe CBR applicationis representeddy thefollowing tags:
-Pi: sequenceumber
-Pf: how mary timesthis pkt wasforwarded
-Po: optimalnumberof forwards
-Ptcp InformationaboutTCPflow is givenby thefollowing subtags:
-Ps: segnumber
-Pa: acknumber
-Pf: how mary timesthis pkt wasforwarded
-Po: optimalnumberof forwards

This field is still underdevelopmentandnew tagsshall be addedfor otherapplicationsasthey getincludedalongthe
way.

15.1.7 Generation of node-morementand traffic-connection for wir elessscenarios

Normally for largetopologiesthenodemovementandtraffic connectiorpatternsaredefinedin separatdilesfor corvinience.
Thesemovementandtraffic files may be generatedisingCMU’s movement-andconnection-generatorsn this sectionwe
shalldescribeboth separately

MobileNode Movement

Someexamplesof node movementfiles may be found in ~ngtcl/mobility/scene/scen-670x6786-600-20-*. Thesefiles
defineatopologyof 670by 670mwhere50 nodesmovewith aspeedf 20m/swith pausdime of 600s.eachnodeis assigned
a startingposition. The informationregardingnumberof hopsbetweerthe nodesis fed to the centralobject"GOD" (XXX
but why/whereis this informationused??-answewvaitedfrom CMU.) Next eachnodeis a speedanda directionto moveto.

Thegeneratofor creatingnodemovemenffiles areto be found under~ngindep-utils/cmu-scen-gen/setdeditectory Com-
pile thefiles undersetdesto createan executablerun setdestvith agumentsn thefollowing way:

Jsetdest -n  <num_of nodes> -p <pausetime> -s <maxspeed> -t <simtime>
-X  <maxx> -y <maxy> > <outdir>/<scenario-file>

Note that the index usedfor nodesnow startfrom 0 insteadof 1 aswasin the original CMU version,to matchwith ns's
tradition of assigningnodeindicesfrom O.

Generatingtraffic pattern files

Theexampledfor traffic patternamaybefoundin ~ngtcl/mobility/scene/cb50-{10-4-512,20-4-512}.

The traffic generatoiis locatedunder~ngindep-utils/cmu-scen-gemhdare called cbrgen.tclandtcpgen.tcl. They may be
usedfor generatingCBR and TCP connectionsespectiely.
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To createCBR connecionstun

ns chrgen.tcl [-type  cbr]|tcp] [-nn  nodes] [-seed seed]
[-mc  connections] [-rate rate]

To createTCP connectionstun
ns tcpgen.tcl [-nn nodes] [-seed seed]

Youwill needto pipetheoutputsfrom aboveto a cbr-* or atcp-* file.

15.2 Extensionsmadeto CMU’ swir elessmodel

As mentioneckearlier, the original CMU wirelessmodelallows simulationof wirelessLANs andad-hocnetworks. However
in orderto usethe wirelessmodelfor simulationsusingboth wired andwirelessnodeswe hadto add certainextensionsto
cmumodel. We call this wired-cum-wirelesd$eature. Also SUN’s MobilelP (implementedor wired nodes)wasintegrated
into the wirelessmodelallowing mobilelPto run over wirelessmobilenodes.The following two subsectionslescribethese
two extensiongo the wirelessmodelin ns

15.2.1 wired-cum-wirelessscenarios

The mobilenodeglescribedso far mainly supportssimulationof multi-hop ad-hocnetworks or wirelessLANs. But whatif
we needto simulatea topologyof multiple wirelessLANs connectedhroughwired nodes,or may needto run mobilelPon
top of thesewirelessnodes?The extensionanadeto the CMU wirelessmodelallows usto do that.

The main problemfacingthe wired-cum-wirelesscenariovastheissueof routing. In ns, routinginformationis generated
basedon the connectvity of thetopology i.e how nodesareconnectedo oneanotherthroughLinks . Mobilenodeson the
otherhandhave no concepf links. They routepacketsamongthemseles,within thewirelesstopology, usingtheir routing
protocol.sohow would pacletsbe exchangeetweerthesetwo typesof nodes?

So a nodecalled BaseStationNode is createdwhich playsthe role of a gatavay for the wired and wirelessdomains.
The BaseStationNode is essentiallya hybrid betweena Hierarchicalnodée (HierNode ) anda MobileNode . The
basestatiomodeis responsibldor delivering packetsinto andout of the wirelessdomain. In orderto achieve this we need
Hierarchicalrouting.

Eachwirelessdomainalongwith its base-statiowould have anuniquedomainaddressssignedo them.All packetsdestined
to awirelessnodewould reachthe base-statiomttachedo the domainof thatwirelessnode , who would eventuallyhandthe
paclet over to the destination(mobilenode).And mobilenodesoute paclets,destinedo outsidetheir (wireless)domain,to
their base-statiomode.Thebase-statiofknows how to forwardthesepacletstowardsthe (wired) destination.The schematic
of aBaseStationNode  is shavn in Figure15.3.

The mobilenodesn wired-cum-wirelessscenarioare requiredto supporthierarchicaladdressing/routing.Thus the Mo-
bileNode looksexactlyliketheBaseStationNode . The SRNodehowever, simply needgo have its own hier-address
sinceit doesnotrequireary addresslemuxesandthusis notrequiredto supporthier routing?.

1Referto Chapter26 for detailson hierarchicarouting andinternalsof HierNode .
2In orderto do away with all thesedifferentvariationsof the definitionof anode,we areplanningto revisethe nodearchitecturehatwould allow amore
flexible andmodularisecdconstructiorof a nodewithout the necessityof having to defineandbelimited to certainClassdefinitionsonly.
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Figure15.3: Schematiof abaseStationNode

The DSDV agenton having to forward a paclet checksto seeif the destinations outsideits (wireless)subnet.If so, it tries
to forward the paclet to its base-statiomode. In caseno routeto base-stations found the paclet is dropped. Otherwise
the pacletis forwardedto the next_hoptowardsthe base-stationWhich is thenroutedtowardsthe wired network by base-

stations classifiers.

135



TheDSRagentonreceving a pkt destinedutsideits subnetsendout a route-queryfor its base-statioim casetherouteto
base-statioms notknown. Thedatapkt is temporarilycachedwvhile it waitsto hearrouterepliesfrom base-stationOn getting
areplythepacletis providedwith routinginformationin its headeandsendaway towardsthe base-stationThe base-station
addresslemuyesroutesit correctlytowardthewired network.

The examplescriptfor awired-cum-wirelessimulationcanbefoundat ~ng'tcl/ex/wired-cum-wireless-sim.tclThe methods
for wired-cum-wirelessmplementationsire definedin ~ng'tcl/lib/ns-bsnode.tcl-ngtcl/mobility/{com.tcl,dsttcl, dsdvtcl},
~ngdsdv/dsdy{cc,h} and~ngdsr/dsragent.{cc,h}.

15.2.2 MobilelP

The wired-cum-wirelessextensionsfor the wirelessmodel paved the path for supportingwirelessMobilelP in ns Sun
Microsystems (Charlie Perkinset al) MobilelP modelwasbasedon ns's wired model(consistingof Node’s andLink 's)
andthusdidnotuseCMU’s mobility model.

Herewe briefly describehe wirelessMobilelP implementation We hopethat Sunwould provide the detailedversionof the
documentationn thefuture.

The mobilelP scenarioconsistsof Home-Agents(HA)and Foreign-Agents(R) and have Mobile-Hosts(MH) moving be-
tweentheir HA andFAs. The HA andFA are essentiallybase-statiomodeswe have describedearlier While MHs are
basicallythemobileNodeslescribedn sectionl5.1.1. Themethodsandprocedure$or MobilelP extensionsaredescribedn
~ngmip.{cc,h}, ~ngmip-reg.cc,~ngtcl/lib/ns-mip.tcland~ngtcl/lib/ns-wireless-mip.tcl.

The HA andFA nodesaredefinedasMobileNode/MIPBS  having aregisteringagent(regagent_}hatsenddeacoroutto
the mobilenodessetsup encapsulatoand decapsulatqrasrequiredandrepliesto solicitationsfrom MHs. The MH nodes
aredefinedasMobileNode/MIPMH whichtoo have aregagent thatrecevesandrespondso beaconsandsendsout solic-
itationsto HA or FAs. Figure15.4illustratesthe schematiof a MobileNode/MIPBS  node. The MobileNode/MIPMH
nodeis very similarto this exceptfor thefactthatit doesnohave ary encapsulatoor decapsulatorAs for the SRNodeversion
of aMH, it doesnothave the hierarchicalklassifiersandthe RA agentformsthe entry point of the node. SeeFigure15.2for
modelof aSRNode.

The MobileNode/MIPBS noderoutinelybroadcastbeacoror adwertisemenmessagesutto MHs. A solicitationfrom a
mobilenodegeneratesnadthatis senddirectly to therequestingH. The addres®of the base-statiosendingout beacoris
heardby MH andis usedasthe COA (care-of-address)f the MH. Thusasthe MH movesfrom its native to foreigndomains,
its COA changes.Uponreceving reg_requestasreply to ads)from a mobilehostthe base-statiowhecksto seeif it is the
HA for the MH. If not, it setsupits decapsulatoandforwardsthereg_requestowardsthe HA of the MH.

In casethe base-statiolis the HA for the requestingViH but the COA doesnomatchits own, it setsup anencapsulatoand
sendsreg-request-replpackto the COA (addresof the FA) who hasforwardedthe reg_requesto it. sonow all paclets
destinedto the MH reachingthe HA would be tunneledthroughthe encapsulatowhich encapsulatethe IP pkthdrwith a
IPinIP hdr, now destinedo the COA insteadof MH. The FA's decapsulatorecivesthis paclet, removesthe encapsulation
andsendst to the MH.

If the COA matcheghatof the HA, it just removesthe encapsulatoit might have setup (whenits mobilehostwasroaming
into foreignnetworks)andsendghereply directly backto the MH, asthe MH have now returnedo its native domain.

The mobilehostsendsout solicitationsif it doesnothearary adsfrom the base-stationsUponreceving ads,it changests
COA totheaddres®f theHA/FA it hasheardtheadfrom, andrepliesbackto the COA with arequesfor registration(reg-
request ). Initially the MH maybein the rangeof the HA andrecevesall pktsdirectly from its COA whichis 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 thatof the FA. The HA now setsup an encapsulatoandtunnelsall pkts destinedfor MH towardsthe FA.
The FA decapsulatethe pkts and handsthem over to the MH. The datafrom MH destinedfor the wired world is always
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Figure15.4: Schematiof a WirelessMobilelP BaseStatiomNode

routedtowardsits currentCOA. An examplescriptfor wirelessmobilelPcanbefoundat~ngtcl/ex/wireless-mip-test.tciThe
simulationconsistoof aMH moving betweernits HA andaFA. TheHA andFA areeachconnectedo awired domainonone
sideandto their wirelessdomainsonthe other TCPflows aresetup betweerthe MH andawired node.

15.3 Commandsat a glance

Following is a list of commandsisedin wirelesssimulations:

$ns_  node-config -addressingType <usually  flat  or hierarchical used for
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-adhocRouting

-lIType
-macType
-propType

-ifqType

-ifgLen
-phyType

-antType
-channelType
-topolnstance
-wiredRouting
-mobilelP
-energyModel
-initialEnergy
-rxPower
-txPower
-agentTrace
-routerTrace
-macTrace
-movementTrace

wireless  topologies>
<adhoc rotuing  protocol like
TORA, AODV etc>
<LinkLayer>
<MACtype like Mac/802_11>
<Propagation model like
Propagation/TwoRayGround>
<interface queue type like
Queue/DropTail/PriQueue>
<interface queue length like 50>
<network inteface type like
Phy/WirelessPhy>
<antenna type like
<Channel type like

DSDV, DSR,

Antenna/OmniAntenna>
Channel/WirelessChannel>

<the topography instance>
<turning  wired routing ONor OFF>
<setting the flag for mobilelP ONor OFF>
<EnergyModel type>
<specified in Joules>
<specified in W>
<specified in W>
<tracing at agent level turned ONor OFF>
<tracing at router level turned ONor OFF>
<tracing at mac level turned ONor OFF>
<mobilenode  movement logging turned

ONor OFF>

This commands usedtypically to configurefor a mobilenode.For moreinfo aboutthis commandpartof new nodeAPIs)
seechaptettitled "Restructuringhsnodeandnew NodeAPIs" in ns NotesandDocumentation.

$ns_ node <optional:hier

address>

This commands usedto createa mobilenodeafternodeconfigurationis doneasshowvn in thenode-configcommandlncase
hierarchicalddressings beingused the hier addres®f the nodeneedgo be passedswell.

$node log-movement

This commandoreviously usedto enabldoggingof mobilenodes movementhasnow beenreplacedoy $ns_

node-config -movementTrace

create-god <num_nodes>

<ON or

OFF>

This commands usedto createa Godinstance.Thenumberof mobilenodess passedsargumentwhichis usedby Godto
createa matrix to storeconnectvity informationof thetopology

$topo load_flatgrid

<X> <Y> <optional:res>

Thisinitializesthegrid for thetopographyobject.<X> and<Y> arethex-y co-ordinategor thetopologyandareusedfor
sizingthegrid. Thegrid resolutionmay be passeds<res>.A defaultvalueof 1 is normallyused.

$topo load_demfile <file-descrptor>
For loadingDEMFile objectsinto topography Seengdem.cc,.Hor detailson DEMFiles.
$ns_  namtrace-all-wireless <namtrace> <X> <Y>

This commands usedto initialize a namtracdile for loggingnodemovementgo beviewedin nam.The namtracdile
descriptorthe X andY co-ordinate®f thewirelesstopologyis passedsparametersvith this command.

138



$ns_ nam-end-wireless <stop-time>
This commands usedto tell namthe simulationstoptime givenby <stop-time>.

$ns_ initial_node_pos <node> <size>
This commandiefinesthe nodeinitial positionin nam.<size>denoteghe sizeof nodein nam. This functionmustbecalled
aftermobility modelhasbeendefined.

$mobilenode  random-motion <0 or 1>
Random-motions usedto turn onrandommovementdor the mobilenodejn which caserandomdestinationsareassigned
to thenode.0 disablesand1 enablegandom-motion.

$mobilenode  setdest <X> <Y> <s>
This commands usedto setupa destinatiorfor the mobilenode The mobile nodestartsmoving towardsdestinatiorgiven
by <X> and<Y> ataspeedf <s>m/s.

$mobilenode  reset
This commands usedto resetall the objectsin thenodes(network componentdike LL, MAC, phy etc).

Internalprocedures
Following is alist of internalproceduresisedin wirelessnetworking:

$mobilenode  base-station <BSnode-hier-addr>
Thisis usedfor wired-cum-wirelesscenariosHerethe mobilenodés providedwith the base-stationnodefo for its
domain.Theaddresss hierarchicakincewired-cum-wirelesscenariogypically usehierarchicabddressing.

$mobilenode log-target <target-object>
The <tamget-object>whichis normallyatraceobject,is usedto log mobilenodemovementsandtheir enegy usageif
enegy modelis provided.

$mobilenode  topography  <topoinstance>
This commands usedto provide the nodewith a handleto thetopographyobject.

$mobilenode  addif
A mobilenodemayhave morethanonenetwork interface. This commands usedto passhandlefor a network interfaceto
thenode.

$mobilenode  namattach <namtracefd>
This commands usedto attachthe namtracdile descriptonamtracefd=to the mobilenode All namtracesfor thenode
arethenwritten into this namtracsdfile.

$mobilenode  radius  <r>
Theradius<r> denoteghe nodes range.All mobilenodeghatfall within the circle of radius<r> with the nodeat its center
areconsideredisneighboursThis info is typically usedby the gridkeeper

$mobilenode  start
This commands usedto startoff the movementof the mobilenode.
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Chapter 16

Satellite Networking in ns

This chapterdescribesxtensionghatenablethe simulationof satellitenetworksin ns. In particular theseextensionsenable
ns to modelthe following: i) traditional geostationarybent-pipe” satelliteswith multiple usersper uplink/downlink and
asymmetridinks, ii) geostationargatelliteswith processingpayloadqeitherregeneratie payloadsor full packetswitching),
andiii) polarorbiting LEO constellationsuchaslridium andTeledesicThesesatellitemodelsareprincipally aimedatusing
nsto studynetworking aspect®f satellitesystemsin particular MAC, link layer, routing,andtransportprotocols.

16.1 Overview of satellite models

Exactsimulationof satellitenetworksrequiresa detailedmodellingof radiofrequeng characteristicginterferencefading),
protocolinteractionge.g.,interactionf residuabursterrorsonthelink with errorcheckingcodes)andsecond-ordeorbital

effects(precessiongravitationalanomaliesetc.). However, in orderto studyfundamentatharacteristicef satellitenetworks
from a networkingperspectie, certainfeaturesmay be abstracteaut. For example,the performancenf TCP over satellite
links is impactedittle by usinganapproximateatherthandetailedchanneimodel-performanceanbe characterizedb first

orderby the overall paclet lossprobability. Thisis the approachakenin this simulationmodel-to createa frameawork for

studyingtransportrouting,andMAC protocolsin a satelliteervironmentconsistingof geostationargatellitesor constella-
tionsof polarorbiting low-earth-orbit(LEO) satellites.Of course usersmay extendthesemodelsto provide moredetailata
givenlayer.

16.1.1 Geostationarysatellites

Geostationansatellitesorbit 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 designatedbcationdueto gravitational perturbations-theseeffectsarenotmodelledin ns.

Two kinds of geostationangatellitescanbe modelled. Traditional“bent-pipe” geostationangatellitesare merelyrepeaters
in orbit—all pacletsrecevedby suchsatelliteson anuplink channelarepipedthroughat RF frequenciego a corresponding
downlink, andthesatellitenodeis notvisible to routingprotocols.Newer satelliteswill increasinglyusebasebangrocessing,
bothto regeneratehe digital signalandto performfastpacket switchingon-boardthe spacecraftin the simulations these
satellitescanbe modelledmorelik e traditionalns nodeswith classifiersandroutingagents.

Previously, userscould simulategeostationargatellitelinks by simply simulatinga long delaylink usingtraditionalnslinks
and nodes. The key enhancementf thesesatellite extensionswith respectto geostationarysatellitesis the capability to
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Figure16.1: Exampleof a polarorbiting LEO constellation.Thisfigurewasgeneratedisingthe SaM softwarepackagdrom
the geometrycenteratthe University of Minnesota.

simulateMA C protocols.Userscannow definemary terminalsat differentlocationson the Earth’s surfaceandconnecthem
to the samesatelliteuplink anddownlink channelsandthe propagatiordelaysin the system(which areslightly differentfor
eachuser)areaccuratelymodelled. In addition,the uplink anddownlink channelscanbe defineddifferently (perhapswith
differentbandwidthsor errormodels).

16.1.2 Low-earth-orbiting satellites

Polarorbiting satellitesystemssuchaslridium andthe proposedreledesicsystemcanbe modelledin ns In particulat the

simulatorsupportshe specificatiorof satellitesthatorbit in purely circular planes for which the neighboringplanesareco-

rotating. Thereareothernon-geostationargonstellatiorconfigurationgossible(e.g.,Walker constellations)-theinterested
usermaydevelopnew constellatiorclasseso simulatetheseotherconstellatiortypes.In particular thiswould mainly require
definingnew intersatellitelink handof procedures.

Thefollowing arethe parametersf satelliteconstellationghat cancurrentlybe simulated:

e Basicconstellationdefinition Includessatellitealtitude, numberof satellitesnumberof planes numberof satellites
perplane.

e Orbits Orbitinclinationcanrangecontinuouslyfrom 0 to 180degreeqinclinationgreateithan90 degreescorresponds
to retrogradeorhits). Orbit eccentricityis notmodeled.Nodalprecessiofis notmodeled Intersatellitespacingwithin a
givenplaneis fixed. Relatve phasingoetweerplaness fixed (althoughsomesystemsnaynot controlphasingoetween
planes).

¢ Intersatellite (ISL) links For polarorbiting constellationsintraplane jnterplane andcrossseaniSLs canbe defined.
IntraplanelSLs exist betweersatellitesn the sameplaneandarenever deactvatedor handedff. Interplane SLs exist
betweersatellitesof neighboringco-rotatingplanes.Thesdinks aredeactvatednearthe poles(abovethe“ISL latitude
threshold”in the table) becausahe antenngpointing mechanisncannottrack theselinks in the polar regions. Like
intraplanelSLs, interplanelSLs arenever handedoff. CrossseaniSLs may exist in a constellatiorbetweersatellites
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in counterrotatingplanes(wherethe planesform a so-called‘seam”in the topology). GEO ISLs canalsobe defined
for constellation®f geostationargatellites.

e Ground to satellite (GSL) links Multiple terminalscanbe connectedo a singleGSL satellitechannel. GSL links for
GEOsatellitesarestatic,while GSL links for LEO channelsareperiodicallyhandedoff asdescribedelow.

e Elevation mask The elevation angleabove which a GSL link canbe operational. Currently if the (LEO) satellite
servinga terminaldropsbelow the elevation mask,theterminalsearchegor a new satelliteabove the elevation mask.
Satelliteterminalscheckfor handof opportunitiesaccordingto a timeoutinterval specifiedby the user Eachter
minal initiates handofs asynchronouslyit would be possiblealsoto definea systemin which eachhandof occurs

synchronouslyn the system.

Thefollowing tablelists parametersisedfor examplesimulationscriptsof thelridium?® andTeledesié 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 plane phasing yes no
ISLs per satellite 4 8
ISL bandwidth 25Mb/s | 155Mb/s
Up/downlink bandwidth 1.5Mb/s | 1.5Mb/s
Cross-seaniSLs no yes
ISL latitude thr eshold(deg) 60 60

Table16.1: Simulationparameterssedfor modelingabroadbandersionof thelridium systemandthepropose®88-satellite
Teledesicsystem Both systemsareexamplesof polarorbiting constellations.

1Aside from the link bandwidths(Iridium is a narravbandsystemonly), theseparametersre very closeto what a broadbandrersionof the Iridium

systemmightlook like.
2TheseTeledesicconstellationparametersre subjectto changethanksto Marie-JoseMontpetit of Teledesidfor providing tentatve parameterss of

Januaryl999.Thelink bandwidthsarenot necessarilyccurate.
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Figure16.2: Sphericakoordinatesystemusedby satellitenodes

16.2 Usingthe satellite extensions

16.2.1 Nodesand nodepositions

Therearetwo basickindsof satellitenodes:geostationaryandnon-geostationarnsatellitenodes.In addition,terminalnodes
can be placedon the Earth’s surface. As is explainedlaterin Section16.3, eachof thesethreedifferenttypesof nodes
is actuallyimplementedwith the sameclass SatNode object, but with differentposition, handof managerand link
objectsattachedThe positionobjectkeepstrack of the satellitenodes locationin the coordinatesystemasa function of the
elapsedsimulationtime. This positioninformationis usedto determindink propagatiordelaysandappropriatéimesfor link
handofs.

Figure 16.2 illustratesthe sphericalcoordinatesystem,and the correspondingCartesiancoordinatesystem. The coordi-
nate systemis centeredat the Earth’s center and the z axis coincideswith the Earth’s axis of rotation. (R,6,¢) =
(6378km, 90°,0°) correspondso 0° longitude(prime meridian)on the equator

Specifically thereis oneclassof satellitenodeClass Node/SatNode , to which oneof threetypesof Position  objects
may be attached.EachSatNode andPosition  objectis a split OTcl/C++ object, but mostof the coderesidesn C++.
Thefollowing typesof positionobjectsexist:

e Position/Sat/Term A terminalis specifiedby its latitude andlongitude. Latitude rangesfrom [—90, 90] and
longituderangesrom [—180, 180], with negative valuescorrespondingo southandwest,respectiely. As simulation
time evolves, the terminalsmove alongwith the Earth’s surface. The Simulatorinstprocsatnode canbe usedto
createa terminalwith anattachedositionobjectasfollows:

$ns satnode terminal $lat  S$lon

e Position/Sat/Geo A geostationangsatelliteis specifiedby its longitudeabove the equator As simulationtime
avolves,the geostationarsatellite movesthroughthe coordinatesystemwith the sameorbital period asthat of the
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Earth’s rotation. The longituderangesfrom [—180, 180] degrees. The Simulatorinstprocsatnode canbe usedto
createa geostationargatellitewith anattachedositionobjectasfollows:

$ns satnode geo $lon

¢ Position/Sat/Polar A polar orbiting satellitehasa purely circular orbit along a fixed planein the coordinate
system;the Earthrotatesunderneathhis orbital plane,so thereis both an east-westainda north-southcomponento
thetrack of a polar satellites footprint on the Earth’s surface. Strictly speakingthe polar positionobjectcanbe used
to modelthe movementof ary circular orbit in a fixed plane;we usetheterm“polar” herebecausave later usesuch
satellitesto modelpolarorbiting constellations.

Satelliteorbits are usually specifiedby six parametersaltitude, semi-majoraxis, eccentricity right ascensiorof as-

cendingnode inclination, andtime of perigeepassae. Thepolarorbiting satellitesn nshave purelycircularorbits,so

we simplify the specificatiorof the orbitsto includeonly threeparametersaltitude, inclination, andlongitude with a

fourth parametealphaspecifyinginitial positionof the satellitein the orbit, asdescribedelow. Altitude is specified
in kilometersabove the Earth’s surface,andinclination canrangefrom [0, 180] degreeswith 90 correspondingo pure

polarorbitsandanglesgreatethan90 degreescorrespondingo “retrograde”orbits. The ascendinghoderefersto the

pointwherethefootprintof the satelliteorbital track crosseshe equatomoving from southto north. In this simulation

model,the parametetongitude of ascendingnode specifiesthe earth-centridongitudeat which the satellites nadir

point crosseshe equatormoving southto north3 Longitudeof ascendingnodecanrangefrom [—180, 180] degrees.
The fourth parameteralpha, specifiesheinitial positionof the satellitealongthis orbit, startingfrom the ascending
node.For example,analphaof 180 degreesndicatesthatthe satelliteis initially above theequatormoving from north

to south. Alpha canrangefrom [0, 360] degrees. Finally, a fifth parameterplane, is specifiedwhen creatingpolar

satellitenodes-all satellitesin the sameplanearegiventhe sameplaneindex. The Simulatorinstprocsatnode can

beusedto createa polarsatellitewith anattachedositionobjectasfollows:

$ns satnode polar $alt $inc $lon $alpha $plane

Notethatthe abose methodsusetheatomicsatnode instproc.In Section16.2.2,we introducewrappermmethodghat
may be morecorvenientfor generatingrarioustypesof satellitenodes:

$ns satnode-terminal $latitude $longitude

$ns satnode-polar $alt $inc S$lon $alpha $plane Slinkargs $chan
$ns satnode-geo  $longitude $linkargs $chan

$ns satnode-geo-repeater $longitude $chan

16.2.2 Satellitelinks

Satellite links resemblewirelesslinks, which are describedn Chapterl5. Eachsatellitenode hasone or more satellite
network interfacestacksto which channelsareconnectedo the physicallayerobjectin the stack.Figure16.3illustratesthe

major components Satellitelinks differ from nswirelesslinks in two majorrespectsi) the transmitandreceve interfaces
mustbe connectedo differentchannelsandii) thereis no ARP implementationCurrently the RadioPropagationModelis

aplaceholdefor usersto addmoredetailederrormodelsif sodesiredthe currentcodedoesnot usea propagatiormodel.

Network interfacescanbe addedwith thefollowing instprocof Class Node/SatNode :
$node add-interface Stype 3l Sqgtype $qlim  $mac $mac_bw $phy

The add-interface instprocreturnsan index value that can be usedto accesghe network interfacestacklaterin the
simulation.By convention,thefirst interfacecreatedon a nodeis attachedo the uplink anddownlink channelf a satellite
or terminal. Thefollowing parametersustbe provided:

3Traditionally the “right ascension’df the ascendingnodeis specifiedfor satelliteorbits—theright ascensiorcorrespondso the celestiallongitude. In
our casewe do not careaboutthe orientationin a celestialcoordinatesystem sowe specifythe earth-centridongitudeinstead.
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¢ type: Thefollowing link typescanbeindicated:geo or polar for links from aterminalto a geoor polarsatellite,
respectiely, gsl andgsl-repeater for links from a satelliteto a terminal,andintraplane , interplane
andcrossseam ISLs. Thetypefield is usedinternallyin the simulatorto identify the differenttypesof links, but
structurallythey areall very similar.

e |I: Thelink layertype(class LL/Sat is currentlytheonly onedefined).

e (type: The queuetype (e.g.,class Queue/DropTail ). Any queuetype may be used—however, if additional
parameterdeyond the length of the queueare neededthenthis instprocmay needto be modifiedto include more
arguments.

e glim: Thelengthof theinterfacequeuejn paclets.

e mac. The MAC type. Currently two typesaredefined: class Mac/Sat — a basicMAC for links with only one
recever (i.e., it doesnotdo collision detection)andClass Mac/Sat/UnslottedAloha —animplementatiorof
unslottedAloha.

e mac_bw Thebandwidthof thelink is setby this parameterwhich controlsthe transmissioriime how fastthe MAC
sends.Thepacletsizeusedto calculatethetransmissiorime is the sumof thevaluessize()  in thecommonpaclet
heademndLINK_HDRSIZE, whichis thesizeof ary link layerheadersThedefaultvaluefor LINK_HDRSIZE is 16
bytes(settablan satlink.h ). Thetransmissiortime is encodedn the pacletheadeffor useatthereceve MAC (to
simulatewaiting for awhole pacletto arrive).

e phy: The physicallayer- currentlytwo Phys(Class Phy/Sat andClass Phy/Repeater ) aredefined.The
classPhy/Sat just passthe informationup anddown the stack—asin the wirelesscodedescribedn Chapterl5, a
radio propagatiormodelcould be attachedat this point. The classPhy/Repeater pipesary packetsrecevedon a
receie interfacestraightthroughto atransmitinterface.

An ISL canbe addedbetweentwo nodesusingthe following instproc:

$ns add-isl  S$ltype $nodel $node2 $bw $qtype $glim
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This createswo channelgof type Channel/Sat ), and appropriatenetwork interfaceson both nodes,and attacheghe
channelgo the network interfaces.The bandwidthof thelink is setto bw. Thelinktype (Itype ) mustbe specifiedaseither
intraplane | interplane  , or crossseam .

A GSL involvesaddingnetwork interfacesand a channelon boardthe satellite (this is typically doneusing the wrapper
methodsdescribedn the next paragraph)andthendefiningthe correctinterfaceson theterrestrialnodeandattachingthem
to thesatellitelink, asfollows:

$node add-gsl S$type Sl $gtype $glim  $mac $bw_up $phy \
[$node_satellite set downlink_] [$node_satellite set uplink ]

Here,thetype mustbeeithergeo orpolar , andwe make useof thedownlink_  anduplink_  instvarsof thesatellite;
therefore the satellite5 uplink anddownlink mustbe createdbeforethis instprocis called.

Finally, the following wrappermethodscanbe usedto createnodesof a giventype and,in the caseof satellitenodes give
themanuplink anddownlink interfaceaswell ascreateandattachan uplink anddownlink channel:

$ns satnode-terminal $latitude $longitude

$ns satnode-polar $alt S$inc S$lon $alpha $plane S$linkargs $chan
$ns satnode-geo  $longitude $linkargs $chan

$ns satnode-geo-repeater $longitude $chan

wherelinkargs  isalist of link agumenbptionsfor thenetwork interfaceqi.e.,$ll  $qtype $glim  $mac $mac_bw
$phy ).

16.2.3 Handoffs

Satellitehandof modellingis a key componenbf LEO satellitenetwork simulations. It is difficult to predictexactly how
handofswill occurin futureLEO system$ecausehesubjectis notwell treatedn theliterature.In thesesatelliteextensions,
we establishcertaincriteriafor handofs, andallow nodesto independentlynonitorfor situationsthatrequirea handof. An
alternatve would beto have all handof eventssynchronizedcrosshe entiresimulation—it would not be difficult to change
the simulatorto work in suchamanner

Thereareno link handofs involving geostationargatellites but therearetwo typesof links to polar orbiting satellitesthat
mustbehandedff: GSLsto polarsatellitesandcrossseantSLs. A third typeof link, interplanelSLs, arenothandedff but
aredeactvatedat high latitudesaswe describebelow.

Eachterminalconnectedo a polarorbiting satelliterunsatimer that, uponexpiry, causeshe HandoffManager to check
whetherthe currentsatellite hasfallen below the elevation maskof the terminal. If so,the handof managedetacheghe
terminalfrom that satellites up anddown links, and searcheshroughthe linkedist of satellitenodesfor anothermpossible
satellite. First, the “next” satellitein the currentorbital planeis checled—a pointerto this satelliteis storedin the Position
objectof eachpolar satellitenodeandis setduring simulationconfigurationusingthe Node/SatNode instproc”$node
set_next $next_node . If thenext satelliteis not suitable the handof managesearcheshroughthe remainingsatel-
lites. If it findsa suitablepolarsatelite it connectsts network interfacego thatsatellites uplink anddownlink channelsand
restartghe handof timer. If it doesnot find a suitablesatellite,it restartghetimer andtriesagainlater. If ary link changes
occur, theroutingagents notified.

Theelevationmaskandhandof 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,handofs mayberandomizedo avoid phaseeffectsby settingthe following variable:
HandoffManager set handoff _randomization_ 0; # 0 is false, 1 is true

If handoff_randomization_ is true,thenthenext handof interval is arandomvariatepickedfrom a uniform distribu-
tion across0.5 x term_handof f_int_, 1.5 * term_handof f_int_).

CrossseaniSLs arethe only type of ISLs that are handedoff. The criteria for handingoff a crossseamSL is whether
or not thereexists a satellitein the neighboringplanethatis closerto the givensatellitethanthe oneto whichiit is currently
connectedAgain,ahandof timerrunningwithin thehandof managepnthepolarsatellitedeterminesvhentheconstellation
is checledfor handof opportunities.CrossseaniSL handofs areinitiated by satellitesin the lower-numberecplaneof the
two. It is thereforepossiblefor a transientconditionto arisein which a polar satellitehastwo crossseanhSLs (to different
satellites).The satellitehandof interval is againsettabldrom OTcl andmayalsoberandomized:

HandoffManager/Sat set sat_handoff_int_ 10; # seconds

InterplaneandcrossseaniSLs are deactvatednearthe poles,becauséhe pointing requirementgor thelinks aretoo severe
asthesatellitedraw closeto oneanother Shutdavn of thesdinks is governedby a parameter:

HandoffManager/Sat set latitude_threshold 70; # degrees

Thevaluesfor this parametem the examplescriptsarespeculatie; the exactvalueis dependentiponthe satellitehardware.
Thehandof managercheckghelatitudeof itself andits peersatelliteuponahandof timeout;if eitheror bothof thesatellites
is above latitude_threshold_ degreedatitude(northor south),thelink is deactvateduntil both satellitesdrop below

thisthreshold.

Finally, if crossseaniSLs exist, therearecertainsituationsin which the satellitesdrav too closeto oneanotherin the mid-
latitudes(if the orbits arenot closeto beingpure polar orbits). We checkfor the occurenceof this orbital overlapwith the
following parameter:

HandoffManager/Sat set longitude_threshold_ 10; # degrees

Again, thevaluesfor this parametein theexamplescriptsarespeculatie. If thetwo satellitesareclosertogethelin longitude
thanlongitude_threshold degrees,the link betweenthemis deactvated. This parameteis disabled(setto 0) by
default—all defaultsfor satellite-relatedhoundvariablescanbe foundin ~ngtcl/lib/ns-sat.tcl.

16.2.4 Routing

The currentstatusof routingis thatit is incomplete.ldeally, oneshouldbe ableto run all existing nsrouting protocolsover
satellitelinks. However, mary of theexisting routing protocolsimplementedn OTcl requirethatthe corventionalnslinks be
used.Thensdevelopersareworking to remedythis situationsothatexisting routingimplementationgreindependenof the
underlyinglink objects.

With that beingsaid, the currentrouting implementatioris similar to Sessiorrouting describedn Chapter23, exceptthat
it is implementecentirelyin C++. Upon eachtopology change a centralizedrouting geniedetermineghe global network
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topology computesew routesfor all nodes,andusesthe routesto build a forwardingtable on eachnode. Currently the
slottableis keptby aroutingagenton eachnode,andpacketsnot destinedor agentson the nodearesentby default to this
routingagent.For eachdestinatiorfor which the nodehasa route,the forwardingtablecontainsa pointerto the headof the
correspondingutgoinglink. As notedin Chapter23, the useris cautionedthatthis type of centralizedrouting canleadto
minor causalityviolations.

Theroutinggenieisaclass SatRouteObject  andis createdandinvokedwith thefollowing OTcl commands:

set satrouteobject_ [new SatRouteObiject]
$satrouteobject_ compute_routes

wherethe call to compute_routes is performedafterall of the links andnodesin the simulatorhave beeninstantiated.
LiketheScheduler ,thereis oneinstanceof a SatRouteObjedh thesimulation,andit is accessely meansof aninstance
variablein C++. For example thecall to recomputeoutesafteratopologychangss:

SatRouteObject::instance().recompute() ;

Despitethe currentuseof centralizedrouting, the designof having a routing agenton eachnodewas mainly donewith
distributedroutingin mind. Routingpacletscanbe sentto port 255 of eachnode. The key to distributedrouting working
correctlyis for theroutingagentto be ableto determindrom whichlink a packetarrived. Thisis accomplishedby theinclu-
sionof aclass  Networkinterface objectin eachlink, which uniguelylabelsthelink onwhich the pacletarrived. A
helperfunctionNsObject* intf_to_target(int label) canbeusedto returnthe headof thelink corresponding
to agivenlabel. Theuseof routingagentgarallelsthatof themobility extensionsandtheinterestedeadercanturnto those
examplesto seehow to implementdistributedrouting protocolsin this framework.

The shortest-pathoutecomputationsisethe currentpropagatiordelayof alink asthe costmetric. It is possibleto compute
routesusingonly the hop countandnotthe propagatiordelays;in orderto do so,setthefollowing default variableto "false":

SatRouteObject set metric_delay "true"

Finally, for very large topologies(suchas the Teledesicexample), the centralizedrouting codewill producea very slow
runtimebecausdt executesanall-pairsshortespathalgorithmuponeachtopologychangeevenif thereis no datacurrently
beingsent.To speedup simulationsin which thereis not muchdatatransferbut therearelots of satellitesandISLs, onecan
disablehandof-drivenandenabledata-drivenroutecomputationsWith data-drvencomputationstoutesarecomputecdonly
whenthereis a paclet to send,andfurthermore a single-sourceshortest-patfalgorithm (only for the nodewith a pacletto
send)is executednsteadof anall-pairsshortespathalgorithm. Thefollowing OTcl variablecanconfigurethis option (which
is setto "false"by default):

SatRouteObject set data_driven_computation_ "false"

16.2.5 Trace support

Tracefilesusingsatellitenodesandlinks arevery similar to corventionalnstracingdescribedn Chapter21. SpecialSatTace
objects(class SatTrace derivesfromclass Trace ) areusedto logthegeographidatitudeandlongitudeof thenode
loggingthetrace(in the caseof a satellitenode thelatitudeandlongitudecorrespondo the nadirpoint of the satellite).

For example,a packeton alink from node66 to node26 might normally beloggedas:
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+ 1.0000 66 26 cbr 210 ------- 0 660 670 0 O

but in the satellitesimulation,the positioninformationis appended:

+ 1.0000 66 26 cbr 210 ------- 0 66.0 670 0 0 3790 -122.30 48.90 -120.94

In thiscasenode66is atlatitude37.90degrees|ongitude-122.30degreeswhile node26is aLEO satellitewhosesubsatellite
pointis at48.90degreedatitude,-120.94degreedongitude(negative latitudecorrespond$o south,while negative longitude
correspondso west).

Oneadditionis the Class Trace/Sat/Error , Which tracesary pacletsthatare erroredby an error model. The error
tracelogs pacletsdroppeddueto errorsasfollows, for example:

e 1.2404 12 13 cbr 210 ------- 0 120 130 O 0 -0.00 10.20 -0.00 -10.00

To enabletracingof all satellitelinks in the simulator usethe following commanddbefore instantiatingnodesandlinks:

set f [open out.tr w]
$ns trace-all $f

Thenusethe following line after all nodeandlink creation(andall error modelinsertion,if ary) to enabletracingof all
satellitelinks:

$ns trace-all-satlinks f

Specifically this will puttracingaroundthelink layer queuesn all satellitelinks, andwill put a receve tracebetweenthe
macandthe link layerfor receved paclets. To enabletracingonly on a specificlink on a specificnode,onemay usethe
command:

$node trace-inlink-queue $f S
$node trace-outlink-queue $f $i

wherei is theindex of theinterfaceto betraced.

Theimplementation®f the satellitetraceobjectscanbefoundin ~ngftcl/lib/ns-sat.tcland~ngsattrace.{cc,h}.

16.2.6 Error models

nserrormodelsaredescribedn Chapterl2. Theseerrormodelscanbesetto causepacletsto beerroredaccordingo various
probability distributions. Theseerror modelsare simpleanddon’t necessarilycorrespondo whatwould be experiencedn
an actualsatellitechannel(particularlya LEO channel).Usersarefree to definemoresophisticatearror modelsthat more
closelymatcha particularsatelliteervironment.

Thefollowing codeprovidesanexampleof how to addanerrormodelto alink:
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set em_ [new ErrorModel]

$em_ unit  pkt

$em_ set rate_ 0.02

$em_ ranvar [new RandomVariable/Uniform]
$node interface-errormodel $em_

Thiswill addanerrormodelto thereceve pathof thefirst interfacecreatedon node$node (specifically betweerthe MAC
andlink layer)—this first interfacegenerallycorrespondso the uplink anddownlink interfacefor a satelliteor a terminal(if
only oneuplink and/ordownlink exists). To addthe errormodelto a differentstack(indexedby 7), usethefollowing code:

$node interface-errormodel $em_ $i

16.2.7 Other configuration options

Givenaninitial configurationof satellitesspecifiedfor time 0, it is possibleto startthe satelliteconfigurationfrom ary arbi-
trary pointin timethroughtheuseof thetime_advance_  parametefthisisreallyonly usefulfor LEO simulations).During
the simulationrun, this will setthe positionof the objectto the positionat time Scheduler::instance().clock +
time_advance_  seconds.

Position/Sat set time_advance_ 0; # seconds

16.2.8 nam support

nam is not currentlysupported Addition of nam for GEOsatellitetopologiesis anactive work item. nam supportfor LEO
constellationss not planned(interestedisersareencouragedo developthis component).

16.2.9 Integration with other modules

Currenty thesesatelliteextensionsdo notinteroperatevith thewirelesscode,mobile-IPcode,andOTcl routingprotocols(in
particular multicast).Thisis anactive work item for thensdevelopersandmoresupportalongthesdineswill beaddedater.

16.2.10 Example scripts

Examplescriptscanbefoundin the ~ngtcl/ex directory including:

e sat-mixed.tcl A simulationwith amixture of polarandgeostationargatellites.
e sat-repeater.tcl Demonstratethe useof a simplebent-pipegeostationangatellite,andalsoerrormodels.
e sat-aloha.tcl Simulatesone hundredterminalsin a mesh-VSA configurationusing an unslottedAloha MAC

protocolwith a “bent-pipe” geostationangatellite. Terminalslistento their own transmissiongafter a delay),andif
they do not successfullyeceie their own paclket within atimeoutinterval, they performexponentialbacloff andthen
retransmithe paclet.
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name

“name” is the name of the structure containing the list head

= Ih_first “Ih_first” i§ a pointer of type *obji initialized to NULL
“lh_next” is a pointer of type *obj

“lh_prev” (of type **obj) is a pointer to the previous Ih_next
obj obj obj

NULL
<</

—Lihprev | | ih_prev |

Figure16.4: Linkedlist implementatiorin ns.

e sat-iridium.tcl Simulatesa broadband_EO constellationwith parametersimilar to that of the Iridium con-
stellation (with supportingscriptssat-iridium-links.tcl , sat-iridium-linkswithcross.tcl , and
sat-iridium-nodes.tcl ).

e sat-teledesic.tcl Simulatesa broadband_EO constellationwith parametersimilar to thoseproposedor the
288satelliteTeledesiconstellation(with supportingscriptssat-teledesic-links.tcl andsat-teledesic-
nodes.tcl ).

In addition,thereis atestsuitescriptthattriesto exercisealot of featuressimultaneouslyit canbefoundat ~ng'tcl/test/test-
suite-sat.tcl.

16.3 Implementation

The codefor the implementatiorof satelliteextensionscanbe found in ~ng{sat.h, sathanddf{cc,h}, satlink.{cc,h}, satn-
ode.{cc,h}, satposition.{cc,h},satroute.{cc,h},sattrace.{cc,h}},and ~ng'tcl/lib/ns-sat.tcl. Almost all of the mechanisnis
implementedn C++.

In this section,we focuson someof the key component®f the implementationnnamely the useof linked lists, the node
structure anda detailedlook atthe satellitelink structure.

16.3.1 Useof link edlists
Thereareanumberof linkedlists usedheavily in theimplementation:

e class Node maintainsa(static)list of all objectsof classNode in thesimulator ThevariableNode::nodehead
storesthe headof thelist. Thelinkedlist of nodesis usedfor centralizedrouting, for finding satellitesto handoff to,
andfor tracing.

e class Node maintainsa list of all (satellite)links on the node. Specifically the list is a list of objectsof class
LinkHead . The variablelinklisthead_ storesthe headof the list. The linked list of LinkHeadsis usedfor
checkingwhetheror notto handof links, andto discovertopologyadjacencies.

e class Channel maintainsa list of all objectsof classPhy on the channel. The headof the list is storedin the
variableif_head_ . Thislist is usedto determinethe setof interfaceson a channelthat shouldreceie a copy of a
paclet.
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class SatNode : public Node

SatPositiol

ffMgri

List of pointers: — L
node_head nodehead_ | |satLinkHead """ | [satLinkHead

linklist_head linklisthead_|
Channel* uplink_

Channel* downlink_
Other link Other link
objects objects

Figure16.5: Structureof class  SatNode .

Figurel6.4providesaschematiof how thelinkedlist is organized Eachobjectin thelist is linkedthrougha“LINK_ENTRY”
thatis aprotectednemberof theclass.Thisentrycontainsapointerto thenext itemin thelist andalsoapointerto theaddress
of the previous“next” pointerin the precedingobject. Variousmacrosfoundin ~nglist.h canbe usedto manipulatethelist;
theimplementatiorof linked-listsin nsis similarto thequeue implementatiorfoundin somevariantsof BSD UNIX.

16.3.2 Nodestructure

Figure16.5is a schematiof the maincomponent®f a SatNode . Thestructurebearsesemblancéo the MobileNode in
the wirelessextensions put thereare several differences.Lik e all ns nodes the SatNodehasan “entry” pointto a seriesof
classifiers.The addres<lassifiercontainsa slot tablefor forwardingpacketsto foreignnodes but sinceOTcl routingis not
used,all pacletsnot destinedfor this node(andhenceforwardedto the port classifier),are sentto the default target, which
pointsto aroutingagent.Packetsdestinednthenodefor port 255areclassifiedasrouting pacletsandarealsoforwardedto
theroutingagent.

Eachnodecontainsoneor more“network stacks"thatincludea genericSatLinkHead atthe entry point of thelink. The

SatLinkHead isintendedo serne asanAPI to getat otherobjectsin thelink structuresoit containsa numberof pointers
(althoughthe API herehasnot beenfinalized). Packetsleaving the network stackaresentto the nodes entry. An important
featureis thateachpacletleaving anetwork stackhasits iface_  field in thecommonpaclet headeicodedwith theunique
NetworklInterface index correspondingo thelink. This valuecanbe usedto supportdistributedrouting asdescribed
below.

Thebaseclassroutingagenisclass  SatRouteAgent it canbeusedn conjunctionwith centralizedouting. SatRouteAgents
containaforwardingtablethatresohesa paclet’'saddresso a particularLinkHeadtarget-it is thejob of the SatRouteOb-

ject to populatethis tablecorrectly The SatRouteAgenpopulatescertainfields in the headerandthensendsthe paclet

down to theappropratdink. To implementadistributedroutingprotocol,a new SatRouteAgentouldbe defined-this would
learnabouttopologyby noting the interfaceindex markedin eachpaclet asit cameup the stack—a helperfunctionin the
nodeintf_to_target() allowsit to resohe anindex valueto a particularLinkHead.

Therearepointersto threeadditionalobjectsin a SatNode.First, eachSatNodecontainsa positionobject,discussedn the
previoussection.SecondeachSatNodecontainsa LinkHandoffMgr ~ thatmonitorsfor opportunitieso handlinks off and
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from routing agent  to Node->entry

Sat/Drop | | Sat/Deque

Mac

‘ Phy_tx‘ ‘ Phy_rx‘

to SatChannel from SatChannel

Figure16.6: Detailedlook at network interfacestack.

coordinateshe handofs. Satellitenodesandterminalnodeseachhave their specializedrersionof a LinkHandofMgr.

Finally, a numberof pointersto objectsarecontainedn a SatNode.We discussedinklisthead_ andnodehead_ in
the previous subsection.Theuplink_  anddownlink_  pointersare usedfor corvenienceunderthe assumptiorthat, in
mostsimulations a satelliteor aterminalhasonly oneuplink anddownlink channel.

16.3.3 Detailedlook at satellite links

Figure 16.6 providesa more detailedlook at how satellitelinks are composed.In this section,we describehow paclets
move up anddown the stack,andthekey thingsto noteat eachlayer Thefile ~ngtcl/lib/ns-sat.tclcontainsthe variousQOTcl
instprocghatassembldinks accordingo Figure16.6. We describehe compositestructurehereinasa “network stack’ Most
of the codefor thevariouslink componentss in ~ngsatlink.{cc,h}.

Theentrypointto anetwork stackis the SatLinkHead object. TheSatLinkHeadbjectderivesfrom Class LinkHead ;

the aim of link headobjectsis to provide a uniform API for all network stacks.* The SatLinkHeadobjectcontainspointers
to theLL, Queue MAC, Error model,andboth Phy objects.The SatLinkHeadbbjectcanalsobe queriedasto whattype of

network stackit is—e.g.,GSL, interplanelSL, crossseantSL, etc.. Valid codesfor thetype  field arecurrentlyfoundin

~ng'sat.h. Finally, the SatLinkHeadstoresa booleanvariablelinkup_  thatindicateswhetherthelink to at leastoneother
nodeonthechannels up. The C++implementatiorof SatLinkHeads foundin ~ng'satlink.{cc,h}.

Pacletsleaving a nodepassthroughthe SatLinkHeadransparentlyto theclass  SatLL object. The SatLL classderives
from LL (link layer). Link layer protocols(like ARQ protocols)canbe definedhere. The currentSatLL assighsa MAC
addresgo the paclet. Notethatin the satellitecasewe do notusean AddressResolutionProtocol(ARP); insteadwe simply
usethe MAC index_ variableasits addressandwe usea helperfunctionto find the MAC addres®f the corresponding

“4In theauthors opinion,all network stacksin ns shouldeventuallyhave a LinkHeadobjectat the front—the classSatLinkHeadvould thendisappear
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interfaceof thenext-hopnode.Sinceclass LL derivesfromclass LinkDelay ,thedelay parameteof LinkDelay
canbeusedto modelary processinglelayin thelink layer; by defaultthis delayis zero.

The next objectan outgoingpaclet encounterss the interfacequeue.However, if tracingis enabledtracingelementamay
surroundthe queue asshavn in Figure16.6. This partof a satellitelink functionslike a corventionalns link.

Thenext layerdown is theMAC layer The MAC layerdraws pacletsfrom the queueg(or dequetrace)object—a handshaking
betweerthe MAC andthe queueallows the MAC to draw pacletsout of the queueasit needghem. The transmissiortime
of apacletis modelledin the MAC also—-the MAC computeghe transmissiordelayof the paclket (basedon the sumof the
LINK_HDRSIZE field definedin satlink.h andthesize field in the commonpacket header)anddoesnot call up for
anothemaclketuntil the currentonehasbeen‘sent” to the next layerdown. Thereforejt is importantto setthe bandwidthof
thelink correctlyatthislayer. For corveniencethetransmittime is encodedn the mac headerthis informationcanbeused
atthereceving MAC to calculatehow long it mustwait to detecta collision on a paclet, for example.

Next, thepacletis sentto atransmittinginterface(Phy_tx)of classSatPhy . Thisobjectjustsendghepacletto theattached
channel.We notedearlierin this chapterthat all interfacesattachedo a channelare partof the linked list for that channel.
Thisis nottruefor transmitinterfaces however. Only receve interfacesattachedo a channelcomprisethis linkedlist, since
only receve interfacesshouldgeta copy of transmittedpaclets. The useof separatéransmitandreceie interfacesmirrors

therealworld wherefull-duplex satellitelinks aremadeup of RF channelsat differentfrequencies.

Theoutgoingpacletis next sentto a SatChannel , which copiesthepacletto everyreceving interface(of classSatPhy )
onthechannel.The Phy_rxsendshe pacletto the MAC layer At the MAC layer, the pacletis heldfor the durationof its
transmissiortime (andary appropriatecollision detectionis performedif the MAC, suchasthe Aloha MAC, supportsit).
If the pacletis determinedo have arrived safelyatthe MAC, it next passeso anErrorModel  object,if it exists. If not,
the packet movesthroughary receve tracingobjectsto the SatLL object. The SatLL objectpasseghe paclket up aftera
processinglelay(again,by default,thevaluefor delay_ is zero).

The final objectthat a received paclet passeshroughis an objectof class  Networkinterface . This objectstamps
theiface_ field in the commonheademith the network stacks uniqueindex value. This is usedto keeptrack of which
network stacka pacletarrivedon. The pacletthengoesto theentry  of the SatNodgusually anaddres<slassifier).

Finally, “geo-repeatersatellitesexist, asdescribecdearlierin this chapter Geo-repeatemetwork stacksarevery simple-they
only containaPhy_txandaPhy rxof class RepeaterPhy , anda SatLinkHead Packetsrecevedby aPhy_rxaresent
to the Phy_txwithout delay The geo-repeatesatelliteis a degeneratesatellitenode,in thatit doesnot containthingslike
tracingelementshandof managersioutingagentspr ary otherlink interfacesotherthanrepeateinterfaces.

16.4 Commandsat a glance

Following is alist of commandselatedto satellitenetworking:

$ns_ satnode-polar <alt> <inc> <lon> <alpha> <plane> <linkargs> <chan>

This asimulatorwrappermethodfor creatinga polarsatellitenode.Two links, uplink anddownlink, arecreatedalongwith
two channelsuplink channelanddownlink channel<alt> is the polar satellitealtitude,<inc> is orbit inclinationw.r.t
equatoy<lon>is thelongitudeof ascendingiode <alpha>givestheinitial positionof the satellitealongthis orbit, <plane>
definesthe planeof the polarsatellite.<linkargs>is alist of link agumentoptionsthatdefinesthe network interface(like
LL, Qtype,Qlim, PHY, MAC etc).

$ns_ satnode-geo  <lon> <linkargs> <chan>

This is awrappemethodfor creatingageosatellitenodethatfirst createsa satnodeplustwo link interfaces(uplink and
downlink) plustwo satellitechannelguplink anddownlink). <chan>definesthe type of channel.
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$ns_ satnode-geo-repeater <lon> <chan>
Thisis awrappemethodfor makinga geosatelliterepeatenodethatfirst creates satnodeplustwo link interfaceg(uplink
anddownlink) plustwo satellitechannelguplink anddownlink).

$ns_  satnode-terminal <lat> <lon>
Thisis awrappemethodthatsimply createsaterminalnode.The<lat>and<lon> defineshelatitudeandlongitude
respectiely of theterminal.

$ns_ satnode <type> <args>
This is amoreprimitive methodfor creatingsatnode®f type <type>which canbepolar, geoor terminal.

$satnode add-interface <type> <lI> <qtype> <qglim> <mac_bw> <phy>
Thisis aninternalmethodof Node/SatNod¢hatsetsup link layer, maclayer, interfacequeueandphysicallayer structures
for the satellitenodes.

$satnode add-isl <ltype> <nodel> <node2> <bw> <qtype> <qlim>
This methodcreatesanISL (inter-satellitelink) betweerthetwo nodes.Thelink type (inter, intraor cross-seamBW of the
link, the queue-typeandqueue-limitareall specified.

$satnode add-gsl <ltype> <opt_lI> <opt_ifq> <opt_glim> <opt_mac> <opt bw> <opt phy>
<opt_inlink> <opt_outlink>

This methodcreatesa GSL (groundto satellitelink). Firsta network stackis createdhatis definedby LL, IfQ, Qlim, MAC,
BW andPHY layers.Next the nodeis attachedo the channelnlink andoutlink.

155



Chapter 17

Restructuring nsnodeand new node APIs

Therehasbeenrecentchangesnadeto structureof class Node in ns. This revisednodearchitecturenvould allow more
flexible andmodularisectonstructiorof differentnodedefinitionslike a MobileNodecapableof wirelesscommunicatioror
a HierNodethat supportshierarchicalrouting or just a simple Nodeor a completelynew nodetype. In this chaptemwe will
introducethenew nodeAPIs, discusghedifferencedetweertheold andnew OTcl interfacesandcomparehe advantage®f
this new structureovertheold one. Thefunctionsandprocedureselevantto the new nodeAPls maybefoundin ngtcl/lib/ns-
lib.tcl.

17.1 NewNodeAPI

The new node API consistsof two parts. The first part consistsof node-configuratiorand secondpart consistsof node-
creation. Soin orderto createa particulartype of nodes,we first have to configurefor the nodetype andthencreatethe
requirednumberof nodes.

17.1.1 Nodeconfiguration

Nodeconfigurationessentiallyconsistsof definingthe differentnodecharacteristicheforecreatingthem. They may consist
of thetype of addressingtructureusedin the simulation,definingthe network componentgor mobilenodesturning on or
off thetraceoptionsat Agent/Router/MAC levels, selectingthe type of adhocrouting protocolfor wirelessnodesr defining
theirenegy model. The nodeconfigurationAPl in its entiretylooksasthefollowing:

OPTION_TYPE AVAILABLE OPTION_VALUES

$ns_  node-config -addressingType flat  or hierarchical or expanded
-adhocRouting DSDVor DSRor TORAor AODV
-lIType LL
-macType Mac/802_11
-propType Propagation/TwoRayGround
-ifqType Queue/DropTail/PriQueue
-ifgLen 50
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-phyType Phy/WirelessPhy

-antType Antenna/OmniAntenna
-channelType Channel/WirelessChannel
-topolnstance $topo_instance
-wiredRouting ON or OFF
-mobilelP 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

The default valuesfor all theabove optionsareNULL except-addressingypewhosedefault valueis flat. The option-reset
canbeusedto resetall node-configparameterso their defaultvalue.

Thusnode-configuratioffior a wireless mobile nodethatrunsAODV asits adhocrouting protocolin a hierarchicatopology
would be asshavn belov. We decideto turn tracingon at the agentandrouterlevel only. Also we assumea topologyhas
beeninstantiatedvith "settopo[new Topography]".The node-configcommandvould look lik e thefollowing:

$ns_  node-config -addressingType hierarchical
-adhocRouting AODV
-lIType LL

-macType Mac/802_11

-ifqType  Queue/DropTail/PriQueue
-ifg,en 50

-antType  Antenna/OmniAntenna
-propType  Propagation/TwoRayGround
-phyType Phy/WirelessPhy
-topolnstance $topo

-channelType  Channel/WirelessChannel
-agentTrace ON

-routerTrace ON

-macTrace OFF

-movementTrace OFF

Note thatthe configcommandcanbe brokendown into separatdineslike

$ns_  node-config -addressingType hier
$ns_  node-config -macTrace ON

The optionsthat needto be changedmay only be called. For exampleafter configuringfor AODV mobilenodesasshowvn
above (andaftercreatingAODV mobilenodes)ywe may configurefor AODV base-statiomodesin the following way:

$ns_  node-config -wiredRouting ON
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While all otherfeaturedor base-statiomodesandmobilenodesresamethebase-statiomodesarecapableof wired routing,
while mobilenodesrenot. In this way we canchangenode-configuratiolnly whenit is required.

All nodeinstancesreatedafter a givennode-configuratiomommandwill have the samepropertyunlessa partor all of the
node-configcommands executedwith differentparameteralues.And all parameteraluesremainunchangedinlessthey
areexpicitly changed.So after creationof the AODV base-statiomnd mobilenodesif we wantto createsimplenodeswe
will usethefollowing node-configuratiocommand:

$ns_ node-config -reset

Thiswill setall parametewaluesto their default settingwhich basicallydefinesconfigurationof a simplenode.

17.1.2 NodeCreation

Oncethenodeof thegiventype hasbeenconfiguredasshown in the previoussubsectior{subsectiori7.1.1) the next stepis
to createthe nodes.The node-creatioAPI basicallylooks very similar to the old nodecreationAPI. Incaseof hierarchical
addressinghe nodeaddressasto be passedsanargumentasshovn below:

set node [$ns_ node]
## or
set node [$ns_ node $node_address] # incase of hierarchical
;# addressing.

Thusafterhaving configuredior AODV mobilenodesisshavn in the examplein the previoussubsectiorfsubsectiori7.1.1),
we createé’'n=4" AODV mobilenodessfollows:

set temp 1.00 1.01 1.0.2 103 # list  of node addresses
for set i O $i < $n) incr i
set node_($i) [$ns_ node [lindex  $temp $i]]
$node_($i) random-motion 0 # disable random motion

Thus4 mobilenodesirecreatedn cluster0 of domainl (1.0.*) .
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17.2 Comparisonof newAPI vsold API

Thenew nodeAPI differsconsiderablyrom theold methodof creatingnodesn ns. Following is alist of differencedbetween
thetwo:

New API Old API
ns_node-config ns_dsdv/dsr/tora-create-mobile-de
ns_node
No globalvariabledependeng Strongglobaldependeng
Nam supportexists (hamtrace-all-wireless) No namsupport
Enegy modelsupport No enegy model
Globalinstancefor channelandtopologyremoved | Globalinstance®f channelandtopology
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17.3 Advantagesof the newnodestructure

The revision of the nodestructurewas mainly madeto breakup the nodesrtuctureinto differentmodulesthatwould allow
mucheasierandefficientreconstructiorof a new nodetype andgive a cleanerandeasilyextensiblenodecreationinterface.
Theseveraladvantage®f the new nodestructureover the old modelis listed asfollows:

1. Thenew modularisechodearchitectureallows muchmoreflexibility. The API cannow be easilyextendedto include
otherfeatures/options thenodestructure.

2. Thenodestructurehasbeenbrokenup into differentmoduledik e the basicnodemodule(default) , the network stack,
the wired routing agent the adhocrouting agent,the enegy modeletc. And this allows sharingof commonmodules
within the nodestructurebetweerdifferenttypesof node.

3. Now we cancreatea new nodetypeby simply plumbing- donotneedto recreatehewholenode.Also thereis no need
to createnodeclasse®beying the Nodeclass-hierarchy

4. Themoreflexible, modular efficient andeasilyextensiblenodemodelthuspromotesasierandfasterfuture develop-
mentcomparedo the older, morerigid version.

17.4 Compatibility

Thenew nodeAPI doesnointerferewith ary of the older codesincludingthe OTcl interfacefor old nodeconstructionj.e it
is fully backwardcompatible.

17.5 Example scripts

Examplescriptsthat demonstratesseof new nodeAPI canbe foundin ngtcl/ex/wireless-demo-csci694.tcln this exam-
ple the new nodeAPI is usedto createmobilenodedor a wirelesssimulation. You can also seeexamples(wireless1.tcl,
wireless2.tcland wireless3.tcl)usedin wirelesschapters(chap IX and X) in the ns-tutorial available from http://www-
mash.cs.berdey.edu/ns/tutorial/indx.html .

17.6 Validation testsfor newnode API

Validationtestscriptfor new nodeAPI canbefoundin ngtcl/test/test-suite-wireless-lanwwaode.tcl

17.7 Commandsat a glance
Following is alist of new nodeAPIs thatarecommonlyusedin simulationscripts:

$ns_ node-config -<config-parameter> <optional-val>
This commands usedto configurenodes.The differentconfig-parameterareaddressingype, differenttype of the network
stackcomponentswhethertracingwill beturnedon or not, mobilelPflag is trunedor not, enegy modelis beingusedor not

160



etc. An option-resetmaybeusedto setthe nodeconfigurationto its default state.The default settingof node-configj.eif no
valuesarespecified createsa simplenode(baseclassNode)with flat addressing/routing-or the syntaxdetailsseesection
17.1.10f this chapter

$ns_ node <optional:node-address>

This commancdcreatesa nodeof thetype configuredby thecommandbns_  node-configure describedabove. This
returnsa handleto the nodethuscreated.Theoptionalargument<node-addressis passeanly incaseof creating
hierarchicahodes A node-addresis normallya stringdenotingthe hierarchicaladdresof thenode,viz."3.1.1".
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Chapter 18
Debugging ns

ngs a simulatorenginebuilt in C++ and hasan OTcl (Object-orientedTcl) interfacethat is usedfor configurationand
commandsThusin orderto delug nswve will have to dealwith dehuggingissuesnvolving bothOTcl andC++. This chapter
givesdeluggingtips at Tcl andC++ level andshowvs how to move to-fro the Tcl andC++ boundarieslt alsobriefly covers
memorydehuggingandmemoryconsenrationin ns

18.1 Tcl-level Debugging

Ns supportsDon Libs’ Tcl detugger( seeits Postscripdocumentatiorat http://expect.nist.go/tcl-delug/tcl-debug.ps.Zand
its sourcecodeat http://expect.nist.gwo/tcl-detug/tcl-detug.targz). Installthe programor leave thesourcecodein adirectory
parallelto ns-2andit will be built. Unlike expect, describedin the tcl-delug documentationwe do not supportthe -D

flag. To enterthe delugger addthe lines "delug 1" to your script at the appropriateocation. In orderto build ns with

the detuggingflag turnedon, configurens with configurationoption"—enable-debg" andincasethe Tcl dehuggerhasbeen
installedin adirectorynotparallelto ns-2,provide the pathwith configurationoption"—with-tcldebug=<give/you/pah/to/tcl-
dehug/library>".

An usefuldeluggingcommands $ns_  gen-map which maybe usedto list all OTcl objectsin araw form. Thisis useful
to correlatethe positionandfunction of anobjectgivenits name.The nameof the objectis the OTcl handle,usuallyof the
form _o### . For TclObjects thisis alsoavailablein a C++ delugger suchasgdb,asthis->name_

18.2 C++-Level Debugging

Deluggingat C++ level canbe doneusingary standardietugger Thefollowing macrofor gdb makesit easierto seewhat
happensn 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 codeanddehuggingTcl level stuff, onewantsto getatthe C-level classesand
vice versa.Thisis asmallishhint on how onecanmake thattaskeasier If you arerunningnsthroughgdb,thenthefollowing
incantation(shovn below) getsyou accesdo the Tcl dehugger Noteson how you canthenusethis dehuggerandwhatyou
cando with it aredocumentecbarlierin this chapterandatthis URL (http://expect.nist.go/tcl-delug/tcl-debug.ps.2.

(gdb) run
Starting program:  /nfs/prot/kannan/PhD/simulators/ns/n s-2/In 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
dbgl5.3> w

*0: application

15: lappend auto_path  /ust/local/lib/dbg
dbgl5.4> Simulator info instances
_ol

dbgl5.5> 0l now

0

dbgl5.6> # and other fun stuff
dbgl5.7> 073 info class

Classifier/Addr

dbgl5.8> 073 info vars

slots_ shift  off ip_  offset off flags_ mask_ off_cmn_
dbgl5.9> ¢

(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=0xefffcdcO0) at classifier-addr.cc:63

(gdb)

In alike mannerif you have startednsthroughgdb, thenyou canalwaysgetgdb’s attentionby sendinganinterrupt,usually
a<Ctrl-c>  onberkeloidrones However, notethatthesedo tamperwith the stackframe,andon occasionmay (sometimes
can(andrarely, does))scrav up the stacksothat,you maynotbein a positionto resumesxecution.To its credit,gdbappears
to besmartenoughto warnyou aboutsuchinstancesvhenyou shouldtreadsoftly, andcarrya big stick.
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18.4 Memory Debugging

Thefirst thing to doif you run out of memoryis to make sureyou canuseall the memoryon your system.Somesystemsy
defaultlimit the memoryavailablefor individual programgo somethingessthanall availablememory To relaxthis, usethe
limit or ulimit command.Theseareshellfunctions—se¢he manualpagefor your shellfor details.Limit is for csh,ulimit is
for sh/bash.

Simulationsof large networkscanconsumea lot of memory Ns-2.0b17supportsGray Watsons dmalloclibrary (seeits web

documentatiomthttp://wwwiletters.com/dmallo@ndgetthesourcecodefrom ftp://ftp.letters.com/src/dmalloc/dmalloc.tgr
). To addit, install it on your systemor leave its sourcein a directoryparallelto ns-2andspecify—with-dmallocwhencon-

figuring ns. Thenbuild all component®f nsfor which you wantmemoryinformationwith detuggingsymbols(this should

includeatleastns-2,possiblytclcl andotcl andmaybealsotcl).

18.4.1 Usingdmalloc
In orderto usedmallocdo the following:

e Defineanalias

for csh: alias dmalloc ‘’eval ‘“\dmalloc -C \I*
for bash: function dmalloc { eval ‘command dmalloc -b $* }

e Next turndeluggingon by typingdmalloc  -I  lodfile low
¢ Runyour program(which wasconfiguredandbuilt with dmallocasdescribedabove).

¢ Interpretiogfile by runningdmalloc_summarize ns <logfile . (Youneedodownloaddmalloc_summarize
separately

On someplatformsyou may needto link things statically to get dmallocto work. On Solaristhis is done by linking
with theseoptions: "-Xlinker -B -Xlinker -static libraries -Xlinker -B -Xlinker -dynamic
-ldl - -IX11  -IXext" . (You'll needto changeMakefile. Thanksto HaoboYu andDoug Smithfor working this out.)

We caninterpretasamplesummaryproducedrom this proces®nns-2/tcl/ex/newmcast/cmcast-100.talith anexit statement
afterthe 200'th duplex-link-of-interefacesstatement:

Ns allocates6MB of memory

1MB is dueto TclObject::bind

900KB is StringCreateall in 32-bytechunks

700KB is NewVar, mostlyin 24-bytechunks

Dmalloc_summarizenustmap function namesto andfrom their addresseslt often cant resole addressefor sharedli-
braries,soif you seelots of memoryallocatedby thingsbeginningwith “ra=", that's whatit is. The bestway to avoid this
problemis to build nsstatically(if notall, thenasmuchaspossible).

Dmalloc’s memoryallocationschemds someavhatexpensve, plustheres bookkeepingcosts.Programdinkedagainsidmal-
loc will consumanorememorythanagainstmoststandardnallocs.

Dmalloccanalsodiagnoseothermemoryerrors(duplicatefrees,buffer overruns etc.). Seeits documentatiorior details.
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18.4.2 Memory Consewation Tips

Sometipsto saving memory(someof theseuseexamplesfrom the cmcast-100.tcscript): If you have mary links or nodes:

Avoidtrace-all : $ns trace-all $f causegraceobjectsto be pushedon all links. If you only wantto traceone
link, theres no needfor this overhead Saving is about14 KB/link.

Usearrays for sequencesf variables: Eachvariable,sayn$i inset n$i [$ns node] , hasacertainoverheadlIf a
sequencef nodesarecreatecasanarray i.e. n($i) , thenonly onevariableis createdconsumingmuchlessmemory
Saving is about40+ Byte/ariable.

Avoid unnecessaryariables: If anobjectwill notbereferredto lateron,avoid namingtheobject.E.g.set cmcast(1)
[new CtrMcast $ns $n(1) S$ctrmcastcomp  [list 1 1]] would bebetterif replacedoy new CtrM-
cast $ns $n(1) $ctrmcastcomp  [list 1 1] . Saingis about80 Byte/variable.

Run ontop of FreeBSD: malloc() overheadon FreeBSDis lessthanon someothersystems.We will eventuallyport that
allocatorto otherplatofrms.

Dynamic binding (NEW) : Usingbind() in C++ consumesnemoryfor eachobjectyou create.This approacttanbevery
expensveif you createmary identicalobjects.Changingbind()  to delay_bind() changeghis memoryrequire-
mentto perclass.Seensobject.ccfor anexampleof how to do binding, eitherway.

18.4.3 Somestatisticscollectedby dmalloc

A memoryconsumptiorproblemoccuredin recentsimulations(cmcast-[150,200,250cl), so we decidedto take a closer
look at scalingissue.Seepagehttp://www-mash.cs.begkey.edu/rs/ns-scalinditml which demostratethe effortsin finding
thebottineck.

Thefollowing tablesummarisesheresultsof investigatingthe bottleneck:

KBytes cmcast-50.tcl(21Links) | cmcast-100.tcl(95Qinks)
trace-all 8,084 28,541
turn off trace-all 5,095 15,465
usearray 5,091 15,459
remove unnecessayariables 5,087 15,451
onSunOS 5,105 15,484

18.5 Memory Leaks

This sectiondealswith memoryleakproblemsin ns bothin Tcl aswell asC/C++.

18.5.1 OTcl

QOTcl, especiallyTcICL, providesawayto allocatenew objects.However, it doesnotaccordinglyprovide agarbageollection
mechanisnfor theseallocatedobjects.This caneasilyleadto unintentionaimemoryleaks.Important:tools suchasdmalloc
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andpurify areunableto detectthis kind of memoryleaks.For example,considetthis simplepieceof OTcl script:

set ns [new Simulator]
for set i 0 $i < 500 incr i
set a [new RandomVariable/Constant]

Onewould expectthatthe memoryusageshouldstaythe sameafterthefirst Random\ariableis allocated However, because
OTcl doesnot have garbagecollection, whenthe secondRandom\ariableis allocated,the previous oneis not freed and
henceresultsin memoryleak. Unfortunately thereis no easyfix for this, becauseyarbagecollectionof allocatedobjectsis
essentiallyincompatiblewith the spirit of Tcl. The only way to fix this now is to alwaysexplicitly free every allocatedOTcl
objectin your script,in the sameway thatyou take careof malloc-edobjectin C/C++.

18.5.2 C/C++

Anothersourceof memoryleakis in C/C++. This is mucheasierto track giventools that are specificallydesignedor this
task, e.g.,dmallocandpurify. nshasa specialtargetns-pureto build purified ns executable.First make surethatthe macro
PURIFY in the ns Makefile containstheright -collectorfor your linker (checkpurify manpageif you don’t know whatthis
is). Thensimplytypemake ns-pure . Seeearliersectionsn this chapteronhow to usenswith libdmalloc.
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Chapter 19

Energy Model in ns

Enegy Model, asimplementedn ns is a nodeattribute. The enegy modelrepresentdevel of enegy in a mobile host.
The enegy modelin a nodehasa initial valuewhich is thelevel of enegy the nodehasat the beginning of the simulation.
This is known asinitialEnergy . It alsohasa given enegy usagefor every paclet it transmitsandreceves. These
arecalledtxPower_ andrxPower_ . Thefiles wherethe enegy modelis definedare ns/enegymodel[.ccand.h]. Other
functions/methodslescribedn this chaptermay be foundin ns/wireless-phgc, ns/cmu-trace.ccns/tcl/lib[ns-libtcl, ns-
node.tcl,ns-mobilenode.tcl].

19.1 The C++ EnergyModel Class

Thebasicenegy modelis very simpleandis definedby classEnegyModelasshovn below:

class EnergyModel : public  TclObject

public:

EnergyModel(double energy) energy_ = energy;

inline double energy() return  energy_;

inline void setenergy(double e) energy_ = €

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 the EnegyModel Classdefinition above, thereis only a singleclassvariableenergy  which representshe
level of enegy in thenodeat ary giventime. The constructofEnelgyModel(enegy) requirestheinitial-eneigy to be passed
alongasa parameterThe otherclassmethodsareusedto decreas¢he enegy level of the nodefor every paclettransmitted
( DecrTxEnergy(txtime, P_tx) ) andevery paclet receved ( DecrRcvEnergy  (rcvtime, P_rcv) ) by the
node.P_tx andP_rcv arethetransmittingandreceving power (respectiely) requiredby the nodesinterfaceor PHY. At
the beginning of simulation,energy _ is setto initialEnergy whichis thendecrementefor every transmissiorand
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receptionof pacletsat the node. Whenthe enepgy level at the nodegoesdown to zero,no morepacletscanbe recevedor
transmittedby thenode.If tracingis turnedon,line DEBUG: node <node-id> dropping pkts due to energy
= 0 is printedin thetracefile.

19.2 The OTcl interface

Sincetheenegy modelis anodeattribute, it maybe definedby thefollowing nodeconfigurationAPIs:

$ns_  node-config -energyModel  $energymodel \
-rxPower  $p_rx \
-txPower  $p_tx \
-initialEnergy $initialenergy

Optionalvaluesfor above configurationparametersf the enegy modelaregivenin thefollowing table:

Attrib ute optional values default values
-enegyModel "EnemgyModel" none

-rxPower receving powerin watts(e.g0.3) 281.8mwW

-txPower transmittingpowerin watts(e.g0.4) 281.8mwW
-initialEnergy enegy in joules(e.g0.1) 0.0

168



Part Il

Support

169



Chapter 20

Mathematical Support

The simulatorincludesa small collectionof mathematicafunctionsusedto implementrandomvariategeneratiorandinte-
gration. This areaof the simulatoris currentlyundegoingsomechanges.

The proceduresandfunctionsdescribedn this chaptercanbe foundin ~ns'rng.{cc, h}, ~nsrandom.{cc,h}, ~ngrarvar{cc,
h}, ~ngpareto.{cch}, ~ngexpoo.{cc,h}, ~ndtcl/lib/ns-random.ccand~ngintegrator{cc, h}.

20.1 Random Number Generation

The RNCclasscontainsanimplementatiorof the minimal standardnultiplicative linear congruentialgeneratoiof Park and
Miller [18].

Multiple instance®f the RNG classcanbe createdo allow a simulationto drawv randomnumbersrom independentandom
numberstreams.For instance a userwho wantsto generatehe sametraffic (basedon somerandomprocess)n 2 different
simulation experimentsthat comparedifferent dropping algorithmsthat are themseles basedon randomprocessesnay
chooséo basethetraffic generatioron onerandomnumberstreamandthedroppingalgorithmson anotherstream However,

whenusing multiple RNG objectsin a simulationcareshouldbe takento insurethat they are seededn sucha way asto

guaranteghatthey produceindependenthigh-qualitystreamsf randomnumbers We describeapproachet seecthe RNG

below.

Mostuserswill besatisfiedwith asingleinstanceof theRNG. Henceadefault RNG, createcht simulatorinitialization time,
is provided.

C++ Support  Thisrandomnumbergeneratois implementedy the RNG class, definedin ~ns'rng.h:

class RNG: public TclObject  {
enum RNGSources { RAW_SEED SOURCEPREDEF_SEED_SOURCH{EURISTIC_SEED_SOURCE;

/[ These are primitive but maybe useful.
inline int  uniform_positive_int() { /I range [0, MAXINT]
return  (int)(stream_.next());

}
inline double uniform_double() { /I 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 methodgeneratesandomintegersin the range[0,23! — 1]. In particular Additional
membeirfunctionsprovide thefollowing randomvariategeneration:

uniform (doubler) generatea floating-pointnumberuniformly distributedon [0, 7]
uniform (doublea, doubleb) generate floating-pointnumberuniformly distributedon [a, b]
exponential () generata floating-pointnumberexponentiallydistributed(with parametef) on [0, o)
integer (intk) generatanintegeruniformly distributedon [0, (k — 1)]

The Randomclass(in random.hjs anolderinterfaceto the standardandomnumberstream.

Here’s asampleuseof RNG modeledon RED. rng_is aninstanceof classRNG:

/I drop probability is computedpick randomnumberandact
double u = rng_->uniform_double();
if (u <= edv_.v_prob) {
edv_.count = 0;
if (edp_.sethit)
iph->flags() |= IP_ECN; [* ip ecnbit */
else
return  (1);

Seedingthe random number generator Whendoing simulationsoftenyou will eitherwantto getabsolutelyrepeatable
(deterministicyesultsor differentresultseachtime. Eachapproachrequiresa differentseedingnethod.

To get deterministicbehaior, invoke the set_seed () methodwith the first parameteritherRAW_SEED SOURCEr
PREDEF_SEED_SOURCHVith araw seedtheseconcharametespecifiesthenumericseedhatwill beused(ary integer).
The alternative is predefinedseedswherethe secondselectsseeddrom a tableof 64 known goodseedgwhich happeno
be about33 million stepsapartin the default randomnumbergeneratiorstream). Predefinedseedsare know to provide a
goodrandomnumberstream put therearelimited numbersof them. Rav seedsnay not provide a statisticallygoodrandom
numberstreambut areeasyto generate.
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To get non-deterministidehaior, pick a seedwith eitherRAW_SEED SOURCEr HEURISTIC_SEED_SOURCH-or
raw streamghe secondargumentspecifiesthe stream. For heuristicstreamghe secondargumentis ignoredanda seedis
generatedasedon the currenttime of dayanda counter Both have the caveatthatthey may not provide a statisticallygood
randomnumberstream It is very unlikely thatany two heuristicseedwill beidentical.

OTcl support TheRNG classcanbeaccessefrom OTcl. For example,anew RNG is createcandseededvith:

set rng [new RNG]

$mg seed O # seedghe RNGheuristically
$rng seed n # seedgthe RNGwith valuen
$rng next-random # returnthenext randomnumber
$rmg uniform a b ;# returna numberuniformlydistributedon|a, b]
$rng integer k # returnaninteger uniformlydistributedon [0, (k-1)]
$rng exponential # returna numberfroman exponentialdistribution with avetage 1.

Currentlythereis noway to selectpredefinedseedgrom OTcl.

20.2 Random Variables

Theclass RandomVariable providesathin layerof functionalityontop of the baserandomnumbergeneratoandthe
defaultrandomnumberstream It is definedin ~ngrarvar.h:

class RandomVariable : public TclObject {
public:
virtual double value() = 0;
int command(int argc, const char*const* argv);
RandomVariable();
protected:
RNG* rng_;
h

Classeslerived from this abstracttlassimplementspecificdistributions. Eachdistribution is parameterizeavith the values
of appropriatgparametersThevaluemethodis usedto returnavaluefrom thedistribution.

Thecurrentlydefineddistributions,andtheir associategharameterare:

class UniformRandomVariable min_, max_
class ExponentialRandomVariable avg_
class ParetoRandomVariable avg_, shape_
class ConstantRandomVariable val_
class HyperExponentialRandomVariable avg_,cov_

The Random\ariableclassis availablein OTcl. For instanceto createarandomvariablethatgeneratesumberuniformly on
[10, 20]:

set u [new RandomVariable/Uniform]
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$u set min_ 10
$u set max_ 20
$u value

By default, Random\ariableobjectsusethe default randomnumbergeneratodescribedn the previoussection.Theuse-rng
methodcanbe usedto associatea Random\ariablewith anon-defult RNG:

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
~ndintegratorh as

Fromintegratoch:
class Integrator : public TclObject  {
public:
Integrator();
void set(double X, double vy);
void newPoint(double X, double vy);
int  command(int argc, const char*const* argv);
protected:
double lastx_;
double lasty ;
double sum_;

2
Fromintegratorcc:
Integrator::Integrator() : lastx_(0.), lasty (0.), sum_(0.)
{
bind("lastx_", &lastx );
bind("lasty_", &lasty );
bind("sum_", &sum_);
}
void Integrator::set(double X, double )
{
lastx_ = x;
lasty  =y;
sum_ = 0,
}
void Integrator::newPoint(double X, double )
{
sum_ += (x - lastx ) * lasty_;
lastx_ = x;
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lasty = vy;

}
int  Integrator::command(int argc, const char*const* argv)
{
if (argc == 4) {
if  (strcmp(argv[l], "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 otherclassesuchasQueueMonitor thatkeeprunningsums.Eachnew element
of the runningsumis addedby the newPoint (X, y) function. After the kth executionof newPoint , the runningsumis
equalto Zle yi—1(x; — x;—1) wherexo = yo = 0 unlesdastx_ ,lasty_ , orsum_ areresetvia OTcl. Notethata new
pointin thesumcanbe addedeitherby the C++ membemewPoint or the OTcl membemewpoint . Theuseof integrals
to computecertaintypesof averagege.g. meanqueudengths)is givenin (pp. 429—430[11]).

20.4 ns-random

ns- r andomis an obsoleteway to generaterandom numbers. This information is provided only for backward com-
patibility .

ns-random isimplementedn ~ngmisc.{cc,h}. Whencalledwith no argumentjt generatearandomnumberwith uniform
distribution between0 and MAXINT. Whenan integer argumentis provided, it seedshe randomgeneratewith the given
number A specialcasas whenns-random 0 is called,it randomlyseedshegeneratobasedn currenttime. Thisfeature
is usefulto producenon-deterministicesultsacrossuns.

20.5 Somemathematical-supportrelatedobjects

INTEGRATOR OBJECTS IntegratorObjectssupportthe approximatecomputatiorof continuousntegralsusingdiscretesums.
Therunningsum(intgral)is computedas:sum_ += [lasty * (x lastx )]  where(x,y) isthelastelemenentered
and (lastx_,lasty )wasthe elementpreviousto thataddedto the sum. lastx_andlasty areupdatedasnew elementsare
added.Thefirst samplepointdefaultsto (0,0) thatcanbe changedy changinghevaluesof (lastx_,lasty )$integrator
newpoint  <x> <y>

Add thepoint (x,y) to thesum.Notethatit doesnot make senseor x to belessthanlastx_.

Thereareno configurationparameterspecificto this object.

StateVariablesare:

lastx_ x-coordinateof thelastsamplepoint.
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lasty_ y-coordinateof thelastsamplepoint.

sum_ Runningsum(i.e. theintegral) of the samplepoints.

SAMPLES OBJECT SamplesObjectssupportthe computatiorof meanandvariancestatisticsfor agivensample.

$samples mean
Returnsmeanof thesample.

$samples variance
Returnsvarianceof the sample.

$samples cnt
Returnsa countof the samplepointsconsidered.

$samples reset
Resetthe Samplebjectto monitorafreshsetof samples.

Thereareno configurationparametersr statevariablesspecificto this object.

20.6 Commandsat a glance

Following is alist of mathematicasupportrelatedcommandsommonlyusedin simulationscripts:

set rng [new RNG]
This createsa new randomnumbergeneratar

$rng seed <0 or n>
Thiscommandseedshe RNG. If 0 is specifiedthe RNG is seededeuristically Otherwisethe RNG is seededvith the
value<n>.

$rng next-random
This returnsthe next 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 numberthathasexponentialdistribution with averagel.

set rv [new Randomvariable/<type of random-variable>]

This createsaninstanceof arandomvariableobjectthatgeneratesandomvariableswith specificdistribution. Thedifferent
typesof randomvariablesderivedfrom the baseclassare:

Random\ariable/Uniform Random\ariable/ExponentiaRandom\ariable/Rreto,Random\ariable/Constant,
Random\ariable/HyperExpondial. Eachof thesedistribution typesareparameterizeith valuesof appropriate
parameterskor detailsseesection20.2of this chapter

$rv use-rng  <rng>
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This methodis usedto associate@ randomvariableobjectwith a non-defiult RNG. Otherwiseby default, therandom
variableobjectis associateavith the defaultrandomnumbergeneratar
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Chapter 21

Trace and Monitoring Support

The proceduresndfunctionsdescribedn this chaptercanbefoundin ~ngtrace.{cc,h}, ~ngtcl/lib/ns-trace.tcl-ngqueue-
monitor{cc, h}, ~ndtcl/lib/ns-link.tcl, ~ngpaclet.h,~ngflowmon.cc,and~ngclassifierhash.cc.

Thereareanumberof waysof collectingoutputor tracedataon a simulation.Generallytracedatais eitherdisplayeddirectly

during executionof the simulation,or (more commonly)storedin a file to be post-processedndanalyzed.Therearetwo

primarybut distincttypesof monitoringcapabilitiescurrentlysupportedy thesimulator Thefirst, calledtraces recordeach
individual pacletasit arrives,departsoris droppedatalink or queue.Traceobjectsareconfigurednto a simulationasnodes
in the network topology, usuallywith a Tcl “Channel” objecthookedto them,representinghe destinationof collecteddata
(typically atracefile in thecurrentdirectory). The othertypesof objects calledmonitors, recordcountsof variousinteresting
quantitiessuchaspaclket andbyte arrivals,departuresetc. Monitors canmonitor countsassociateavith all paclets,or ona
perflow basisusinga flow monitorbelow (Section21.7).

To supporttraces,thereis a specialcommonheaderincludedin eachpaclet (this format is definedin ~ndpaclet.h as
hdr_cmn ). It presentlyincludesa uniqueidentifier on eachpaclet, a paclet type field (setby agentswhenthey gener
atepaclets),a paclet sizefield (in bytes,usedto determinethe transmissiorntime for paclkets),andan interfacelabel (used
for computingmulticastdistribution trees).

Monitors are supportediy a separatesetof objectsthatare createdandinsertedinto the network topologyaroundqueues.

They provideaplacewherearrival statisticeandtimesaregatheregandmake useof theclass  Integrator (Section20.3)
to computestatisticsovertime intervals.

21.1 Trace Support

Thetracesupportin OTcl consistof anumberof specializedtlassewisible in OTcl butimplementedn C++, combinedwith
asetof Tcl helperproceduresndclasseslefinedin thenslibrary.

All following OTcl classesaresupportedy underlyingC++ classeslefinedin ~ngtrace.cc.Objectsof the following types
areinserteddirectly in-line in the network topology:
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Trace/Hop tracea“hop” (XXX whatdoesthis meanexactly; it is not really usedXXX)
Trace/Enque apacketarrival (usuallyataqueue)
Trace/Deque apacletdeparturgusuallyataqueue)
Trace/Drop packetdrop(packetdeliveredto drop-taget)
Trace/Recv pacletreceve eventatthedestinatiomodeof alink
SnoopQueue/In oninput, collectatime/sizesample(passpacketon)
SnoopQueue/Out on output,collectatime/sizesample(passpacket on)
SnoopQueue/Drop ondrop,collectatime/sizesample(passpacketon)
SnoopQueue/EDrop onan"early" drop,collectatime/sizesample(passpacleton)

Objectsof the following typesare addedin the simulationanda referencecby the objectslisted above. They areusedto
aggreyatestatisticscollectedby the SnoopQueuebjects:

QueueMonitor receve andaggrejatecollectedsamplefrom snoopers
QueueMonitor/ED queue-monitocapableof distinguishingbetweeri'early” andstandarcacket drops
QueueMonitor/ED/Fleemon  perflow statisticsmonitor (manager)
QueueMonitor/ED/Flar  perflow statisticscontainer
QueueMonitor/Compat areplacementor a standardQueueMonitomwhennsvl compatibilityis in use

21.1.1 OfTcl Helper Functions

Thefollowing helperfunctionsmay be usedwithin simulationscriptsto helpin attachingtraceelementqsee~ng/tcl/lib/ns-
lib.tcl); they areinstanceprocedure®f the classSimulator:

flush-trace {}  flushbuffersfor all traceobjectsin simulation

create-trace { type file src dst } createa traceobjectof type type betweenthe given src and dest
nodes. If file is non-null, it is interpretedasa Tcl channelandis
attachedo the newly-createdtraceobject. The procedurereturns
thehandleto the newly createdraceobject.

trace-queue { n1 n2 file } arrangdor tracingonthelink betweemodesnlandn2. Thisfunc-
tion callscreate-tracesothe samerulesapplywith respecto thefile
argument.

trace-callback{ ns command } arrangeso callcommandwhenalineisto betraced.Theprocedure
treatscommandasastringandevaluatest for everyline traced.See
~ngtcl/ex/callback_demo.tdor additionaldetailson usage.

monitor-queue { nl1l n2 } this function calls the init-monitor function on the link be-
tweennodesnl andn2.

drop-trace { n1 n2 trace } thegiventraceobjectis madethedrop-tagetofthequeueassociated
with thelink betweemodesnl andn2.

Thecreate-trace {} procedures usedo createanew Trace objectof theappropriat&kind andattachanTcl I/O channel
toit (typically afile handle).Thesrc_ anddst_ fieldsareareusedby the underlyingC++ objectfor producingthetrace
outputfile sothattraceoutputcanincludethe nodeaddressedefiningthe endpointsof thelink whichis beingtraced.Note
thatthey arenotusedfor matcing. Specifically thesevaluesin nowayrelateto the packetheadesrc anddst fields,which
arealsodisplayedwhentracing. Seethe descriptionof the Trace classbelown (Section21.3).

Thetrace-queue functionenablesEnque, Deque, andDrop tracingonthelink betweemodesnl andn2. The Link
trace proceduras describedelon (Section21.2).
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The monitor-queue  functionis constructedsimilarly to trace-queue . By calling the link’s init-monitor pro-
cedure,t arrangedor the creationof objects(SnoopQueue andQueueMonitor  objects)which can,in turn, be usedto
ascertairtime-aggrgatedqueuestatistics.

Thedrop-trace  functionprovidesaway to specifya Queue’s droptargetwithout having a directhandleof the queue.

21.2 Library supportand examples

The Simulator  procedureslescribedabore requirethetrace andinit-monitor methodsassociatedvith the OTcl
Link class.Severalsubclassesf link aredefined,the mostcommonof which is calledSimpleLink . Thus,thetrace
and init-monitor methodsare actually part of the SimpleLink  classratherthanthe Link baseclass. The trace
functionis definedasfollows (in ns-link.tcl ):

#

# Build traceobijectsfor thislink and
# updatetheobjectlinkage
#
S

impleLink  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" }{
$enqgT_ target [$head_ target]
$head_ target $enqT_
# puts "head is i/f"
} else {
$engT_ target $head
set head_ $enqT_
# puts "head is not i/f"

This function establishe€nque, Deque, andDrop tracesin the simulator$ns anddirectstheir outputto I/O handle$f .
The function assumes queuehasbeenassociatedvith the link. It operatedy first creatingthreenew traceobjectsand
insertingthe Enque objectbeforethe queuethe Deque objectafterthe queueandthe Drop objectbetweerthequeueand
its previousdroptarget. Notethatall traceoutputis directedto thesamel/O handle.

Thisfunctionperformsoneotheradditionaltasks.It checkgo seeif alink containsanetwork interface,andif so,leavesit as
thefirst objectin the chainof objectsin thelink, but otherwiseinsertsthe Enque objectasthefirst one.
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Thefollowing functions,init-monitor andattach-monitor
sizesof aqueueassociateavith alink. They aredefinedasfollows:

SimpleLink  instproc
$self instvar
$self instvar

attach-monitors {
drophead_
set

set
set

snooplin_
snoopOut_
snoopDrop_

$insnoop
$outsnoop
$dropsnoop

$snoopin_  target $head
set head_ $snoopin_

$snoopOut_  target
$queue_ target

[$queue_
$snoopOut_

$snoopDrop_
$drophead_

target
target

[$drophead_
$snoopDrop_

set-monitor
set-monitor
set-monitor
$gmon

$snoopin_
$snoopOut_
$snoopDrop_
set gMonitor_

$gmon
$gmon
$gmon

of thislink. Returnthe nameof the objectthat
canbequeriedto determinehe avelage queuesize

EEE T

init-monitor
gMonitor_

impleLink  instproc
$self  instvar

{ ns

set
set
set
set

ns_ $ns

gtrace_  $qtrace

samplelnterval_
gMonitor_

$self  attach-monitors
[new SnoopQueue/Out]

set bytesint_
$gMonitor_

[new Integrator]
set-bytes-integrator
set pktsint_ [new Integrator]
$qMonitor_  set-pkts-integrator
return  $gMonitor_

Thesefunctions establishqueuemonitoring on the SimpleLink

plementedby constructingthree SnoopQueue objectsand one QueueMonitor
linked in arounda Queue in a way similar to Trace objects. The SnoopQueue/In(Out)
rivals(departuresindreportsthemto an associatedQueueMonitor
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gueue_ head_ snoopin_
gMonitor_

ns_ qtrace_

, areusedto createa setof objectsusedto monitorqueue

insnoop outsnoop dropsnoop gmon } {

snoopOut_  snoopDrop_

target]

target]

Insertobjectsthat allow usto monitorthe queuesize

gtrace  samplelnterval} {

samplelnterval_

$samplelnterval
[new QueueMonitor]

[new SnoopQueue/ln] '\
[new SnoopQueue/Drop]

$qMonitor_

$bytesint_

$pktsint_

objectin the simulatorns. Queuemonitoringis im-
object. The SnoopQueue objectsare
objectmonitorspaclet ar-
agent. In addition,a SnoopQueue/Out objectis



also usedto accumulatepaclket drop statisticsto an associatedQueueMonitor  object. For init-monitor the same
QueueMonitor objectis usedin all cases.The C++ definitionsof the SnoopQueue andQueueMonitor classesre
describedelow.

21.3 The C++ TraceClass

UnderlyingC++ objectsarecreatedn supportof theinterfacespecifiedn Section21.3andarelinkedinto thenetwork topol-

ogy asnetwork elementsThesingleC++Trace classis usedto implementheOTcl classe§race/Hop , Trace/Enque

Trace/Deque ,andTrace/Drop . Thetype field is usedto differentiateamongthevarioustypesof tracesary particu-
lar Trace objectmightimplement.Currently, this field may containoneof the following symboliccharacters#+ for enque,
- for dequeh for hop,andd for drop. The overall classis definedasfollowsin ~ngtrace.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_; /I 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); }
2

Thesrc_ ,anddst_ internalstateis usedto labeltraceoutputandis independentf thecorrespondindield namesn paclet
headersThemainrecv () methodis definedasfollows:

void Trace::recv(Packet* p, Handler* h)
{
format(type_, src_, dst, p);
dump();
/¥ had: if traceobjectnot attachedto anythingfreepadet */
if (target_ == 0)

Packet::free(p);
else
send(p, h); /* Connector::send() */

ThefunctionmerelyformatsatraceentryusingthesourcedestinationandparticulartracetypecharacterThedump function
writes the formattedentry out to the /O handleassociatedvith channel . Theformat 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., nsvl) sothatnsvl
post-processingcriptscontinueto operate Theimportantpiecesof its implementatiorareasfollows:

/I thisfunctionshouldretain somebadkward-compatibility,sothat
/I 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;

f* XXX */

/*  CBR'snowhaveseqnostoo */

if (t == PT_RTP|| t == PT_CBR)
seqno = rh->seqno();

else if (t == PT_TCP|| t == PT_ACK)

seqno = tcph->seqgno();
else
seqno = -1;

if  (Ishow_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() & Oxff, /I XXX
iph->dst() >> 8, iph->dst() & Oxff, /I 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 Ox%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() & Oxff, /I XXX
iph->dst() >> 8, iph->dst() & Oxff, /I XXX
seqno,

th->uid(), [* was p->uid_ */

tcph->ackno(),
tcph->flags(),
tcph->hlen());

This functionis somavhatuneleyant,primarily dueto the desireto maintainbackward compatibility. It formatsthe source,
destinationandtypefieldsdefinedin thetraceobject(notin the padet heades), the currenttime, alongwith variouspaclet

headeffields including, type of paclet (asa name) size,flags(symbolically),flow identifier, sourceanddestinationpaclet

headerfields, sequencenumber(if present),and uniqueidentifier The show_tcphdr_  variableindicateswhetherthe

traceoutputshouldappendcp headerinformation (ack number flags, headerdength) at the end of eachoutputline. This

is especiallyusefulfor simulationsusing FullTCP agentgSection28.3). An exampleof a tracefile (without thetcp header
fields) migh appeamasfollows:

+ 1.84375 0 2 cbr 210 ------- 0 0.0 3.1 225 610
- 184375 0 2 cbr 210 ------- 0 0.0 3.1 225 610
r 184471 2 1 cbr 210 ------- 1 3.0 1.0 195 600
r 184566 2 0 ack 40 ------- 2 32 01 82 602

+ 1.84566 O 2 tcp 1000 ------- 2 01 32 102 611
- 184566 0 2 tcp 1000 ------- 2 01 32 102 611
r 184609 0 2 cbr 210 ------- 0 0.0 3.1 225 610
+ 184609 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
- 18461 2 3 cbr 210 ------- 0 0.0 3.1 192 511

r 1.84612 3 2 cbr 210 ------- 1 30 1.0 196 603
+ 1.84612 2 1 cbr 210 ------- 1 3.0 1.0 196 603
- 184612 2 1 cbr 210 ------- 1 3.0 1.0 196 603
+ 184625 3 2 cbr 210 ------- 130 1.0 199 612

Herewe seel4 traceentries five enqueoperationgindicatedby “+” in thefirst column),four dequeoperationgindicatedby
“-"), four receve events(indicatedby “r"), andonedropevent. (this hadbetterbe a tracefragment,or somepacketswould
have justvanished!).The simulatedtime (in secondspat which eacheventoccurreds listedin the seconccolumn. The next
two fields indicatebetweenwhich two nodestracingis happening.The next field is a descriptve namefor the the type of
paclet seen(Section21.5). Thenext field is the paclet's size,asencodedn its IP header The next four charactersepresent
specialflag bits which may be enabled.Presentlyonly onesuchbit exists (explicit congestiomoatification,or ECN). In this
example,ECN is notused.The next field givesthe IP flow identifier field asdefinedfor IP version6.t. The subsequertiwo
fields indicatethe paclet’'s sourceand destinationnodeaddresseggespectiely. The following field indicatesthe sequence
number’ The lastfield is a uniquepaclet identifier Eachnew packet createdin the simulationis assigneda new, unique
identifier

1In nsv1, eachpacletincludedaclass field, whichwasusedby CBQ to classifypaclets. It thenfoundadditionaluseto differentiatebetweeriflows”
at onetracepoint. In nsv2, theflow ID field is availablefor this purposeput ary additionalinformation(which wascommonlyoverloadednto the class
field in nsv1) shouldbeplacedin its own separatdield, possiblyin someotherheader

2In nsv1, all paclets containeda sequencewumber whereasin ns v2 only thoseAgentsinterestedn providing sequencingwill generatesequence
numbers.Thus, this field may not be usefulin nsv2 for paclets generatedy agentsthathave not filled in a sequenceaumber It is usedhereto remain
backward compatiblewith nsv1.
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21.5 Packet Types

Eachpacletcontainsapaclettypefield usedby Trace::format to print outthetypeof paclketencounteredThetypefield
is definedin the TraceHeader class,andis consideredo be partof thetracesupport;it is notinterpretecelsavherein the
simulator Initialization of thetypefield in pacletsis performecby the Agent::allocpkt (void) method.Thetypefield is
setto integervaluesassociateavith the definition passedo the Agent constructo(Section9.6.3). The currently-supported
definitions,their values,andtheir associatedymblicnamesareasfollows (definedin ~ngpaclet.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 wuse 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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/I insert  new packet types here
PT_NTYPE// This MUSTbe the LAST one
h

Theconstructoof classp_info  gluestheseconstantsvith 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 the capabilityof trackingthe dynamicsof pacletsat a queue(or otherobject). A queuemonitor
tracks paclet arrival/departure/drostatistics,and may optionally computeaveragesof thesevalues. Monitoring may be
appliedall paclets(aggregatestatistics) or perflow statistics(usinga Flow Monitor).

Severalclassesreusedn supportinggueuemonitoring.Whenapacletarrivesatalink wherequeuemonitoringis enabledit
generallypasseshrougha SnoopQueue objectwhenit arrivesandleaves(or is dropped).Theseobjectscontainareference

to aQueueMonitor  object.

A QueueMonitor s definedasfollows (~ngqueue-monitacc):

class QueueMonitor : public TclObject {
public:
QueueMonitor() . bytesint_(NULL), pktsint_(NULL),
size (0), pkts_(0),
parrivals_(0), barrivals_(0),
pdepartures_(0), bdepartures_(0),

pdrops_(0), bdrops_(0),
srcld_(0), dstld_(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(); }, /I not here
virtual int command(int argc, const char*const* argv);

/I padketarrival 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))
bytesiInt_->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 the paclet andbyte countersa queuemonitormay optionallyreferto objectsthatkeepanintegral of thequeue
size over time usingIntegrator objects,which aredefinedin Section20.3.The Integrator classprovidesa simple
implementatiorof integral approximatiorby discretesums.

All boundvariablesbeginning with p refer to paclet counts,and all variablesbeginning with b refer to byte counts. The
variablesize_ recordsthe instantaneougueuesizein bytes,andthe variablepkts  recordsthe samevaluein paclets.
When a QueueMonitor is configuredto include the integral functions (on bytesor paclets or both), it computesthe
approximatentegral of the queuesize(in bytes)with respecto time overtheinterval [to, now], wheret, is eitherthe startof
thesimulationor thelasttime thesum__field of the underlyingintegrator classwasreset.

The QueueMonitor classis not derivedfrom Connector , andis not linked directly into the network topology Rather
objectsof the SnoopQueue class(or its derived classespareinsertedinto the network topology, andtheseobjectscontain
referenceso anassociatedjueuemonitor. Ordinarily, multiple SnoopQueue objectswill referto the samequeuemonitor.
Objectsconstructedut of theseclassesarelinkedin the simulationtopologyasdescribedabove andcall QueueMonitor
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out ,in ,ordrop proceduresdependingonthe particulartypeof snoopy queue.

21.7 Per-Flow Monitoring

A collectionof specializedctlassesreusedto to implementperflow statisticsgathering.Theseclassesnclude:
QueueMonitor/ED/Flowmon , QueueMonitor/ED/Flow , andClassifier/Hash . Typically, anarriving paclet
is inspectedo determineto which flow it belongs. This inspectionand flow mappingis performedby a classifierobject
(describedn section21.7.1).Oncethecorrectflow is determinedthepacletis passedo aflow monitor, whichis responsible
for collectingperflow state.Perflow stateis containedn flow objectsin a one-to-oneelationshipto the flows known by the
flow monitor. Typically, aflow monitorwill createflow objectson-demandvhenpacletsarrive thatcannotbe mappedo an
already-knaevn flow.

21.7.1 The Flow Monitor

TheQueueMonitor/ED/Flowmon  classis responsibléor managinghecreationof new flow objectswhenpacletsarrive
on previously unknown flows andfor updatingexisting flow objects.Becauset is a subclas®f QueueMonitor , eachflow
monitor containsan aggrejatecountof packet andbyte arrivals, departuresanddrops. Thus, it is not necessaryo createa
separat@ueuemonitorto recordaggreyatestatistics.It providesthefollowing OTcl interface:

classifier get(setxlassifierto mappacletsto flows
attach attachaTcl I/O channeto this monitor
dump dumpcontentsof flow monitorto Tcl channel
flows returnstringof flow objectnamesknown to this monitor

The classifier function setsor getsthe nameof the previously-allocatedobject which will perform paclet-to-flow
mappingfor theflow monitor. Typically, thetypeof classifierusedwill have to dowith thenotionof “flow” heldby theuser
Oneof thehashbasedclassifierghatinspectvariouslIP-level headeffieldsis typically usedhere(e.g.fid, src/dst,src/dst/fid).
Note that while classifiersusually receive paclets andforward themon to downstreamobjects,the flow monitor usesthe
classifieronly for its packet mappingcapability so the flow monitor actsasa passie monitor only and doesnot actively
forwardpaclets.

The attach  and dump functionsare usedto associatea Tcl I/O streamwith the flow monitor, and dump its contents
on-demandThefile formatusedby thedump commands describedelow.

Theflows functionreturnsa list of the namesof flows known by the flow monitorin a way understandabléo Tcl. This
allows tcl codeto interrogatea flow monitorin orderto obtainhandlego theindividual flows it maintains.

21.7.2 Flow Monitor Trace Format

The flow monitor definesa trace format which may be usedby post-processingcriptsto determinevariouscountson a
perflow basis.Theformatis definedby thefolling codein ~ngflowmon.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(), /I flowid

0, /I category

f->ptype(), I/l type (from common header)

f->flowid(), /I flowid  (formerly class)

f->src(),

f->dst(),

f->parrivals(), /I arrivals this  flow (pkts)

f->barrivals(), /I arrivals this flow (bytes)

f->epdrops(), /I early drops this flow (pkts)

f->ebdrops(), /I early drops this flow (bytes)

parrivals(), /[l all arrivals (pkts)

barrivals(), /[l all arrivals (bytes)

epdrops(), /I total early drops (pkts)

ebdrops(), /I total early drops (bytes)

pdrops(), /[l total drops (pkts)

bdrops(), /[l total drops (bytes)

f->pdrops(), /[ drops this flow (pkts) [includes edrops]

f->bdrops() /I drops this flow (bytes) [includes edrops]

);

h

Most of the fieldsare explainedin the codecommentsThe“category” is historical,but is usedto maintainloosebackward-
compatibilitywith the flow manageformatin nsversionl.

21.7.3 The Flow Class

The classQueueMonitor/ED/Flow is usedby the flow monitor for containingperflow counters. As a subclassof
QueueMonitor , it inheritsthe standarccounterdor arrivals,departuresanddrops,bothin packetsandbytes.In addition,
becauseeachflow is typically identified by somecombinationof the paclet source,destinationandflow identifier fields,
theseobjectscontainsuchfields. It's OTcl interfacecontainsonly boundvariables:

src_  sourceaddres®n packetsfor this flow
dst_  destinatioraddres®n pacletsfor this flow
flowid_ flow id on pacletsfor this flow

Note that pacletsmay be mappedto flows (by classifiers)using criteria otherthana src/dst/flavid triple. In suchcircum-
stancesonly thosefieldsactuallyusedby the classifierin performingthe paclet-flow mappingshouldbe consideredeliable.

21.8 Commandsat a glance

Following is a list of tracerelatedcommand€ommonlyusedin simulationscripts:
$ns_ trace-all <tracefile>
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Thisis thecommandusedto setuptracingin ns. All tracesarewrittenin 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> arethe x-y co-ordinategor the wirelesstopologyandall
wirelessnamtracesarewritten into the <namtracefile>.

$ns_ nam-end-wireless <stoptime>
This tells namthe simulationstoptime givenin <stoptime>.

$ns_ trace-all-satlinks <tracefile>
Thisis amethodto tracesatellitelinks andwrite tracesinto <tracefile>.

$ns_ flush-trace
This commandlusheghetracebuffer andis typically calledbeforethe simulationrun ends.

$ns_ get-nam-traceall
Returnghenamtracdile descriptorstoredasthe SimulatorinstancevariablecallednamtraceAllFile_

$ns_  get-ns-traceall
Similar to get-nam-traceallThis returnsthefile descriptorfor nstracefilewhich is storedasthe Simulatorinstancecalled
traceAllFile

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

This commancdcreatesa traceobjectof type <type>betweerthe <src>and<dst>nodes.Thetracesarewritteninto the
<file>. <op>is theargumentthatmaybe usedto specifythetype of trace like nam.if <op>is notdefinedthedefaulttrace
objectcreateds for nstraces.

$ns_ trace-queue <nl> <n2> <optional:file>
This is awrappemethodfor create-trace . Thiscommandcreatesatraceobjectfor tracingeventson thelink
representetdy thenodes<nl>and<n2>.

$ns_ namtrace-queue  <nl> <n2> <optional:file>
Thisis usedto createatraceobjectfor namtracingon thelink betweemodes<nl>and<n2>. This methodis very similarto
andis the namtracecounterparbf methodtrace-queue

$ns_  drop-trace <nl> <n2> <trace>
This commandnakesthe given<trace>objecta drop-tagetfor the queueassociatedvith thelink betweemodes<nl1>and
<n2>,

$ns_  monitor-queue <nl> <n2> <qgtrace> <optional:sampleinterval>
This setsup amonitorthatkeepstrackof averagequeudengthof the queueon thelink betweemodes<nl>and<n2>.The
defaultvalueof sampleinteralis 0.1.

$link  trace-dynamics <ns> <fileID> Tracethe dynamicsof thislink andwrite the outputto filelD filehandle.
nsis aninstanceof the Simulatoror MultiSim objectthatwascreatedo invoke the simulation.

Thetracefileformatis backwardcompatiblewith the outputfilesin thensversionl simulatorsothatns-1postprocessing
scriptscanstill beused.Tracerecordsof traffic for link objectswith Enque,Deque receve or Drop Tracinghave the
following form:

<code><time><hsrc><hdst><paclet>

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 thoseagentdnterestedn providing sequencingvill generatessequencaumbersandhencethis field may not be useful
for pacletsgeneratedby someagents For links thatuseRED gatevays,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 thatis usedto visualizethe ns simulationsandreal world paclet tracedata. The first
stepto usenamis to producea namtracefile. The namtracefile shouldcontaintopology informationlike nodes,links,
queuesnodeconnectvity etcaswell aspaclettraceinformation. In this chaptemwe shall describehe namtraceformatand
simplenscommands/APIshatcanbe usedto producetopologyconfigurationsandcontrolanimationin nam.

22.1 Nam Traceformat

The C++ classTraceusedfor nstracingis usedfor namtracingaswell. Descriptionof this classmaybefoundundersection
21.3. ThemethodTrace::format(definesnamformatusedin namtracefiles which areusedby namfor visualizationof ns
simulations.TraceclassmethodTrace::format(js describedn section21.4of chapter2l1. If the macroNAM_TRACE has
beendefined(by defaultit is definedin trace.h) thenthefollowing codeis executedaspartof the Trace::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);

Everyline in anamtracefile follows this format:
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<event-type> -t <time>

Dependingonthe eventtype,therearedifferentflagsfollowing thetime flag.

In the following we describenamtraceeventformatin 7 classespaclet, node,nodemark, link/queue,agent,feature,and
miscellaneous.

22.1.1 Packet Traces

Whenatraceline describes paclet, the eventtype maybe+ (enqueue); (dequeue); (receive),d (drop),or h (hop).

'h’ Hop: Thepacletstartedto betransmitteconthelink from src_addto dst_addiandis forwardedto thenext_hoptowards
its dst_addr

r' Receve: The pacletfinishedtransmissiorandstartedto berecevedatthedestination.

'd Drop: The packet was droppedfrom queueor link from src_addrto dst_addr Drop heredoesnt distinguishbetween
droppingfrom queueor link. Thisis decidedby thedroptime.

'+ Enterqueue:Thepacletenteredhe queuefrom src_addto dst_addr

2" Leave queue:Thepacletleft thequeuefrom src_addto dst_addr

Theotherflagshave thefollowing meaning:

-t <time> is thetime theeventoccurred.
-s<src> is theoriginatingnode.
-d <dst> isthedestinatiomode.

-p <pkt-type> isthedescriptve nameof thetypeof pacletseen.Seesection21.5for thedifferenttypesof pacletssupported
inns

-e <extent> is thesize(in bytes)of the paclet.

-c <corv> isthecorwversatiorid or flow-id of thatsession.

-i <id> isthepacketid in thecorversation.

-a<attr> is thepacletattribute, whichis currentlyusedascolorid.

-X <src-na.pa><dst-sa.na><seqg><flags><sname> is takenfrom ns-tracesindit givesthe sourceanddestinatiomodeand
portaddressesequencaumber flags(if any) andthetype of messageFor example -x 0.1 -2147483648.0
-1 SRM_SESS denotesan SRM messagéeingsentfrom node0 (port 1).

In additionto the above namformat for paclet eventsthere are nam tracesthat provide information aboutnam version,
hierarchicabddressingtructure node/link/queustatesnode-marksprotocolstatescolorandannotationsThesenamtrace
outputstypically have thefollowing letters(or tags)astheir first field andthey representhe following tracetypes:n (hode
state),m (nodemarking),l (link state),q (queue)a (protocolstate)f (protocolstatevariable),V (namversion),A (hierarchy
information),c (hamcolor) 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>

o0 <color>

"n" denoteghe nodestate.Flags"-t" indicatestime and"-a" and"-s" denoteghe nodeaddresandid. "-S" givesthenode
statetransition. The possiblevalues:

¢ UP, DOWN indicatesnoderecovery andfailure.

¢ COLORIindicatesnodecolorchangelf COLORIs given,afollowing-c <color> is expectedwhich givesthenew
colorvalue.Also, flag-o is expectedsothatbacktracingcanrestorethe old color of anode.

e DLABEL indicatesaddition of label to node. If DLABEL is given, a following -l <old-label>-L <new-label>is
expectedthatgivestheold-label,if any (for backtracingandcurrentlabel. Shapegivesthe nodeshape The color of a
nodelabelcanbespecifiedvia the-i flag.

As anexample theline
n-t *-ad4-s 4-S UP-v circle -c tan -i tan
definesanodewith addressndid of 4 thathasthe shapeof 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> -0 <color>
andcanbedeletedby:

m -t <time> -n <mark name> -s <node> -X

Notethatoncecreatedanodemarkcannotchangets shape Thepossiblechoicesfor shapesre,circle, squareandhexagon.
They aredefinedaslower-casestringsexactly asabove. A namtraceshonving nodemarkis:

m-t 4 -s 0 -n ml-c blue -h circle

indicatingnode0 is markedwith abluecircle attime 4.0. Thenameof the markis m1.

22.1.4 Link/Queue State
Thenamtracefor link andqueuestatesaregivenby (respectiely):

| -t <time> -s <src> -d <dst> -S <state> -c <color> -0 orientation -r <bw> -D <delay>
g -t <time> -s <src> -d <dst> -a <attr>
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where<state> and<color> indicatethesameattributes(andthesameormat)asdescribedbovein thenodestatetraces.
Flag-o givesthelink orientation(anglebetweerlink andhorizontal).Flags-r and-D givethebandwidth(in Mb) anddelay
(in ms),respectrely. An exampleof alink traceis:

|l t *-s 0-d 1-S UP-r 1500000 -D 0.01 -c black -o right

Queuesarevisualizedin namasa straightline alongwhich paclets(smallsquaresparepaclked. In queuetraceevents,flag

-a specifiegheorientationof theline of thequeug(anglebetweerthequeudine andthehorizontalline, counterclockwise).
For example,the following line specifiesa queuethat grows vertically upwardswith respecto the screenhere0.5 means
theangleof thequeudine is 7):

qg-t *-s 0-d 1-a 05

22.1.5 AgentTracing

Agenttraceeventsareusedto visualizeprotocolstate. They arealwaysassociateavith nodes.An agenteventhasa name,
whichis auniqueidentifier of theagent.An agentis shavn asa squarewith its nameinside,anda line link the squareto its
associatethode

Agenteventsareconstructedisingthefollowing format:

a -t <time> -n <agent name> -s <src>

Becausén ns, agentanaybe detachedrom nodesanagentmaybe“destructed’in namwith:

a -t <time> -n <agent name> -s <src> -X

For example thefollowing namtraceline createsanagentnamedsrm(5) associateavith node5 attime O:

a -t 0.00000000000000000 -s 5 -n srm(5)

22.1.6 Variable Tracing

To visualizestatevariablesassociatedvith a protocolagent,we usethe featuretraceevents.Currentlywe allow a featureto

displaya simplevariable,i.e.,avariablewith asinglevalue. Noticethatthe valueis simpletreatedasa string (without white

space) Every featureis requiredto beassociateavith anagent.Then,it canbe addedor modifiedat any time afterits agent
is created Thetraceline to createafeatureis:

f -t <time> -s <src> -a <agentname> -T <type> -n <varname> -v <value> -0 <prev value>

Flag<type> is*“l" for alist, “v” for asimplevariable, s” for astoppedimer, “u” for anup-countingiimer, “d” for adown-
countingtimer. However, only “v” isimplementedn ns Flag-v <value> givesthe new valueof the variable. Variable
valuesaresimpleASCII stringsobeying the TCL stringquotingcorventions List valuesobey the TCL list corventions.Timer
valuesare ASCII numeric. Flag-o <prev value> givesthe previousvalue of 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(l) -v 2.25000

Featuresnaybedeletedusing:

f -t <time> -a <agent name> -n <var name> -0 <prev value> -X

22.1.7 MiscellaneousTrace Events

Thereareothertraceeventsin additionto theformatsdescribedabove:

Annotation This eventis representetly eventtype“v”. It is usedfor genericannotation:

v -t <time> <TCL script string>

T VA

Noticethatthis eventis very generic,in thatit mayincludeanarbitrarytcl scriptto be executedatagiventime, aslong
asit is in oneline (no morethan256 characters) Theremay be white spacesn the string. The orderof 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’sannotatiorpane.

Color Namallows oneto associatecolor nameswith integers. This is very usefulin coloring paclets,whereflow id of a

pacletis usedto colorthe paclket usingthe correspondingolor:

c -t <time> -i <color id> -n <color name>

Noticethecolor nameshouldbe oneof thenamedistedin color databasén X11 (/fusr/X11/lib/gb.txt).

Version Thefollowing line definethe namversionasrequiredto visualizethe giventrace:

V -t <time> -v <version> -a <attr>

Normally thereis only oneversionstringin a giventracefile,andit is usuallythefirst line of thefile.

Hierar chy Hierarchicaladdressnformationis definedby:

A -t <time> -n <levels> -0 <address-space size> -c <mcastshift>

h <nth level> -m <mask in nth level> -s <shift in nth level>

-a <mcastmask> -

This tracegivesthe detailsof hierarchyif hierarchicaladdressings beingusedfor simulation.Flag-n <levels>

indicatethe total numberof hierarchicaltiers, which is 1 for flat addressing? for a 2-level hierarchyetc. Flag-o
<address space size> denoteghetotalnumberof bitsusedfor addressingFlag-h <nth level>
thelevel of theaddressiierarchy Flag-m <mask> and-s <shift> describeghe addressnaskandthebit shift
of agivenlevelin theaddressierarchyrespectrely. Hereis anexampleof atracefor topologywith 3 level hierachy:

*-n 3 -p 0 -0 OXFrffffff -c 31 -a 1l
* -h 1 -m 1023 -s 22

-t * -h 2 -m 2047 -s 11
* -h 3 -m 2047 -s O

>>>>

specifies

Thefunctionsthatimplementhedifferentnamtraceformatsdescribedbose maybefoundin thefollowing files: ngtrace.cc,

ndtrace.hng'tcl/lib/ns-namsupp.tcl.
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22.2 Nscommandsfor creating and controlling nam animations

This sectiondescribeglifferentAPlsin nghatmaybeusedto manipulatenamanimationgor objectslik e nodes|inks, queues
andagents.Theimplementatiorof mostof theseAPIsis containedn ndtcl/lib/ns-namsupp.tcIDemonstratiorof namAPIs
may befoundin ngtcl/ex/nam-example.tcl.

22.2.1 Node

Nodesare createdfrom the “n” traceeventin tracefile. Eachnoderepresents hostor a router Namterminatesf there
areduplicatedefinitionsof the samenode. Attributesspecificto nodearecolor, shape Jabel, label-color positionof label
andadding/deletingnark on the node.Eachnodecanhave 3 shapescircle (default), square or hexagon.But oncecreated,
the shapeof a nodecannotbe changedduring the simulation. Differentnodemay have differentcolors,andits color may
be changedduring animation. The following OTcl proceduresreusedto setnodeattributes,they aremethodsof the class
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 [Idirection] # 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 arecreatedhetweemodesto form a network topology naninks areinternally simplex, but it is invisible to the users.
Thetraceevent“l” createswo simplex links andothernecessargetupshenceit looks to usersidenticalto a duplex link.
Link mayhave mary colorsandit canchangdts color duringanimation.Queuesareconstructedn nambetweertwo nodes.
Unlike link, namqueueis associatedo a simplex link. Thetraceevent“q” only createsa queuefor a simplex link. In nam,
gqueuesarevisualizedasstacled paclets. Paclketsarestacled alongaline, andthe anglebetweerthe line andthe horizontal
line canbe specifiedn thetraceevent“q”. Commandgo setupdifferentanimationattributesof alink areasfollows:

$ns duplex-link-op <attribute> <value>

The<attribute>maybe oneof thefollowing: orient,color, queuePosOrientor thelink orientationdefinesheanglebetween
thelink andhorizontal. Theoptionalorientationvaluesmaybedifinedin degreesor by text like right (0), right-up (45), right-

down (-45), left (180), left-up (135), left-down (-135),up (90), down (-90). The queuePosr positionof queueis definedas
theangleof thequeudine with horizontal. Examplesor eachattribute aregivenasfollowing :

$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 Agentand Features

Agentsareusedto separatgrotocolstatedrom nodes.They arealwaysassociateavith nodes.An agenthasa name which
is a uniqueidentifier of the agent. It is shovn asa squarewith its nameinside,anda line link the squareto its associated
node.Thefollowing arecommandshatsupportagenttracing:

$ns add-agent-trace <agent> <name> <optional:tracefile>
$ns delete-agent-trace <agent>
$ns monitor-agent-trace <agent>

Oncetheabove commands usedto createanagentin namtrace thetracevar  methodof thensagentcanbeusedto create
featuretracesof a givenvariablein theagent.For example thefollowing codesegmentcreatedracesof 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 SomeGenericCommands

$ns color <color-id> definescolor index for nam. Oncespecified,color-id canbe usedin placeof the color
namein namtraces.

$ns trace-annotate <annotation> insertsan annotationn nam. Noticethatif <annotation>  containswhite

spacesit mustbequotedusingthedoublequote.An exampleof thiswouldbe$ns at $time "$ns trace-annotate
Event A happened " Thisannotatiorappearsn the namwindow andis usedto controlplayingof namby events.
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Part IV

Routing
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Chapter 23

Unicast Routing

This sectiondescribeghe structureof unicastroutingin ns We begin by describingthe interfaceto the user(Section23.1),
throughmethodsn theclass  Simulator andtheclass RouteLogic . We thendescribeconfiguratiormechanisms
for specialisedouting (Section23.2) suchasasymmetriaouting, or equalcostmultipathrouting The next sectiondescribes
thethe configuratiormechanismsor individual routing stratgyiesandprotocols(Section23.3). We concludewith acompre-
hensve look attheinternalarchitecturgSection23.4)of routingin ns

The proceduresindfunctionsdescribedn this chaptercanbe foundin ~ng'tcl/lib/ns-route.tcl,~ngtcl/rtglib/route-proto.tcl,
~ndtcl/mcast/McastProto.tchnd~ngrtProtoDV.{cc, h}.

23.1 The Interface to the Simulation Operator (The API)

Theuserlevel simulationscriptrequiresonecommandzto specifytheunicastroutingstratey or protocolsfor thesimulation.
A routing strategy is a generalmechanismby which ns will computeroutesfor the simulation. Thereare threerouting
stratgiesin ns Static,SessionandDynamic. Cornverselyaroutingprotocolis arealisatiorof aspecificalgorithm.Currently
Static and Sessionrouting usethe Dijkstra’s all-pairs SPFalgorithm[]; onetype of dynamicrouting stratey is currently
implemented:the Distributed Bellman-Ford algorithm[]. In ns we blur the distinction betweenstratgyy and protocolfor
staticandsessiorrouting, consideringhemsimply asprotocols.

rtproto  {} is theinstanceproceduren theclass Simulator  thatspecifieghe unicastrouting protocolto be usedin
the simulation. It takesmultiple argumentsthefirst of which is mandatorythis first argumentidentifiesthe routing protocol
to be used. Subsequenargumentsspecify 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 the simulation
$ns rtproto Session ;# Enablesessiorroutingfor this simulation
$ns rtproto DV $n1 $n2 $n3 ;# RunDV agentsonnodes$nl,$n2,and$n3

If a simulationscriptdoesnot specifyary rtproto  {} commandthennswill run Staticrouting on all the nodesin the
topology

1The consideratioris thatstaticandsessiorrouting stratgies/protocolsareimplementecasagentderivedfrom theclass ~ Agent/rtProto similar
to how thedifferentdynamicrouting protocolsareimplementedhencethe blurreddistinctions.
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Multiple rtproto  {} linesfor thesameor differentroutingprotocolscanoccurin asimulationscript. However, asimulation
cannotusebothcentralisedoutingmechanismsuchasstaticor sessiommoutinganddetaileddynamicrouting protocolssuch
asDV.

In dynamicrouting, eachnodecan be running more thanonerouting protocol. In suchsituations,more thanonerouting
protocolcanhave a routeto the samedestination. Therefore eachprotocolaffixesa preferencesalueto eachof its routes.
Thesevaluesarenon-ngativeintegersin therange0.. . 255. Thelowerthevalue themorepreferredheroute. Whenmultiple
routing protocolagentshave a routeto the samedestinationthe mostpreferredrouteis chosenandinstalledin the nodes
forwardingtables.If morethanoneagenthasthe mostpreferredroutes,the oneswith the lowestmetricis chosen.We call
the leastcostroutefrom the mostpreferredprotocolthe “candidate”route. If thereare multiple candidateroutesfrom the
sameor differentprotocols then,currently oneof the agents routesis randomlychosen.

PreferenceAssignmentand Control Eachprotocolagentstoresan arrayof route preferencesitpref . Thereis one
elementperdestinationjndexed by the nodehandle.The default preferencevaluesusedby eachprotocolarederivedfrom a
classvariable preference_ , for thatprotocol. The currentdefaultsare:

Agent/rtProto set preference_ 200 ;# global defaultprefeence
Agent/rtProto/Direct 3 set preference_ 100
Agent/rtProto/DV set preference 120

A simulationscriptcancontrol routing by alteringthe preferencdor routesin oneof threeways: alterthe preferencdor a
specificroutelearnedvia a particularprotocolagent alterthe preferencdor all routeslearnecby theagent,or altertheclass
variablesfor the agentbeforethe agentis created.

Link Cost Assignmentand Control In the currentlyimplementedoute protocols,the metric of a routeto a destination,
at a node, is the costto reachthe destinationfrom that node. It is possibleto changethe link costsat eachof the links.
Theinstanceprocedurecost {} isinvokedas$ns cost (nodel) (node2) (cost ), andsetsthecostof thelink from
(node to (node? to {cos}.

$ns cost $nl $n2 10 # setcostof link from $nlto $n2to 10
$ns cost $n2 3$nl 5 # setcostof link in reversedirectionto 5
[$ns link  $n1 $n2] cost? # querycostof link from$nito $n2
[$ns link  $n2 $nl] cost? i# querycostof link in reversedirection

Notice that the proceduresetsthe costalong one directiononly. Similarly, the procedurecost? {} returnsthe cost of
traversingthe specifiedunidirectionallink. Thedefaultcostof alink is 1.

23.2 Other Configuration Mechanismsfor SpecialisedRouting

It is possibleto adjustpreferenceandcostmechanismso gettwo specialtypesof routeconfigurationsasymmetriaouting,
andmultipathrouting.

2Thisreally is undesirableandmaybe fixed at somepoint. Thefix will probablybeto favor theagentsn classpreferencerder A userlevel simulation
relying on this behaior, or gettinginto this situationin specifictopologiesis notrecommended.

SDirectis aspecialroutingstratgy thatis usedin conjunctionwith Dynamicrouting. Wewill describethisin greaterdetailaspartof theroutearchitec-
turedescription.
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Asymmetric Routing Asymmetricrouting occurswhenthe pathfrom noden; to noden. is differentfrom the pathfrom
ns to ny. Thefollowing shavs a simpletopology andcostconfigurationthatcanachieve sucharesult:

Nodesn; and n, use different
pathsto reacheachother All
otherpairsof nodesusesymmet-
ric pathsto reacheachothet

$ns cost $nl $r1 2
$ns cost $n2 $r2 2
$ns cost $r1 $n2 3

Any routingprotocolthatusedink costsasthe metriccanobsene suchasymmetriaoutingif thelink costsareappropriately
configured.

MultiP ath Routing Eachnodecanbe individually configuredto usemultiple separatepathsto a particulardestination.
TheinstancevariablemultiPath_  determinesvhetheror not thatnodewill usemultiple pathsto any destination.Each
nodeinitialisesits instancevariablefrom a classvariableof the samename. If multiple candidateroutesto a destination
are available, all of which are learnedthroughthe sameprotocol, thenthat nodecanuseall of the differentroutesto the
destinatiorsimultaneouslyA typical configurationis asshavn below:

Node set multiPath_ 1 ;# All new nodesn the simulationusemultiPathswhete applicable
or alternately
set nl [$ns Node] ;# only enable$nlto usemultiPathswhere applicable

$nl set multiPath_ 1

Currently only DV routingcangeneratenultipathroutes.

23.3 Protocol SpecificConfiguration Parameters

Static Routing The static route computationstrateyy is the default route computationmechanisnin ns This stratgy
usesthe Dijkstra’s all-pairs SPFalgorithm[]. Theroutecomputationalgorithmis run exactly onceprior to the startof the
simulation. Theroutesarecomputediusinganadjaceng matrix andlink costsof all thelinks in thetopology

SessiorRouting Thestaticrouting stratey describecearlieronly computegoutesfor thetopologyoncein the courseof a
simulation.If theabove staticroutingis usedandthetopologychangesvhile the simulationis in progresssomesourcesand
destinationsnay becomaemporarilyunreachablérom eachotherfor a shorttime.

Sessiorrouting stratgy is almostidenticalto staticrouting, in thatit runsthe Dijkstra all-pairs SPFalgorithm prior to the
startof the simulation,usingthe adjaceng matrix andlink costsof thelinks in thetopology However, it will alsorun the
samealgorithmto recomputgoutesin the eventthatthe topologychangesluringthe courseof a simulation.In otherwords,
routerecomputatiorandrecovery is doneinstantaneouslgndtherewill notbetransientroutingoutageasin staticrouting.

Sessiomouting providescompleteandinstantaneousoutingchangesn thepresencef topologydynamics If thetopologyis
alwaysconnectedthereis end-to-encdtonnectvity atall timesduringthe courseof the simulation.However, the usershould
notethattheinstantaneousuterecomputatiorof sessiorroutingdoesnot preventtemporarwiolationsof causality suchas
pacletreorderingaroundtheinstantthatthetopologychanges.

4Link costscanalsobe usedto favour or disregardspecificlinks in orderto achiere 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 periodicupdatesgachagentalsosendstriggeredupdatesit doesthis whenever the forwardingtablesin the
nodechange.This occurseitherdueto changesn thetopology, or becausenagentat the nodereceveda routeupdate and
recomputedandinstallednew routes.

Eachagentemploys the split horizon with poisonedreversemechanismdo adwertiseits routesto adjacentpeers. “Split
horizon” is the mechanisnby which anagentwill not adwertisethe routeto a destinatiorout of the interfacethatit is using
to reachthatdestinationln a“Split horizonwith poisonedeverse”’mechanismtheagentwill adwertisethatrouteout of that
interfacewith a metric of infinity.

EachDV agentusesadefaultpreference_  of 120. Thevalueis determinedy the classvariableof the samename.

EachagentusestheclassvariableINFINITY (setat 32)to determinehevalidity of aroute.

23.4 Internalsand Ar chitecture of Routing

We startwith a discussiorof the classesassociatedvith unicastrouting, andthe code path usedto configureand execute
eachof the differentrouting protocols.We concludewith a descriptionof the interfacebetweerunicastroutingandnetwork
dynamicsandthatbetweerunicastandmulticastrouting.

23.4.1 Theclasses

Therearefour mainclassesthe classRouteLogicthe classrtObject,the classrtPeer andthe baseclassAgent/rtProtdor all
protocols.In addition,theroutingarchitectureextendsthe classesSimulator Link, NodeandClassifier

cl ass Rout eLogi ¢ This classdefinestwo methodgo configureunicastrouting,andonemethodto queryit for route
information. It alsodefinesan instanceprocedurethat is applicablewhenthe topologyis dynamic. We discussthis last
proceduran conjunctionwith theinterfaceto network dynamics.

e Theinstanceprocedureegister {} isinvoked by Simulator::rtproto {}. It takesthe protocolanda list of
nodesasargumentsandconstructaninstancevariable,rtprotos_ , asanarray;thearrayindex is the nameof the
protocol,andthevalueis thelist of nodesthatwill runthis protocol.

e Theconfigure {} readghertprotos_  instancevariable andfor eachelemenin thearray invokesrouteprotocol
methodgo performtheappropriaténitializations. It is invokedby the simulatorrun procedure.

For eachprotocol(rt-proto) indexedin thertprotos_  array thisroutineinvokesAgent/rtProto/ (rt-proto )
init-all rtprotos_( (rt-proto ).

If thereareno elementsn rtprotos_ , theroutineinvokesStaticrouting, asAgent/rtProto/Static init-

all

e Theinstanceprocedurdookup {} takestwo nodenumberspnodeld; andnodelds, asargument;it returnstheid of
theneighbomodethatnodeld, useso reachnodelds,.

The procedurds usedby the staticroutecomputatiorprocedureo querythe computedoutesandpopulatethe routes
ateachof thenodesit is alsousedby the multicastrouting protocolsto performthe appropriateRPFcheck.
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Note thatthis procedureoverloadsaninstproc-like of the samename. The procedurequeriesthe appropriatatOb-
ject entitiesif they exist (which they will if dynamicrouting stratgiesare usedin the simulation); otherwise the
proceduranvokestheinstproc-like to obtainthe relevantinformation.

class rt nj ect isusedin simulationghatusedynamicrouting. Eachnodehasa rtObjectassociatedvith it, thatacts
asa co-ordinatorfor the differentrouting protocolsthatoperateat a node. At ary node thertObjectat thatnodetrackseach
of the protocolsoperatingat that node;it computesandinstallsthe nestrouteto eachdestinationavailable via eachof the
protocols.In the eventthattheroutingtableschangepr thetopologychangesthe rtObjectwill alertthe protocolsto take the
appropriateaction.

The classdefinesthe procedureinit-all {}; this procedureakesa list of nodesasargumentsandcreatesa rtObjectat
eachof thenodesin its agumentlist. It subsequentlynvokesits compute-routes

Theassumptioris thatthe constructorfor eachof the new objectswill instantiatethe “Direct” routeprotocolat eachof these
nodes. This route protocolis responsibldor computingthe routesto immediatelyadjacenineighbors.Whencompute-
routes {} isrunby theinit-all {} procedurethesedirectroutesareinstalledin thenodeby theappropriateouteobject.

Theotherinstancgproceduresn this classare:

e init {} Theconstructorsetsup pointersfrom itself to thenode,in its instancevariablenode_, andfrom thenodeto
itself, throughthe Nodeinstanceprocedurenit-routing {} andtheNodeinstancevariablertObject . It then
initializesanarrayof nextHop_ , rtpref ., metric_ , rtVia_ . Theindex of eachof thesearraysis the handleof
thedestinatiomode.

ThenextHop_ containghelink thatwill beusedto reachtheparticulardestinationytpref . andmetric_  arethe
preferencendmetric for the routeinstalledin the node;rtVia_  is the nameof the agentwhoserouteis installedin

thenode.
The constructoralso createsthe instanceof the Direct route protocol, and invokes compute-routes  {} for that
protocol.

e add-proto {} createsninstanceof the protocol,storesareferenceo it in its arrayof protocolsrtProtos_ . The

index of thearrayis the nameof the protocol. It alsoattacheshe protocolobjectto the node,andreturnsthe handleof
theprotocolobject.

e lookup {} takesadestinatiomodehandleandreturnstheid of theneighbomodethatis usedto reachthedestination.
If multiple pathsarein use,thenit returnsalist of theneighbomodesthatwill beused.
If thenodedoesnot have arouteto thedestinationthe procedurewill return-1.

e compute-routes {} isthecoreprocedurdn this class. It first checksto seeif ary of the routing protocolsat the
nodehave computedary new routes. If they have, it will determinethe bestrouteto eachdestinationfrom among
all the protocols. If any routeshave changedthe procedurewill notify eachof the protocolsof the numberof such

changesin caseary of theseprotocolswantsto senda freshupdate.Finally, it will alsonotify arny multicastprotocol
thatnew unicastroutetableshave beencomputed.

The routinechecksthe protocolagents instancevariable,rtsChanged to seeif ary of the routesin that protocol
have changedsincethe protocolwaslast examined. It thenusesthe protocol'sinstancevariablearrays,nextHop_ ,
rtpref _ , andmetric_  to computeits own arrays. The rtObjectwill install or modify ary of the routesasthe
changesrefound.

If ary of theroutesatthenodehave changedthertObjectwill invoke the protocolagentsinstanceproceduressend-
updates {} with thenumberof changessargument.lt will theninvoke the multicastrouteobject,if it exists.

Thenext setof routinesareusedto querythertObjectfor variousstateinformation.
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e dump-routes {} takesa outputfile descriptorasargument,andwrites out the routing tableat thatnodeon thatfile
descriptor

A typical dumpoutputis:

e rtProto? {} takesarouteprotocolasargument,andreturnsa handleto theinstanceof the protocolrunningat the
node.

e nextHop? {} takesadestinatiomodehandle andreturnsthelink thatis usedto reachthatdestination.

e Similarly, rtpref? {} andmetric? {} take a destinationnodehandleasargument,andreturnthe preferenceand
metricof therouteto the destinationinstalledat the node.

Thecl ass rt Peer isacontainerlassusedby theprotocolagents Eachobjectstoresheaddres®f thepeeragentand
the metricand preferencdor eachroute adwertisedby thatpeer A protocolagentwill storeoneobjectperpeer The class
maintainsthe instancevariableaddr_ , andtheinstancevariablearraysmetric_  andrtpref _ ; thearrayindicesarethe
destinatiomodehandles.

The classinstanceproceduresmetric {} andpreference {}, take onedestinationandvalue,andsetthe respectie ar-
ray variable. The proceduresmetric? {} andpreference? {}, take a destinationandreturnthe currentvaluefor that
destinationTheinstanceprocedureaddr? {} returnstheaddres®f the peeragent.

cl ass Agent/rtProto Thisclassisthe baseclassfrom which all routing protocolagentsarederived. Eachprotocol
agentmustdefinethe procedurénit-all {} toinitialize thecompleteprotocol,andpossiblyinstanceprocedurednit {3},
compute-routes  {}, andsend-updates {}. In addition,if the topologyis dynamic,andthe protocolsupportsroute
computatiorto reactto changesn thetopology, thenthe protocolshoulddefinethe procedurecompute-all ~ {}, andpossi-
bly theinstanceprocedurantf-changed  {}. Inthissectionwewill briefly describetheinterfacefor thebasicprocedures.
We will deferthe descriptionof compute-all  {} andintf-changed {} to the sectionon network dynamics.We also
deferthe descriptionof the detailsof eachof the protocolsto their separatasectionat the endof the chapter

— The procedurdnit-all {} is aglobalinitialization procedurefor the class. It may be givena list of the nodesas
anargument.This thelist of nodesthat shouldrun this routing protocol. However, centralisedouting protocolssuch
as staticand sessiorrouting will ignorethis argument;detaileddynamicrouting protocolssuchas DV will usethis
argumentlist to instantiateprotocolsagentsat eachof the nodesspecified.

Note that derived classedn OTcl do not inherit the procedureslefinedin the baseclass. Therefore,every derived
routing protocolclassmustdefineits own proceduregxplicitly.

— The instanceprocedureinit {} is the constructorfor protocol agentsthat are created. The baseclassconstructor
initializes the default preferencdor objectsin this class,identifiesthe interfacesincidenton the nodeandtheir cur
rent status. The interfacesare indexed by the neighborhandleand storedin the instancevariablearray ifs_ ; the
correspondingtatusnstancevariablearrayis ifstat_

Centralizedroutingprotocolssuchasstaticandsessiomoutingdo not createseparat@agentgernode,andthereforedo
notaccesary of thesenstanceprocedures.

— Theinstanceprocedurecompute-routes  {} computesheactualroutesfor the protocol. The computationis based
ontherouteslearnedby the protocol,andvariesfrom protocolto protocol.

This routineis invoked by the rtObjectwheneer the topologychangeslt is alsoinvokedwhenthe noderecevesan
updatefor the protocol.

If theroutinecomputesew routes rtObject::compute-routes {} needdo beinvokedto recomputeandpossi-
bly install new routesatthe node.Theactualinvoking of thertObjectis doneby theprocedureghatinvokedthisroutine
in thefirst place.
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— Theinstanceproceduresend-updates  {} isinvokedby thertObjectwheneaerthenoderoutingtableshave changed,
andfreshupdatesave to be sentto all peers.ThertObjectpasseasargumentthe numberof changeshatweredone.
This procedureamay also be invoked whenthereare no changedo the routes,but the topologyincidenton the node
changestate. The numberof changess usedto determingthelist of peersto which arouteupdatemustbesent.

Otherprocedureselateto respondingo topologychangesndaredescribedater (Section23.4.2).

Other Extensionsto the Simulator, Node,Link, and Classifier

— We havediscussedhe methodstproto  {} andcost {} in theclassSimulatorearlier(Section23.1). The oneother
methodusedinternallyis get-routelogic {}; this procedureaeturnstheinstanceof routelogicin the simulation.

Themethodis usedby the classSimulator andunicastandmulticastrouting.

— TheclassNodecontaingheseadditionalinstanceprocedureso supportdynamicunicastrouting: init-routing {3,
add-routes  {}, delete-routes  {}, andrtObject? {}.

Theinstanceprocedurénit-routing {} isinvokedbythertObject atthenode.It storesapointerto thertObject,
in itsinstancevariablertObject_ , for latermanipulatioror retrieval. It alsochecksts classvariableto seeif it should
usemultiPath routing, andsetsup aninstancevariableto thateffect. If multiPathrouting could be used,theinstance
variablearrayroutes  storesa countof the numberof pathsinstalledfor eachdestination.Thisis the only arrayin
unicastroutingthatis indexedby thenodeid, ratherthanthe nodehandle.

TheinstanceproceduratObject? {} returnsthertObjecthandlefor thatnode.

The instanceprocedureadd-routes {} takesanodeid, anda list of links. It will addthelist of links astheroutes

to reachthe destinationidentified by the nodeid. The realizationof multiPath routing is doneby using a separate
Classifier/multiRth. For any givendestinationd d, if thisnodehasmultiple pathsto d, thenthe mainclassifierpoints

to this multipath classifierinsteadof the link to reachthe destination. Eachof the multiple pathsidentified by the

interfacesbeingusedis installedin the multipathclassifier The multipathclassifierwill useeachof thelinks installed

in it for succeedingacletsforwardedto it.

Theinstanceproceduredelete-routes {} takesanodeid, alist of interfacesanda nullAgent. It removeseachof
theinterfacesin thelist from theinstalledlist of interfaces.If the entry did not previously usea multipathclassifier
thenit musthave hadonly oneroute,andtherouteentryis setto pointto the nullAgentspecified.

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_ containghecostof theunidirectionalink. Theinstancgoroceduresost {} andcost? {} setandgetthecost
onthelink.

Note that cost {} takesthe costasargument. It is preferableto usethe simulatormethodto setthe costvariable,
similarto the simulatorinstanceprocedureso setthe queueor delayon alink.

— Theclass Classifier containsthreenew procedurestwo of which overloadsan existing instproc-like, andthe
othertwo provide new functionality.

Theinstanceproceduranstall  {} overloadsthe existing instproc-like of the samename.The procedurestoresthe
entrybeinginstalledin theinstancevariablearray elements_ , andtheninvokestheinstproc-like.

TheinstanceprocedurdnstallNext {} alsooverloadsthe existing instproc-like of the samename. This instproc-
like simply installsthe entryinto the next availableslot.

Theinstanceprocedureadjacents {} returnsalist of (key, value pairsof all elementsnstalledin the classifier
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23.4.2 Interface to Network Dynamicsand Multicast

This sectiondescribethe methodsappliedin unicastroutingto respondo changesn thetopology The completesequence
of actionsthat causethe changesn the topology andfire the appropriateactionsis describedn a differentsection. The
responséo topologychangedalls into two categories:actionstakenby individual agentsat eachof the nodes andactionsto
betakenglobally for theentireprotocol.

Detailedrouting protocolssuchasthe DV implementatiorrequireactionsto be performedby individual protocolagentsat
the affectednodes. Centralizedrouting protocolssuchasstaticand sessiorrouting fall into the latter cateyory exclusively.
Detailedrouting protocolscould use suchtechniquego gatherstatisticsrelatedto the operationof the routing protocol;
however, no suchcodeis currentlyimplementedn ns

Actions at the individual nodes Following ary changein the topology the network dynamicsmodelswill first invoke
rtObject::intf-changed {} ateachof theaffectednodes.For eachof the unicastrouting protocolsoperatingat that
node, rtObject::intf-changed {} will invoke eachindividual protocol’s instanceprocedurejntf-changed  {},
followedby thatprotocol's compute-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 multicastroute ob-
ject of the route changesat the node, indicating the numberof changeghat have beenexecuted. rtObject::flag-
multicast  {} will, in turn, notify the multicastrouteobjectto take appropriateaction.

The one exceptionto the interfacebetweenunicastand multicastrouting is the interactionbetweendynamicdensemode
multicastanddetailedunicastrouting. This dynamicDMimplementatiorin nsassumesieighbomodeswill sendanimplicit
updatewhenever their routeschangewithout actuallysendingthe update.It thenusesthis implicit informationto compute
appropriategparent-childrelationshipgor themulticastspanningrees.Therefore detailedunicastroutingwill invoke rtOb-
ject_  flag-multicast 1 wheneverit recevesarouteupdateaswell, evenif thatupdatedoesnotresultin any change
in its own routingtables.

Global Actions Oncethe detailedactionsat eachof the affectednodesis completed the network dynamicsmodelswill
notify the RouteLogicinstancgRouteLogic::notify {}) of changedo topology This procedura@nvokesthe procedure
compute-all  {} for eachof the protocolsthatwereeverinstalledat ary of the nodes.Centralizedrouting protocolssuch
assessiorroutingusethis signalto recomputeheroutesto thetopology Finally, the RouteLogic::notify {} procedure
notifiesary instance®f centralisednulticastthatareoperatingat the node.

23.5 ProtocolInternals

In this section,we describeary leftover detailsof eachof the routing protocolagents Notethatthis is the only placewhere
we describeheinternalrouteprotocolagent,'Direct” routing.

DirectRouting This protocoltracksthe stateof theincidentlinks, andmaintainsroutesto immediatelyadjacenneighbors
only. As with the otherprotocols,t maintainanstancevariablearraysof nextHop_ , rtpref _ ,andmetric_ , indexedby
the handleof eachof the possibledestinationsn thetopology

The instanceprocedurecompute-routes  {} computesoutesbasedon the currentstateof the link, andthe previously
known stateof theincidentlinks.
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No otherprocedure®r instanceproceduresiredefinedfor this protocol.

Static Routing Theprocedureompute-routes {} intheclass RouteLogic firstcreatesheadjaceng matrix,and
theninvokesthe C++ method,compute_routes () of the shadev object. Finally, the procedureetrievesthe resultof the
routecomputationandinsertsthe appropriateoutesat eachof the nodesin thetopology

Theclassonly definesthe procedurenit-all {} thatinvokescompute-routes {}.

SessiorRouting Theclassdefinesthe procedurénit-all {} to computetheroutesatthestartof the simulation.It also
definegheprocedureeompute-all  {} to computeherouteswhenthetopologychangesEachof theseprocedureslirectly
invokescompute-routes  {}.

DV Routing In adynamicroutingstrat@y, nodessendandreceive messagesandcomputetheroutesin thetopologybased
on the messagesxchanged. The procedureinit-all {} takesalist of nodesasthe argument;the default is the list of
nodesin the topology At eachof the nodesin the agument,the procedurestartsthe class  rtObject  andaclass
Agent/rtProto/DV agents.It thendetermineghe DV peersfor eachof the newly createdDV agentsandcreateshe
relevantrtPeer objects.

The constructorfor the DV agentinitializes a numberof instancevariables;eachagentstoresan array indexed by the
destinatiomodehandle of the preferenceandmetric, theinterface(or link) to the next hop,andthe remotepeerincidenton
the interface,for the bestrouteto eachdestinationcomputedby the agent. The agentcreatesheseinstancevariables,and
thenschedulesendingts first updatewithin thefirst 0.5 second®f simulationstart.

Eachagentstoreghelist of its peersndexedby the handleof the peernode.Eachpeeris a separat@eerstructurethatholds
theaddres®f the peeragentthe metricandpreferencef therouteto eachdestinatioradvertisedby thatpeer We discusshe
rtPeerstructurelaterwhendiscusshe routearchitecture The peerstructuresareinitialized by the procedureadd-peer {}
invokedby init-all {3.

The routine send-periodic-update {} invokessend-updates {} to sendthe actualupdates. It thenreschedules
sendingthe next periodicupdateafteradvertinterval jitterredslightly to avoid possiblesynchronizatioreffects.

send-updates {} will sendupdatego aselectsetof peers.If ary of theroutesat thatnodehave changedpr for periodic
updatesthe procedurewill sendupdatego all peers.Otherwise,if someincidentlinks have just recovered,the procedure
will sendupdatedo theadjacenpeersonthoseincidentlinks only.

send-updates {} usesheproceduresend-to-peer {} tosendtheactualupdatesThisprocedurgackagesheupdate,
taking the split-horizonandpoisonreversemechanisménto account.lt invokestheinstproc-like, send-update {} (Note
the singularcase)}to sendthe actualupdate.The actualrouteupdateis storedin the classvariablemsg_ indexedby a non-
decreasingntegerasindex. Theinstproc-like only sendsheindex to msg_ to theremotepeer This eliminatesthe needto

corvertfrom OTcl stringsto alternateformatsandback.

Whena peerrecevesarouteupdateit first checksto determindf the updatefrom differsfrom the previousones.Theagent
will computenew routesif the updatecontainsnew information.

23.6 Unicastrouting objects

Routelogicandrtobjectaretwo objectsthat are significantto unicastroutingin ns. Routelogic,essentiallyrepresentshe
routing tablethatis createdandmaintainedcentrallyfor every unicastsimulation. Routeobjects the objectthatevery node
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taking partin dynamicunicastrouting,hasaninstanceof. Notethatnodeswill not have aninstanceof this objectif Session
routingis doneasa detailedroutingprotocolis notbeingsimulatedn this case. The methoddor routelogicandrouteobjects
arementionedn the next section.

23.7 Commandsat a glance

Following is alist of unicastroutingrelatedcommandsisedin simulationscripts:

$ns_ rtproto <routing-proto> <args>
where<routing-proto>definesthetype of routing protocolto be used like Static,Manual,Session DV etc. argsmaydefine
thelist of nodeson which theprotocolis to berun. Thenodelist defaultsto all nodesin thetopology

Internalmethods:

$ns_ compute-routes

This commanccomputesiext_hop informationfor all nodesin thetopologyusingthetopologyconnectvity. This
next_hop info is thenusedto populatethe nodeclassifiersor theroutingtables.compute-routesalls compute-flat-routes
or compute-hierroutesdependingn thetype of addressindpeingusedfor the simulation.

$ns_  get-routelogic
This returnsa handleto the RouteLogicobject(theroutingtable),if onehasbeencreated Otherwisea new routingtable
objectis created.

$ns_  dump-routelogic-nh
This dumpsnext hopinformationin theroutingtable.

$ns_  dump-routelogic-distance
This dumpsthe distancanformationin theroutingtable.

$node add-route  <dst> <Target>
Thisis amethodusedto addrouting entries(nexthopinformation)in the nodes routingtable. The nexthopto <dst>from
this nodeis the <tamget>objectandthis info is addedto thenodes classifier

$routelogic lookup <srcid> <destid>
Returnstheid of thenodethatis the next hopfrom the nodewith id srcidto the nodewith id destid.

$routelogic dump <nodeid>

Dumptheroutingtablesof all nodeswhoseid is lessthannodeid.Nodeids aretypically assignedo nodesin ascending
fashionstartingfrom 0 by their orderof creation.

rtobject dump-routes  <filelID>

Dumptheroutingtableto the outputchannekpecifiedby fileID. fileID mustbeafile handlereturnedby the Tcl open
commandandit musthave beenopenedor writing.

$rtobject rtProto? <proto>
Returnsa handleto therouting protocolagentspecifiedoy protoif it existsatthatnode.Returnsanemptystring otherwise.

$rtobject nextHop?  <destlD>
Returnstheid of thenodethatis the next hopto thedestinatiorspecifiedby thenodeid, <destID>.

$rtobject rtpref? destID
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Returngthe preferencdor therouteto destinatiomodegivenby destid.

$rtobject metric? destID
Returnsmetricfor therouteto destid.
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Chapter 24

Multicast Routing

This sectiondescribesghe usageand the internalsof multicastrouting implementationin ns  We first describethe user
interfaceto enablemulticastrouting (Section24.1),specifythe multicastrouting protocolto be usedandthevariousmethods
andconfigurationparameterspecificto the protocolscurrentlysupportedn ns. We thendescriben detailthe internalsand
thearchitectureof the multicastroutingimplementatiorin ns(Section24.2).

Theproceduresindfunctionsdescribedn this chapteicanbefoundin variousfilesin thedirectories-ng'tcl/mcast,~ng'tcl/ctr-
mcast;additionalsupportroutinesarein ~ngmcast_ctrl.{cc,h}~nd'tcl/lib/ns-lib.tcl, and~ndtcl/lib/ns-node.tcl.

24.1 Multicast API

Multicastforwardingrequiresenhancements thenodesandlinks in thetopology Thereforetheusermustspecifymulticast
requirementso the Simulatorclassbeforecreatingthetopology Thisis donein oneof two ways:

set ns [new Simulator  -multicast on]
or

set ns [new Simulator]

$ns multicast

When multicastextensionsare thus enabled nodeswill be createdwith additionalclassifiersandreplicatorsfor multicast
forwarding,andlinks will containelementgo assignincominginterfacelabelsto all packetsenteringanode.

A multicastrouting strateyy is the mechanisnby which the multicastdistribution treeis computedin the simulation. ns
supportghreemultiastroutecomputatiorstrateyies: centraliseddensemode(DM)or sharedreemode(ST).

The methodmrtproto {} in the ClassSimulatorspecifieseitherthe route computationstrateyy, for centralisedmulticast
routing,or the specificdetailedmulticastrouting protocolthatshouldbe used.

Thefollowing areexamplesof valid invocationsof multicastroutingin ns

set cmc [$ns mrtproto  CtrMcast] # specifycentralizedmulticastfor all nodes
;# cmcis the handlefor multicastprotocol object
$ns mrtproto DM # specifydensanodemulticastfor all nodes
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$ns mrtproto ST # specifysharedtreemodeto run onall nodes

Notice in the abore examplesthat CtrMcastreturnsa handlethat can be usedfor additional configurationof centralised
multicastrouting. The otherrouting protocolswill returnanull string. All the nodesin thetopologywill runinstance®f the
sameprotocol.

Multiple multicastrouting protocolscanbe run ata node,but in this casethe usermustspecifywhich protocolownswhich
incominginterface.For this finer control mrtproto-iifs {} isused.

New/unusedmulticastaddressareallocatedusingthe procedureallocaddr  {}. allocaddr {} is aclassproceduran the
classNode.

Theagentaisetheinstancegproceduregoin-group  {} andleave-group {}, intheclassNodeto join andleave multicast
groups. Theseproceduresake two mandatoryarguments.The first argumentidentifiesthe correspondin@gentandsecond
argumentspecifiegshegroupaddress.

An exampleof arelatively simplemulticastconfigurationis:

set ns [new Simulator -nulticast on] # enablemulticastrouting
set group [ Node all ocaddr] ;# allocatea multicastaddress
set node0 [$ns node] # createmulticastcapablenodes

set nodel [$ns node]
$ns duplex-link $node0 $nodel 1.5Mb 10ms DropTail

set mproto DM ;# configue multicastprotocol
set mrthandle [$ns nrtproto $nproto] ;# all nodeswill containmulticastprotocol agents
set udp [new Agent/UDP] ;# createa sourceagentat nodeQ

$ns attach-agent $node0 Sudp
set src [new Application/Traffic/CBR]
$src  attach-agent $udp

$udp set dst_addr__ $group

$udp set dst_port_ O

set rcvr  [new Agent/LossMonitor] ;# createareceiveragentat nodel
$ns attach-agent $nodel S$revr
$ns at 0.3 "$nodel join-group $rcvr $group” ;# join thegroupat simulationtime0.3(sec)

24.1.1 Multicast Behavior Monitor Configuration

nssupportsa multicastmonitormodulethatcantraceuserdefinedpaclet activity. The modulecountsthe numberof paclets
in transitperiodicallyandprints the resultsto specifiedfiles. attach {} enablesa monitormoduleto print outputto a file.
trace-topo  {} insetsmonitor modulesinto all links. filter  {} allows accountingon specifiedpaclet headerfield in
the header)andvaluefor thefield). Callingfilter  {} repeatedlywill resultin an AND effect on thefiltering condition.
print-trace {} notifiesthe monitormoduleto begin dumpingdata.ptype() is aglobalarrarythattakesa paclettype
name(asseernin trace-all {} output)andmapsit into thecorrespondingalue.A simpleconfiguratiorto filter cbrpaclets
ona particulargroupis:

set mcastmonitor  [$ns McastMonitor]
set chan [open cbr.tr w] # opentracefile
$mmonitor attach  $chanl # attadch tracefile to McastMoniotorobject
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$mcastmonitor  set period_  0.02 ;# default0.03(sec)

$mmonitor  trace-topo ;# traceentire topolagy
$mmonitor filter Commonptype_  $ptype(cbr) # filter onptype_in Commorheader
$mmonitor filter IP dst_ $group # ANDfilter ondst_addressin IP header
$mmonitor  print-trace ;# begin dumpingperiodictracesto specifiediles

Thefollowing sampleoutputillustratesthe outputfile format(time, count):

016 O
0.17999999999999999 O
0.19999999999999998 0
0.21999999999999997 6
0.23999999999999996 11
0.25999999999999995 12
0.27999999999999997 12

24.1.2 Protocol Specificconfiguration

In this sectionwe briefly illustratethe protocolspecificconfigurationmechanisméor all the protocolsimplementedn ns

Centralized Multicast Thecentralizedmulticastis a sparsemodeimplementatiorof multicastsimilarto PIM-SM [8]. A
RendezwousPoint (RP) rootedsharedreeis built for a multicastgroup. The actualsendingof prune,join messagestc. to
setup stateat the nodesis not simulated.A centralizedcomputationagentis usedto computethe forwardingtreesandset
up multicastforwardingstate,(S, G) attherelevantnodesasnew receversjoin a group. Datapacletsfrom the senderso a
groupareunicastto the RP. Notethatdatapaclketsfrom the sender@reunicastto the RPevenif therearenoreceversfor the
group.

Themethodof enablingcentralisednulticastroutingin a simulationis:

set mproto CtrMcast # setmulticastprotocol
set mrthandle [$ns mrtproto  $mproto]

Thecommandproceduranrtproto  {} returnsa handleto the multicastprotocolobject. This handlecanbe usedto control
the RP andthe boot-strap-route(BSR), switch tree-typedor a particulargroup,from sharedreesto sourcespecifictrees,
andrecomputemulticastroutes.

$mrthandle set c rp  $node0 $nodel # settheRPs
$mrthandle set c_bsr $node0:0 $nodel:l # settheBSR specifiedaslist of node:priority
$mrthandle get_c_ rp  $nodeO $group # getthecurrentRP ???
$mrthandle get c bsr $node0 # getthecurrentBSR
$mrthandle  switch-treetype $group ;# to sourcespecificor shaedtree
$mrthandle  compute-mroutes # recomputeoutes.usuallyinvokedautomaticallyasneeded

Note that whenerer network dynamicsoccuror unicastrouting changescompute-mroutes  {} could be invokedto re-
computethe multicastroutes. The instantaneouse-computatiorfeatureof centralisedalgorithmsmay resultin causality
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violationsduringthetransientperiods.

DenseMode The DenseMode protocol(DM.tcl ) is animplementatiorof a dense—-mode—léprotocol. Dependingon

the valueof DM classvariableCacheMissMode it canrun in oneof two modes.If CacheMissMode is setto pimdm

(default), PIM-DM-lik e forwardingruleswill be used.Alternatively, CacheMissMode canbesetto dvmrp (looselybased
on DVMRP [19]). Themaindifferencebetweerthesewo modesds thatDVMRP maintaingparent—childelationshipamong
nodego reducehenumberof links overwhich datapacletsarebroadcastTheimplementatiorworkson point-to-pointlinks

aswell asLANs andadaptgo the network dynamicslinks goingup anddown).

Any nodethatrecevesdatafor a particulargroupfor whichit hasno downstreanrecevers,senda pruneupstreamA prune
messageausegthe upstreanmodeto initiate prunestateat thatnode. The prunestatepreventsthat nodefrom sendingdata
for thatgroupdownstreanto the nodethat sentthe original prunemessagevhile the stateis active. The time durationfor

which a prunestateis active is configuredthroughthe DM 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 Simplified sparsenodeST.tcl is aversionof a shared—treenulticastprotocol. Classvariablearray
RP_indexedby groupdeterminesvhich nodeis the RPfor a particulargroup. For example:

ST set RP_($group) $node0
$ns mrtproto ST

At the time the multicastsimulationis started,the protocolwill createandinstall encapsulatobbjectsat nodesthat have
multicastsendersgecapsulatoobjectsat RPsandconnecthem. To join a group,a nodesendsa graft messagéowardsthe
RP of thegroup. To leave a group,it sendsa prunemessageThe protocolcurrentlydoesnot supportdynamicchangesand
LANSs.

Bi-dir ectional Shared TreeMode BST.tcl is anexperimentalversionof a bi—directionalsharedtree protocol. As in
sharedreemode,RPsmustbe configuredmanuallyby usingthe classarrayRP_. The protocolcurrentlydoesnot support
dynamicchangesindLANS.

24.2 Internals of Multicast Routing

We describethe internalsin three parts: first the classedo implementand supportmulticastrouting; second the specific
protocolimplementatiordetails;andfinally, provide alist of the variableghatareusedin theimplementations.

24.2.1 Theclasses

The mainclassesn theimplementatioraretheclass mrtObject andtheclass MecastProtocol . Therearealso
extensiongo the baseclassesSimulator Node,Classifier etc. We describetheseclassesandextensionsn this subsection.
Thespecificprotocolimplementationsisouseadjunctdatastructuregor specifictasks suchastimer mechanismby detailed
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densamode,encapsulation/decapsulatiagentgor centralisednulticastetc ; we deferthe descriptionof theseobjectsto the
sectionon the descriptionof the particularprotocolitself.

mrtObject class Thereis onemrtObject(akaArbiter) objectper multicastcapablenode. This objectsupportsthe ability
for anodeto run multiple multicastrouting protocolsby maintaininganarrayof multicastprotocolsindexedby theincoming
interface. Thus,if thereare several multicastprotocolsat a node,eachinterfaceis ownedby just oneprotocol. Therefore,
this objectsupportsthe ability for a nodeto run multiple multicastrouting protocols. The nodeusesthe arbiterto perform
protocolactions eitherto a specificprotocolinstanceactive atthatnode,or to all protocolinstancestthatnode.

addproto {instance|iiflist]} addsthehandlefor a protocolinstanceto its arrayof protocols.Thesecond
optionalargumentis the incominginterfacelist controlledby the protocol.
If thisargumentis anemptylist or notspecifiedthe protocolis assumedo
runonall interfaces(just oneprotocol).

getType {protocol} returnsthe handleto the protocolinstanceactive at thatnodethatmatches
the specifiedtype (first andonly argument). This functionis often usedto
locatea protocol's peerat anothemode. An emptystringis returnedif the
protocolof thegiventypecould not befound.

all-mprotos  {op, args} internalroutineto execute"op” with “args ” onall protocolinstancesc-
tive atthatnode.

start {}
stop {} start/stopexecutionof all protocols.

notify {dummy} iscalledwhenatopologychangeoccurs.Thedummyarguments currently
notused.

dump-mroutes {file-handle,[grp], [src]} dumpmulticastroutesto specifiedfile-handle.
join-group  {G, S} signalsall protocolinstancego join (S, G).
leave-group {G, S} signalsall protocolinstancedo leave (S, G).

upcall {code,s,q,iif}  signalledby nodeon forwarding errorsin classifier;this routine in turn
signalsthe protocol instancethat owns the incoming interface (iif ) by
invoking the appropriatehandlefunctionfor thatparticularcode.

drop {rep, s,q,iiff  Calledon paclketdrop, possiblyto pruneaninterface.

In addition, the mrtObjectclasssupportsthe conceptof well known groups,i.e., thosegroupsthat do not requireexplicit
protocolsupport.Two well known groups ALL_ ROUTER&NJALL_PIM_ROUTERSrepredefinedn ns

Theclass mrtObject defineswo classprocedureso setandgetinformationaboutthesewell known groups.

registerWellKknownGroups {name} assignsiame awell known groupaddress.

getWellKnownGroup {name} returnstheaddressllocatedo well known group,name. If nameis notreg-
isteredasawell known group,thenit returngheaddresfor ALL_ ROUTERS

McastProtocolclass Thisis thebaseclassfor theimplementatiorof all the multicastprotocols.It containsbasicmulticast
functions:

start {}, stop {} Setthestatus_ of executionof this protocolinstance.
getStatus {} returnthestatusof executionof this protocolinstance.
getType {} returnthetypeof protocolexecutedby thisinstance.

upcall {codeargs} invokedwhenthe nodeclassifiersignalsan error, eitherdueto a cache-misor a wrong-iif for
incoming paclet. This routine invokes the protocol specifichandle,handle- (code ){} with
specifiedargs to handlethesignal.
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A few wordsaboutinterfaces Multicastimplementatiorin nsassumesluplex links i.e. if thereis asimplex link from nodel
to node2, theremustbeareversesimplex link from node2 to nodel. To beableto tell from whichlink apacletwasreceved,
multicastsimulatorconfiguredinks with aninterfacelabellerat the endof eachlink, which labelspacletswith a particular
anduniquelabel(id). Thus,“incoming interface”is referredto this labelandis a numbergreateror equalto zero.Incoming
interfacevaluecanbenegative (-1) for a specialcasewhenthe pacletwassentby alocal to the givennodeagent.

In contrastan“outgoinginterface”refersto anobjecthandler usuallya headof alink which canbeinstalledat areplicator
This destinctionis important:incominginterfaceis a numericlabel to a padet, while outgoinginterfaceis a handlerto an
objectthatis ableto receivepadkets,e.g. headof a link.

24.2.2 Extensionsto other classesn ns

In theearlierchapterdescribingnodesn ns(Chaptels), we describedheinternalstructureof thenodein ns To briefly recap
thatdescriptionthe nodeentryfor a multicastnodeis theswitch_ . It looksatthe highestbit to decideif thedestinations

a multicastor unicastpaclet. Multicast pacletsareforwardedto a multicastclassifierwhich maintainsa list of replicators;
thereis onereplicatorper (sourcegroup) tuple. Replicatorscopy theincomingpacletandforwardto all outgoinginterfaces.

ClassNode Nodesupportfor multicastis realizedin two primaryways:it senesasafocal pointfor accesg$o themulticast
protocols,in the areasof addressllocation,control and managementand group membershipgdynamics;and secondly it
providesprimitivesto accesandcontrolinterfaceson links incidenton thatnode.
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expandaddr {},
allocaddr {}

start-mcast  {},
stop-mcast {}
notify-mcast  {}

getArbiter  {}
dump-routes {file-handle}

new-group {s giif code}

join-group  {a g}

leave-group {ag}

add-mfc {s giif oiflist}

del-mfc {s g oiflist}

Classproceduregor addressnanagementexpandaddr {} increasesheaddresspace
from 128 multicastcapablenodesto 230 — 1. allocaddr  {} allocateshenext available
multicastaddress.

To startandstopmulticastroutingat thatnode.

notify-mcast  {} signalsthe mrtObjectatthatnodeto recomputemulticastroutegol-
lowing atopologychangeor unicastrouteupdatefrom a neighbour

returnsa handleto mrtObjectoperatingatthatnode.
to dumpthe multicastforwardingtablesat thatnode.

Whena multicastdatapaclet is receved,andthe multicastclassifiercannotfind the slot
correspondingo thatdatapaclet, it invokesNode nstproc  new-group {} toestab-
lish theappropriatesntry. Thecodeindicateghereasorfor notfinding theslot. Currently
therearetwo possibilities,cache-missndwrong-iif. This procedurenotifiesthe arbiter
instanceo establisithe new group.

An agent at a node that joins a particular group invokes “node join-group
<agent> <group> ". The nodesignalsthe mrtObjectto join the particulargroup ,
andaddsagent toits list of agentsatthatgroup . It thenaddsagent to all replicators
associatedavith group .

Node instproc leave-group  reversesthe processdescribedearlier It disables
the outgoinginterfacesto the recever agentsfor all the replicatorsof the group, deletes
the recever agentsfrom the local Agents_  list; it theninvokesthe arbiter instances
leave-group {}.

Node instproc add-mfc addsa multicastforwarding cache entryfor a particular
(sourcegroup,iif ). Themechanisnis:

o createanew replicator(if onedoesnot alreadyexist),

e updatethereplicator_ instancevariablearrayatthenode,

¢ addall outgoinginterfacesandlocal agentgo theappropriateeplicator

¢ invokethemulticastclassifiersadd-rep {} to createaslotfor thereplicatorin the
multicastclassifier

disablessachoif in oiflist from thereplicatorfor (s, g).

Thelist of primitivesaccessiblatthe nodeto controlits interfacesarelisted below.

216



add-iif ~ {ifid link},
add-oif {link if}f  Invoked during link creationto prepthe nodeaboutits incoming interfacelabel and outgoing
interfaceobject.
get-all-oifs {}  Returnsall oifs for thisnode.
get-all-iifs {} Returnsall iifs for thisnode.
iif2link {ifid}  Returnsthelink objectlabelledwith giveninterfacelabel.
link2iif {link}  Returngtheincominginterfacelabelfor the givenlink
oif2link  {oif} Returngthelink objectcorrespondingo the givenoutgoinginterface.
link2oif  {link}  Returnsthe outgoinginterfacefor thelink (nsobjectthatis incidentto the node).
rpf-nbr  {src} Returnsahandleto theneighboumodethatis its next hopto the specifiedsrc .
getReps {sg} Returnsahandleto thereplicatorthatmatchegs, g). Eitheragumentcanbeawildcard (*).
getReps-raw {sg} Asabove,butreturnsalist of (key, handlg pairs.
clearReps {sg} Remosesall replicatorsassociatedavith (s, g).

ClassLink and SimpleLink This classprovidesmethodsto checkthe type of link, andthe labelit affixeson individual
pacletsthattraverseit. Thereis oneadditionalmethodto actuallyplacetheinterfaceobjectsonthislink. Thesemethodsare:

if-label? {} returnstheinterfacelabelaffixedby thislink to pacletsthattraverseit.

enable-mcast {} Internalprocedurecalledby the SimpleLink constructorto add appropriateobjectsand statefor
multicast. By default, (andfor the point-to-pointlink case)it placesa Networkinterfaceobjectat
theendof thelink, andsignalsthe nodesonincidenton thelink aboutthis link.

ClassNetworkInterface This is a simple connectorthatis placedon eachlink. It affixesits labelid to eachpaclet that
traversest. Thepacletid is usedby thedestinatiomodeincidenton thatlink to identify thelink by whichthepacletreached
it. Thelabelid is configuredby the Link constructor This objectis aninternalobject,andis not designedo be manipulated
by userlevel simulationscripts. The objectonly supportdwo methods:

label {ifid} assignsfid thatthisobjectwill affix to eachpaclet.
label {} returnsthelabelthatthis objectaffixesto eachpaclet.

Theglobalclassvariable ifacenum_ , specifieghenext availableifid number

ClassMulticast Classifier Classifier/Multicast maintainsa multicastforwarding cache Thereis onemulticast
classifierpernode. The nodestoresa referenceo this classifierin its instancevariablemulticlassifier_ . Whenthis
classifierreceivesapaclet, it looksatthe (sourcegroup) informationin the pacletheadersandtheinterfacethatthe paclet
arrivedfrom (theincominginterfaceor iif); doesalookupin the MFC andidentifiesthe slot thatshouldbe usedto forward
thatpaclet. Theslotwill pointto theappropriateeplicator

However, if the classifierdoesnot have anentryfor this (source group), or theiif for this entryis different,it will invoke an
upcallnew-group {} for theclassifierwith oneof two codesto identify the problem:

e cache-miss indicateshattheclassifierdid notfind ary (sourcegroup entries;

e wrong-iif  indicateghattheclassifieffound(sourcegroup entriesbut nonematchingtheinterfacethatthis paclet
arrivedon.
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Theseupcallsto TCL give it a chanceto correctthe situation: install an appropriateMFC—entry (for cache-miss ) or
changeheincominginterfacefor the existing MFC—entry(for wrong-iif ). Thereturnvalueof theupcalldeterminesvhat
classifierwill do with the paclet. If thereturnvalueis “1”, it will assumehatTCL upcallhasappropriatelymodifiedMFC
will try to classifypaclet (lookup MFC) for the secondime. If thereturnvalueis “0”, no furtherlookupswill be done,and
the pacletwill bethusdropped.

add-rep {} createsslotin theclassifierandaddsareplicatorfor {sourcegroup,iif) to thatslot.

ClassReplicator Whenareplicatorrecevesa paclet, it copiesthe pacletto all of its slots. Eachslot pointsto anoutgoing
interfacefor a particular(sourcegroup.

If noslotis found,the C++ replicatorinvokesthe classinstanceproceduredrop {} to trigger protocolspecificactions.We
will describeheprotocolspecificactionsin thenext sectionwhenwe describeheinternalproceduresf eachof themulticast
routing protocols.

Thereareinstanceprocedureso controltheelementsn eachslot:

insert {oif} insertinganew outgoinginterfaceto the next availableslot.
disable {oif} disabletheslotpointingto thespecifiedoif.
enable {oif}f enabletheslotpointingto the specifiedoif.
is-active  {} returnstrueif thereplicatorhasatleastoneactive slot.
exists {oif}  returnstrueif theslotpointingto the specifiedoif is active.
change-iface  {source,group,oldiif, newiiff  modifiedtheiif entryfor the particularreplicator

24.2.3 ProtocolInter nals

We now describetheimplementatiorof the differentmulticastroutingprotocolagents.

Centralized Multicast

CtrMcast is inheritsfrom McastProtocol . OneCtrMcastagentneedsto be createdfor eachnode. Thereis a cen-
tral CtrMcastCompagentto computeand install multicastroutesfor the entiretopology EachCtrMcastagentprocesses
membershiglynamiccommandsandredirectsthe CtrMcastCompagentto recomputeghe appropriateoutes.
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join-group {} registersthe new memberwith the CtrMCastComp agent,andinvokesthatagentto re-
computeroutesfor thatmember

leave-group {} istheinverseof join-group  {}.

handle-cache-miss {} calledwhenno properforwardingentryis foundfor a particularpaclet source.Iln caseof
centralizedmulticast,it meansa new sourcehasstartedsendingdatapaclets. Thus, the
CtrMcastagentregistersthis new sourcewith the CtrMcastComp agent.If thereareary
membersn thatgroup,computethenew multicasttree. If thegroupis in RPT (sharedree)
mode,then

1. createanencapsulatiomgentatthe source;
2. acorrespondinglecapsulatiomgents createcatthe RP;
3. thetwo agentsareconnectedy unicast;and

4. the(S,G entrypointsits outgoinginterfaceto the encapsulatiomgent.

CtrMcastComp is thecentralisednulticastroutecomputatioragent.

reset-mroutes  {} resetsall multicastforwardingentries.
compute-mroutes {}  (re)computesll multicastforwardingentries.

compute-tree  {source,group} computesa multicasttreefor onesourceto reachall the receversin a

specificgroup.

compute-branch  {source,group,member} is executedwhen a recever joins a multicastgroup. It could also be
invoked by compute-tree  {} whenit itself is recomputingthe mul-
ticasttree,andhasto reparentall recevers. The algorithmstartsat the
recever, recursvely finding successie next hops,until it eitherreaches
the sourceor RR, or it reachesa nodethatis alreadya part of the rele-
vant multicasttree. During the processseveral new replicatorsandan
outgoinginterfacewill beinstalled.

prune-branch  {source,group,member} is similarto compute-branch {} excepttheoutgoinginterfaceis dis-
abled;if the outgoinginterfacelist is empty at that node, it will walk
up the multicasttree, pruningat eachof the intermediatenodes,until it
reachesa nodethat hasa non-emptyoutgoinginterfacelist for the par
ticular multicasttree.
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DenseMode

join-group  {group}

leave-group
handle-cache-miss

{group}
{srclID groupiface}

handle-cache-miss-pimdm {srcID groupiface}

handle-cache-miss-dvmrp {srcID groupiface}

drop {replicatorsourcegroupiface}
recv-prune {from sourcegroupiface}

recv-graft  {from sourcegroupiface}

handle-wrong-iif {srclID groupiface}

sendgyraft messageapstreanif (S,G doesnot containary ac-
tive outgoingslots (i.e., no downstreamreceiers). If the next
hoptowardsthesourcesaLAN, icrementsacounterof recevers
for a particulargroupfor the LAN

decrement& AN counters.

depending on the value of CacheMissMode calls ei-
ther handle-cache-miss-pimdm or handle-cache-
miss-dvmrp

if the pacletwasreceived on the correctiif (from the nodethat
is thenext hoptowardsthe source)fanoutthe pacleton all oifs
excepttheoif thatleadsbackto the next—hop—neighboandoifs
thatareLANSs for whichthis nodeis nota forwarder Otherwise,
if theinterfacewasincorrect,senda pruneback.

fansout the packet only to nodesfor which this nodeis a next
hoptowardsthe source(parent).

sendsaprunemessagéackto the previoushop.

resetgheprunetimerif theinterfacehadbeenprunedpreviously;
otherwiseijt startstheprunetimeranddisablegheinterface;fur-
thermorejf the outgoinginterfacelist becomegmpty it propa-
gatesthe prunemessagepstream.

cancelsary existing prunetimer, andre-enablethe prunedin-
terface. If the outgoinginterfacelist was previously empty it
forwardsthe graft upstream.

This is invoked when the multicast classifier drops a packet
becausst arrived on the wrong interface, and invoked new-
group {}. This routine is invoked by mrtObject  inst-
proc new-group {}. Wheninvoked, it sendsa prunemes-
sagebackto thesource.
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24.2.4 Theinternal variables

ClassmrtObject
protocols_

mask-wkgroups
wkgroups

McastProtocol
status_
type_
Simulator
multiSim_
MrtHandle

Node
switch_

multiclassifier
replicator_
Agents_

outLink_
inLink

Link andSimpleLink
if_

head

NetworkInterface
ifacenum_

An array of handlesof protocolinstancesactive at the nodeat which this protocol operates
indexedby incominginterface.

Classvariable—definethe maskusedto identify well known groups.

Classarray variable—arrayof allocatedwell known groupsaddressesndexed by the group
name.wkgroups (Allocd) is a specialvariableindicatingthe highestcurrentlyallocatedwell
known group.

takesvalues‘up” or “down”, to indicatethe statusof executionof the protocolinstance.
containsthetype (classname)of protocolexecutedby thisinstancee.g., DM, or ST.

1if multicastsimulationis enabled( otherwise.
handleto the centralisednulticastsimulationobject.

handlefor classifierthatlooksat the high bit of the destinatioraddressn eachpacletto deter
minewhetherit is a multicastpacket (bit = 1) or aunicastpacket (bit = 0).

handleto classifierthatperformsthe (s, g, iif ) match.

arrayindexedby (s, g) of handleghatreplicatea multicastpacleton to the requiredlinks.
arrayindexedby multicastgroupof thelist of agentsatthelocal nodethatlistento the specific
group.

Cachedist of outgoinginterfacesat this node.

Cachedist of incominginterfacesat thisnode.

handlefor the Networkinterfaceobjectplacedon this link.

first objecton thelink, a no-opconnector However, this objectcontainstheinstancevariable,
link_ , thatpointsto the containerLink object.

Classvariable—holdghe next availableinterfacenumber

24.3 Commandsat a glance

Following is alist of commandsisedfor multicastsimulations:

set

ns [new Simulator

-mcast on]

This turnsthe multicastflag on for thethe givensimulation,at thetime of creationof the simulatorobject.

ns_ multicast

This like thecommandabove turnsthe multicastflag on.

ns_ multicast?

This returnstrueif multicastflag hasbeenturnedon for the simulationandreturnsfalseif multicastis notturnedon.
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$ns_ mrtproto  <mproto> <optional:nodelist>

This commandspecifieghetype of multicastprotocol<mproto>to beusedlike DM, CtrMcastetc. As anadditional
argumentthelist of nodes<nodelist>thatwill runaninstanceof detailedroutingprotocol(otherthancentralisedncast)can
alsobepassed.

$ns_  mrtproto-iifs <mproto> <node> <iifs>
This commandallows a finer controlthanmrtproto. Sincemultiple mcastprotocolscanberun at a node this command
specifiesvhich mcastprotocol<mproto>to run atwhich of theincominginterfacesgivenby <iifs> in the<node>.

Node allocaddr
This returnsa new/unusednulticastaddresghatmay be usedto assignamulticastaddresgo a group.

Node expandaddr
This commandexpandsthe addresspacdrom 16 bits to 30 bits. However this commanchasbeenreplaceddy "ns_
set-address-format-expanded"

$node_ join-group <agent> <grp>
This commands usedwhenthe <agent>at the nodejoins a particulargroup<grp>.

$node_ leave-group <agent> <grp>
This is usedwhenthe <agent>atthe nodesdecideso leave the group<grp>.

Internalmethods:
$ns_ run-mcast
This commandstartsmulticastroutingatall nodes.

$ns_ clear-mcast
This stopdmcastroutingatall nodes.

$node_ enable-mcast  <sim>
This allows specialmcastsupportingmechanismglik e a mcastclassifier)to be addedto the mcast-enabledode.<sim>is
theahandleto the simulatorobject.

In additionto theinternalmethoddisted herethereareothermethodsspecificto protocolslik e centralizedncast(CtrMcast),
densemode(DM), sharedreemode(ST) or bi-directionalsharedreemode(BST), NodeandLink classmethodsand
NetworkinterfaceandMulticastclassifiermethodsspecificto multicastrouting. All mcastrelatedfiles maybefoundunder
ngtcl/mcastdirectory

Centralised Multicast A handleto the CtrMcastCompbjectis returnedwvhenthe protocolis specifiedas‘CtrMcast’ in
mrtproto. Ctrmcastmethodsare:
$ctrmcastcomp  switch-treetype group-addr
Switchfrom the RendezeusPointrootedsharedreeto source-specifitreesfor the groupspecifiedoy group-addr
Notethatthis methodcannotbe usedto switchfrom source-specifitreesbackto a sharedreefor amulticastgroup.

$ctrmcastcomp  set ¢ rp  <node-list>
This setsthe RPs.

$ctrmcastcomp  set ¢ _bsr  <node0:0> <nodel:1>
This setsthe BSR, specifiedaslist of node:priority

$ctrmcastcomp  get c_rp  <node> <group>

Returnghe RPfor thegroupasseenby the nodenodefor the multicastgroupwith addresgyroup-addrNotethat
differentnodeamay seedifferentRPsfor thegroupif the network is partitionedasthe nodesmightbein different
partitions.

$ctrmcastcomp  get ¢ bsr  <node>
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Returngthe currentBSRfor thegroup.

$ctrmcastcomp  compute-mroutes
This recomputesnulticastroutesin the eventof network dynamicsor achangen unicastroutes.

DenseMode Thedensemode(DM) protocolcanberunasPIM-DM (default) or DVMRP dependingontheclassvariable
CacheMissMode . Thereareno methodsspecificto this mcastprotocolobject. Classvariablesare:

PruneTimeout Timeoutvaluefor prunestateat nodes.defaultsto 0.5sec.
CacheMissMode Usedto setPIM-DM or DVMRP typeforwardingrules.

Shared Tree Thereareno methoddor this class.Variablesare:
RP_ RP_indexedby groupdeterminesvhich nodeis the RPfor a particulargroup.

Bidir ectional Shared Tree Thereareno methoddor this class.Variableis sameasthatof SharedTreedescribedabore.
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Chapter 25

Network Dynamics

This chapterdescribeshe capabilitiesn nsto make the simulationtopologiesdynamic.We startwith theinstanceprocedures
to the classSimulatorthatareusefulto a simulationscript(Section25.1). The next sectiondescribesheinternalarchitecture
(Section25.2), including the different classesand instancevariablesand proceduresthe following sectiondescribeghe
interactionwith unicastrouting (Section25.3). This aspecbf network dynamicsis still somevhatexperimentalin ns The
last sectionof this chapteroutlinessomeof the deficienciesn the currentrealization(Section25.4) of network dynamics,
someoneor which maybefixedin thefuture.

The proceduresand functions describedin this chaptercan be found in ~ng'tcl/rtglib/dynamics.tcland ~ng/tcl/lib/route-
proto.tcl.

25.1 The userlevel API

The userlevel interfaceto network dynamicsis a collectionof instanceproceduresn the classSimulator andoneprocedure
to traceandlog thedynamicsactiity. Reflectinga ratherpoorchoiceof namestheseproceduregrertmodel , rtmodel-
delete , andrtmodel-at . Thereis oneotherprocedureytmodel-configure , thatis usedinternally by the class
Simulatorto configurethe rtmodelsjust prior to simulationstart. We describethis methodlater (Section25.2).

— The instanceprocedurertmodel {} definesa modelto be appliedto the nodesand links in the topology Some
examplesof this commandasit would beusedin a simulationscriptare:

$ns rtmodel Exponential 0.8 1.0 1.0 3%n1
$ns rtmodel Trace dynamics.trc $n2 $n3
$ns rtmodel Deterministic 20.0 20.0 $node(l) $node(5)

Theprocedureequiresat leastthreearguments:

e Thefirst two agumentgefinethemodelthatwill be used,andthe parameterso configurethe model.

The currentlyimplementedmodelsin ns are Exponential(On/Off), Deterministic(On/Off), Trace(driven), or
Manual(one-shotmodels.

e Thenumberformat,andinterpretatiorof the configurationparameterss specificto the particularmodel.

1. Theexponentialon/off modeltakesfour parameters{[starttime], up interval, down interval, [finish time]).
(starttime) defaultsto 0.5s. from thestartof thesimulation {finishtime) defaultsto theendof thesimulation.
(upinterval) and{down interval) specifythe meanof the exponentialdistribution definingthe time thatthe

224



nodeor link will be up anddown respectiely. The default up anddown interval valuesare 10s. and1s.
respectiely. Any of thesevaluescanbe specifiedas”—" to defaultto theoriginal value.
Thefollowing areexamplespecification®f parameterso this model:

08 1.0 1.0 # startat0.8s., up/down= 1.0s., finishis default
50 05 # startis default,up/down= 5.0s, 0.5s., finishis default
- 07 ;# start, upinterval are default,down= 0.7s., finishis default
- - -10 # start,up, downare default,finishat 10s.

2. Thedeterministicon/off modelis similar to the exponentiaimodelabove, andtakesfour parameters{[start
time], upinterval,downinterval, [finish time]). (starttime) defaultsto thestartof thesimulation {finishtime)
defaultsto the end of the simulation. Only the interpretationof the up anddown interval is different; (up
intenval) and(down intenval) specifytheexactdurationthatthenodeor link will beupanddown respectiely.
Thedefaultvaluesfor theseparameterare: (starttime) is 0.5s. from startof simulation,{upintervaly is 2.0s.,
(down interval) is 1.0s., and(finish time) is the durationof the simulation.

3. Thetracedrivenmodeltakesoneparameterthe nameof thetracefile. Theformatof theinput tracefile is
identicalto that outputby the dynamicstracemodules,viz,, v (time ) link- (operation ) (nodel)
(node2). Linesthatdo not correspondo thenodeor link specifiedareignored.

v 0.8123 link-up 35
v 3.5124 link-down 3 5

4. Themanualone-shotmodeltakestwo parametersthe operatiorto be performedandthetime thatit is to be

performed.

e Therestof theamgumentgo thertmodel {} proceduredefinethe nodeor link thatthe modelwill beappliedto.
If only onenodeis specified,t is assumedhatthe nodewill fail. Thisis modeledby makingthe links incident
onthe nodefail. If two nodesare specifiedthenthe commandassumeshatthe two areadjacento eachother,
andthemodelis appliedto thelink incidenton thetwo nodes.If morethantwo nodesarespecifiedonly thefirst
is consideredthe subsequerdrgumentsareignored.

e instancevariable traceAllFile is set.

The commandeturnsthe handleto the modelthatwascreatedn this call.
Internally, rtmodel {} storesthelist of routemodelscreatedn the classSimulatorinstancevariable,rtModel

— Theinstanceprocedurertmodel-delete {} takesthe handleof a route modelasargument,removesit from the
rtModel_ list, anddeletegheroutemodel.

— Theinstanceproceduratmodel-at  {} is aspecialinterfaceto the Manualmodelof network dynamics.

Thecommandakesthetime, operationandnodeor link asargumentsandappliesthe operationto thenodeor link at
the specifiedtime. 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, theinstanceprocedurdrace-dynamics  {} of theclassrtModel enabledracingof the dynamicseffectedby this
model. It is usedas:

set fh [open "dyn.tr" w]
$rtmodell  trace-dynamics $th
$rtmodel2  trace-dynamics $th
$rtmodell  trace-dynamics stdout

In this example, $rtmodell  writesouttraceentriesto bothdyn.trandstdout;$rtmodel2  only writesouttraceentriesto
dyn.tr. A typical sequencef traceentrieswritten out by eithermodelmight be:
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v 0.8123 link-up 35
v 0.8123 link-up 53
v 3.5124 link-down 35
v 3.5124 link-down 53

ThesdinesaboveindicatethatLink (3, 5) failedat0.8123s., andrecoveredattime 3.5124s.

25.2 The Inter nal Architecture

Eachmodelof network dynamicsis implementecasa separatelass,derived from the baseclass  rtModel . We begin
by describingthe baseclassrtModel andthe derived classegSection25.2.1). The network dynamicsmodelsuseaninternal
queuingstructureto ensurghatsimultaneougventsarecorrectlyhandledtheclass  rtQueue . Thenext subsectior{Sec-
tion 25.2.2)describesheinternalsof this structure Finally, we describaheextensiongo theexisting classegSection25.3.1):
theNode,Link, andothers.

25.2.1 The classrtModel

To usea new routemodel,theroutinertmodel {} createsaninstanceof the appropriataype, definesthe nodeor link that
the modelwill operateupon, configuresthe model, and possiblyenabledracing; The individual instanceprocedureghat
accomplistthisin piecesare:

Theconstructorfor the baseclassstoresareferencdo the Simulatorin its instancevariable,ns_ . It alsoinitializesthe
startTime_  andfinishTime_  from theclassvariablesof the samename.

Theinstanceprocedureset-element&lentifiesthe nodeor link thatthe modelwill operateupon. Thecommandstores
two arrays:links_ , of thelinks thatthemodelwill actupon;nodes_ , of theincidentnodesthatwill be affectedby
thelink failure or recovery causedy themodel.

Thedefaultproceduren thebaseclassto setthemodelconfiguratiorparameterss set-parmsit assumeawell defined
starttime, upinterval, down interval, andafinish time, andsetsup configurationparametergor someclassof models.

It storesthesevaluesin theinstancevariables:startTime_  ,upinterval_ ,downinterval_  , finishTime_
The exponentialanddeterministionodelsusethis defaultroutine, the tracebasedandmanualmodelsdefinetheir own
procedures.

Theinstanceprocedurdrace {} enablegrace-dynamics {} oneachof thelinks thatit affects. Additional details
ontrace-dynamics  {} isdiscussedh the sectionon extensiongdo the classLink (Section25.3.1).

Thenext sequencef configuratiorstepsaretakenjustprior to the startof thesimulator nsinvokesrtmodel-configure {3
just beforestartingthe simulation. This instanceprocedurdirst acquiresan instanceof the classrtQueue andtheninvokes
configure {} for eachroutemodelin its list, tModel_

Theinstanceprocedureconfigure  {} makeseachlink thatis is appliedto dynamic;this is the setof links storedin
its instancevariablearray links_ . Thentheprocedurescheduledts first event.

Thedefaultinstanceprocedureset-first-event {} scheduleshefirst eventto take all thelinks “down” at
$startTime_ +uplinterval_ . Individualtypesof routemodelsderivedfrom this baseclassshouldredefinetins
function.
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Two instanceproceduresn the baseclass, set-event {} andset-event-exact {}, canbe usedto schedule
eventsin theroutequeue.

set-event {interval, operation}schedule®peration  afterinterval secondgrom the currenttime; it usesthe
procedureset-event-exact {} below.

set-event-exact {fireTime,operation}schedule®peration  to executeatfireTime
If thetime for executionis greaterthanthefinishTime_ , thentheonly possibleactionis to take afailedlink “up”.

Finally, the baseclassprovidesthe methodgo take the links up{} or down{}. Eachmethodinvokesthe appropriate
procedureon eachof thelinks in theinstancevariable links_

Exponential Themodelscheduleds first eventto take thelinks down atstartTime_ + E(uplnterval_  );

It alsodefinesthe proceduresup{} anddown{}; eachprocedurenvokesthe baseclassprocedureto performthe actual
operation.Thisroutinethenreschedulethenext eventatE(upinterval ) or E(downinterval ) respectiely.

Deterministic The modeldefinesthe proceduresup{} anddown{}; eachprocedurdnvokesthe baseclassprocedureo
performthe actualoperation. This routinethenrescheduleshe next eventat upinterval or downlinterval_ respec-
tively.

Trace Themodelredefinegheinstanceprocedureset-parms {} to operamatracefile, andseteventsbasedn thatinput.

Theinstanceprocedurgget-next-event {} returnsthenext valid eventfrom thetracefile. A valid eventis aneventthat
is applicableto oneof thelinks in this objectslinks_  variable.

Theinstanceprocedureset-trace-events {} usegget-next-event {} toschedulghenext valid event.

Themodelredefineset-first-event {}, up{}, anddown{} to useset-trace-events {}.

Manual The modelis designedo fire exactly once. The instanceprocedureset-parms {} takesan operationandthe
time to executethatoperationasarguments set-first-event {} will schedulegheeventattheappropriatenoment.

Thisroutinealsoredefinesotify  {} to deletetheobjectinstancavhentheoperatioris completed.Thisnotionof theobject
deletingitself is fragile code.

Sincetheobjectonly firesonceanddoesnto have to berescheduledt doesnot overloadthe proceduresip{} or down{}.

25.2.2 cl ass rt Queue

The simulatorneedso co-ordinatemultiple simultaneousietwork dynamicsevents,especiallyto ensuretheright coherent
behaiour. Hence,the network dynamicsmodelsusetheir own internalroute queueto scheduledynamicsevents. Thereis
oneinstanceof this objectin thesimulator in the classSimulatorinstancevariablertq_ .

Thequeueobjectstoresanarrayof queuedperationsn its instancevariable,rtq_ . Theindex is thetime atwhichtheevent
will execute.Eachelements thelist of operationghatwill executeatthattime.

Theinstanceproceduresnsg {} andinsg-i {} caninsertanelementnto the queue.
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Thefirst agumentis the time at which this operationwill execute.insq {} takestheexacttime asargument;insg-
i {} takestheinterval asargumentandschedulesheoperationinterval ~ secondsfterthecurrenttime.

Thefollowing agumentsspecifythe object,$obj , theinstanceprocedureof thatobject,$iproc , andthearguments
tothatprocedure$args .

Theseargumentsareplacedinto theroutequeuefor executionat the appropriatdime.

Theinstanceproceduraung {} executesval $obj S$iproc $args attheappropriaténstant.After all the eventsfor
thatinstanceareexecutedyung {} will notify {} eachobjectaboutthe execution.

Finally, theinstanceproceduredelq {} canremove aqueuedactionwith thetime andthe nameof theobject.

25.3 Interaction with Unicast Routing

In anearliersection,we haddescribechow unicastrouting reacts(Section23.4.2)to changedgo the topology This section
detailsthe stepsby which the network dynamicscodewill notify the nodesandroutingaboutthe changego thetopology

1. rtQueue::runqg  {} will invoketheprocedurespecifiedby eachof theroutemodelinstancesAfter all of theactions
arecompletedrung {} will notify eachof themodels.

2. notify  {} will theninvoke instanceprocedurest all of the nodesthatwereincidentto the affectedlinks. Eachroute
modelstoresthelist of nodesn its instancevariablearray nodes_ .
It will thennotify the RouteLogicinstanceof topologychanges.

3. ThertModel objectinvokesthe classNodeinstanceprocedurentf-changed  {} for eachof theaffectednodes.

4. Node::intf-changed {} will notify ary rtObject  atthenodeof the possiblechangego thetopology
Recallthattheserouteobjectsarecreatedvhenthe simulationusesdetaileddynamicunicastrouting.

25.3.1 Extensionsto Other Classes

Theexisting classeassumehatthetopologyis staticby default. In this sectionwe documenthe necessarghangego these
classego supportdynamictopologies.

We have alreadydescribedhe instanceproceduresn theclass  Simulator  to createor manipulateroute models,i.e.,
rtmodel {}, rtmodel-at {}, rtmodel-delete {}, andrtmodel-configure {} in earliersectiongSection25.2.1).
Similarly, theclass Node containstheinstanceprocedurantf-changed  {} thatwe describedn the previoussection
(Section25.3).

Thenetwork dynamicscodeoperate®n individual links. Eachmodelcurrentlytranslatests specificatiorinto operationsn
theappropriatdinks. Thefollowing paragraphslescribeheclassLink andrelatedclasses.

cl ass Dynanmi cLi nk Thisclassis theonly TclObjectin thenetwork dynamicscode.Theshadav classis calledclass
DynalLink . Theclasssupportsoneboundvariable,status_ . status_ is 1 whenthelink is up, and0 whenthelink is
down. The shadaev objects recv () methodchecksthe status_ variable,to decidewhetheror not a packet shouldbe
forwarded.
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cl ass Link Thisclasssupportghe primitives:up anddown, andup?to setandquerystatus_ . Theseprimitivesare
instanceprocedure®f theclass.

Theinstanceproceduresip{} anddown{} setstatus_  to 1 andO respectiely.

In addition,whenthelink fails, down{} will resetall connectorghatmake up thelink. Eachconnectorincludingall
queuesaandthedelayobjectwill flushanddropary pacletsthatit currentlystores.This emulateghe pacletdropdue
to link failure.

Both procedureshenwrite traceentriesto eachfile handlein thelist, dynT .

Theinstanceproceduraip?{} returnsthe currentvalueof status

In addition,the classcontaingheinstanceprocedureall-connectors {}. Thisprocedurdakesanoperatiorasargument,
andappliesthe operationuniformly to all of the classinstancevariablesghatarehandledor TclObjects.

cl ass Sinpl eLi nk The classsupportstwo instanceprocedureslynamic {} andtrace-dynamics {}. We have
alreadydescribedhelatterproceduravhendescribingthetrace {} proceduren the classrtModel.

Theinstanceproceduredynamic {} insertsa DynamicLinkobject(Section6.2) attheheadof the queue.lt pointsthedown-
targetof the objectto thedroptargetof thelink, drpT_, if theobjectis defined,or to thenullAgent_  in thesimulator It
alsosignalseachconnectoiin thelink thatthelink is now dynamic.

Most connectorsgnorethis signalto be becomedynamic;the exceptionis DelayLink  object. This objectwill normally
schedulesachpaclet it receivesfor receptionby the destinationnodeat the appropriatetime. Whenthelink is dynamic,
the objectwill queueeachpacletinternally;it schedule®nly oneeventfor the next packetthatwill be delivered,insteadof
oneeventper packet normally. If thelink fails, theroutemodelwill signalareset , atwhich point, the shadev objectwill

executeits resetinstproc-like, andflushall pacletsin its internalqueue Additional detailsaboutthe DelayLink canbefound
in anotherchapteChapte).

25.4 Deficenciean the Curr ent Network DynamicsAPI

Therearea numberof deficenciesn the currentAPI thatshouldbe changedn the next iteration:

1. Thereis noway to specifya clusterof nodesor links thatbehaein lock-stepdynamicsynchroly.

2. Nodefailure shouldbe dealtwith asits own mechanismratherthana secondgradecitizenof link failure. This shavs
upin anumberof situationssuchas:

(a) Themethodof emulatingnodefailure asthefailure of the incidentlinks is broken. Ideally, nodefailure should
causaall agentdgncidentonthenodeto bereset.

(b) Thereis notracingassociateavith nodefailure.

3. If two distinctroutemodelsareappliedto two separatdinks incidenton acommonnode,andthetwo links experience
atopologychangeatthe sameinstant,thenthe nodewill benotifiedmorethanonce.

25.5 Commandsat a glance

Following is a list of commandsaisedto simulatedynamicscenariosn ns
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$ns_ rtmodel <model> <model-params> <args>

This commandiefinesthe dynamicmodel(currentlyimplementednodelsare: Deterministic,Exponential Manualor
Trace)to beappliedto nodesandlinks in thetopology Thefirst two agumentsconsistf the tmodelandthe parameteto
configurethe model.<amgs>standdor differenttype of algumentsxpectedwith differentdynamicmodeltypes.This
returnsa handleto amodelobjectcorrespondingo the specifiedmodel.

¢ In the Deterministicmodel<model-paramsis <start-time><up-intenal>, <down-intenal>, <finish-time>. Starting
from start-timethelink is madeup for up-intenal anddown for down-intenal till finish-timeis reachedThedefault
valuesfor start-time up-intenal, downintenal are0.5s,2.0s,1.0srespectiely. finishtimedefaultsto theendof the
simulation.The start-timedefaultsto 0.5sin orderto let therouting protocolcomputatiorquiesce.

¢ If theExponentiaimodelis usedmodel-paramss of theform <up-intenal>, <down-intenal>wherethelink up-time
is anexponentialdistribution aroundthe meanupintenal andthelink down-timeis anexponentialdistributionaround
themeandown-intenal. Default valuesfor up-intenal anddown-interval are10sand1srespectiely.

¢ If theManualdistributionis usedmodel-paramss <at><op>whereat specifieghetime at which theoperationop
shouldoccur opis oneof up, down. The Manualdistribution could be specifiedalternatelyusingthe rtmodel-at
methoddescribedaterin the section.

¢ If Traceis specifiedasthe modelthelink/nodedynamicss readfrom a Tracefile. The model-paramsrgumentwould
in this casebethefile-handleof the Tracefilethathasthe dynamicsinformation. The tracefileformatis identicalto the
traceoutputgeneratedby thetrace-dynamictink method(seeTRACE AND MONITORING METHODSSECTION).

$ns_ rtmodel-delete <model>
This commandakesthe handleof theroutemodekmodel>asanargumentremovesit from thelist of tmodelsmaintained
by simulatoranddeleteghe model.

$ns_ rtmodel-at <at> <op> <args>
This commands a specialinterfaceto the Manualmodelof network dynamics It takesthetime <at>,type of operation
<op>andnodeor link onwhichto applythe operation<args>asthe aguments At time <at>, the operation<op>which
maybeup or down is appliedto a nodeor link.

$rtmodel trace <ns> <f> <optional:op>

This enablegracingof dynamicseffectedby this modelin thelinks. <ns>is aninstanceof the simulator <f> the outputfile
to write thetracesto and<op>is anoptionalargumentthatmay be usedto defineatype of operation(like nam).Thisis a
wrapperfor theclassLink procedurdrace-dynamics

$link  trace-dynamics <ns> <f> <optional:op>
Thisis aclasslink instanceprocedurehatis usedto setuptracingof dynamicsin thatparticularlink. Theargumentsare
sameasthatof classrtModel’s procedurdrace describedabove.

$link  dynamic
This commandnsertsa DynamicLink objectat the headof the queueandsignalsto all connectorsn thelink thatthelink is
now dynamic.

Internalprocedures:

$ns_  rtmodel-configure

Thisis aninternalprocedurahatconfiguresall dynamicmodelsthatare presenin thelist of modelsmaintainedoy the
simulator
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Chapter 26

Hierar chical Routing

This chapterdescribeghe internalsof hierarchicalroutingimplementedn ns This chapterconsistsof two sections.In the
first sectionwe give an overview of hierarchicalrouting. In the secondsectionwe walk throughthe API's usedfor setting
hierarchicakroutinganddescribethe architectureinternalsandcodepathfor hierrtg in the process.

The functions and proceduregdescribedin this chaptercan be found in ~ngtcl/lib/ns-hiernode.tcltcl/lib/ns-address.tcl,
tcl/lib/ns-route.tclandroute.cc.

26.1 Overview of Hierar chical Routing

Hierarchicalroutingwasmainly devised,amongotherthings,to reducememoryrequirement®f simulationsover very large

topologies.A topologyis brokendown into severallayersof hierarchy thusdownsizingthe routingtable. The tablesizeis

reducedirom n?2, for flat routing, to aboutlog n for hierarchicalrouting. However someoverheadcostsresultsas number
of hierarchylevels areincreased.Optimumresultswerefoundfor 3 levels of hierarchyandthe currentnsimplementation
supportauptoa maximumof 3 levelsof hierarchicakouting.

To beableto usehierarchicalrouting for the simulationswe needto definethe hierarchyof thetopologyaswell asprovide
thenodeawith hierarchicabhddressingln flat routing,every nodeknows aboutevery othernodein thetopology, thusresulting
in routing tablesizeto the orderof n2. For hierarchicalrouting, eachnodeknows only aboutthosenodesin its level. For
all otherdestinationsutsideits level it forwardsthe pacletsto the borderrouterof its level. Thustheroutingtablesizegets
downsizedto the orderof aboutlog n.

26.2 Usageof Hierar chical routing

Hierarchicalrouting requiressomeadditionalfeaturesandmechanismgor the simualtion. For example,a new nodeobject
calledHierNodeis beendefinedfor hierrtg. Thereforetheusermustspecifyhierarchicaloutingrequirementdeforecreating
topology Thisis doneasshavn below:

First, the addresgormat( ) or theaddresspaceusedfor nodeandport addressneedso be setin the hierarchicaimode. It
may be donein oneof thetwo ways:

set ns [new Simulator]
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$ns set-address-format hierarchical

This setsthenodeaddresspaceto a 3 level hierarchyassigning bits in eachlevel.

or,

$ns set-address-format hierarchical <n hierarchy levels>  <# bits in
level 1> ..<# bits in nth level>

which createsa nodeaddresspaceor n levelsof hierarchyassigningpits asspecifiedfor every level.

Thisotherthancreatingahierarchicahddresspacealsosetsaflag calledEnableHierRt andsetsthe Simulatorclassvariable
node_#ctory_to HierNode.Thereforewhennodesarecreatedy calling Simulatormethod‘node” asin :

$nsnode0.0.1,aHierNodeis createdvith anaddres®f 0.0.1;

ClassAddrParamsis usedto storethe topology hierarchylike numberof levels of hierarchy numberof areasn eachlevel
like numberof domainshumberof clustersandnumberof nodesin eachcluster

The API for supplyingtheseinformationto AddrParamss shavn below:

AddrParams set domain_num_ 2

lappend cluster num 2 2

AddrParams set cluster num_  $cluster_num
lappend eilastlevel 2323

AddrParams set nodes num_ $eilastlevel

This definesatopologywith 2 domainssayD1 andD2 with 2 clusterseach(C11& C12in D1 andC21& C22in D2). Then
numberof nodesin eachof these4 clusterss specifiedas2,3,2and3 respectiely.

Thedefaultvaluesusedby AddrParamsprovide atopologywith asingledomainwith 4 clusterswith eachclusterconsisting
of 5 nodes.

Appropriatemaskandshift valuesaregeneratedy AddrParamdor the hierarchicahodeaddresspace.

EachHierNodeat thetime of its creationcalls the method'mk-default-classifier’ to setupn numbersof addres<lassifiers
for nlevelsof 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 route computation,a call is madeto add-hroutensteadof the corventionaladd-routeusedfor flat-routing.
Add-hroutepopulateslassifiersasshavn in the otcl methodbelow:
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Figure26.1: Hierarchicalclassifiers

HierNode instproc add-hroute dst target
$self  instvar classifiers_ rtsize
set al [$self  split-addrstr $dst]
set | [llength $al]
for set i 1 & <= $l incr i
set d [lindex  $al [expr $i-1]]
if $i == $l
$classifiers_($i) install $d S$target
else
$classifiers_($i) install $d $classifiers_([expr $i o+ 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 thelevel 1 classifierdemuwesfor domains,level 2 for all clustersinsidethe nodes
domainandfinally classifier3 demuesfor all nodesin the particularclusterthatthe nodeitself resides For suchatopology,

aHierNodewith addres®f 0.1.2lookslik e thefigure below:

Thusthe size of the routing tablesare considerablyreducedfrom n? asseenfor flat routing whereeachnodehadto store
the next_hopinfo 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 savzes on memory
consumptioraswell asrun-timefor the simulationsusingsereralthousand®f nodesn theirtopology
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26.3 CreatinglargeHierarchical topologies

The previous sectiondescribesmethodsto createhierarchicaltopologiesby hand. However, thereis a script available
in ns that corverts Geogia-techs SGB-graphsinto ns compatiblehierarchicaltopologies. Pleaserefer to http://www-
mash.CS.Beiley.EDU/ns/ns-topgen.htmifor downloadingaswell asinstructionson usingthe hierarchicakorverterpack-
age.

Seehierrtg-10.tclandhierrtg-100.tclin ~ng'tcl/ex for examplescriptsof hier routingon smallandlargetopologiesrespec-
tively.

26.4 Hierarchical Routing with SessionSim

Hierarchicalroutingmaybeusedin conjunctionwith Sessiorsimulations(seeChapter 33). Session-leel simulationswhich
areusedfor runningmulticastsimulationsover very large topologies gainsadditionallyin termsof memorysavingsif used
with hierarchicalrouting. Seesimulationscript~ngtcl/ex/newmcast/session-higcl for an exampleof sessionsinover hier

rtg.

26.5 Commandsat a glance

Following is alist of hierarchicakouting/addressingelatedcommandsisedin simulationscripts:

$ns_  set-address-format hierarchical

This commandvasusedto setuphierarchicaladdressingn ns However with therecentchangesn nodeAPIs, this
commancdhasbeenreplacedoy

ns_ node-config -addressType  hierarchical

This createsa defaulttopologyof 3 levelsof hierarchy assigning bits to eachlevel.

$ns_  set-address-format hierarchical <nlevels>  <#bits in levell>....<#bits in level
n>
This commanccreatesa hierarchyof <nlevels>andassignghebitsin eachlevel asspecifiedn thearguments.

AddrParams set domain_num_ <n_domains>
AddrParams set cluster num_  <n_clusters>
AddrParams set nodes_num_ <n_nodes>

Theabove APIs areusedto specifythe hierarchicakopology i.e thenumberof domainsclustersandnodespresenin the
topology Default valuesusedby AddrParamg(i.e if nothingis specified)provide atopologywith asingledomainwith 4
clusterswith eachclusterconsistingof 5 nodes.

Internalprocedures:

$Hiernode_  add-hroute  <dst> <target>

This proceduras usedto addnext-hopentriesof a destinatiorncdst>for agiven<tamget>. Sincehier-nodeshase multiple
classifierspnefor eachlevel of hierarchy add-hroutepopulatesier-classifierscorrectlyandshouldbe usedin placeof
add-routeusedfor flat-routing.

$hiernode_  split-addrstr <str>
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This splitsup a hierarchicaldrresstring (saya.hc) into alist of theaddresseat eachlevel (i.e, a,bandc).
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Transport
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Chapter 27

UDP Agents

27.1 UDP Agents

UDP agentsareimplementedn udp.{cc, h} . A UDP agentacceptdatain variablesize chunksfrom an application,
andsegmentsthe dataif needed UDP paclketsalsocontaina monotonicallyincreasingsequenc@umberandan RTP times-
tamp. Althoughreal UDP pacletsdo not containsequenc@umbersor timestampsthis sequenc@umberdoesnotincur ary
simulatedoverheadandcanbe usefulfor tracefileanalysisor for simulatingUDP-basedpplications.

The defaultmaximumsegmentsize(MSS)for UDP agentds 1000byte:
Agent/UDP set packetSize_ 1000 # maxsegmentsize

This OTcl instvar is boundto the C++ agentvariablesize .

Applicationscanacces3JDP agentsvia the sendmsg () functionin C++, or viathesend or sendmsg methodsn OTcl, as
describedn section31.2.3.

Thefollowing is a simpleexampleof how a UDP agentmaybe usedin a program.In theexample,the CBR traffic generator
is startedattime 1.0, at which time thegeneratobeginsto periodicallycall the UDP agentsendmsg () function.

set ns [new Simulator]

set nO0 [$ns node]

set nl [$ns node]

$ns duplex-link $n0 $n1 5Mb 2ms DropTalil

set udpO [new Agent/UDP]

$ns attach-agent $n0 $udpO

set cbrO [new Application/Traffic/CBR]

$cbr0 attach-agent $udpO

$udp0 set packetSize_ 536 # setMSSto 536bytes

set null0 [new Agent/Null]
$ns attach-agent $n1 $nullo
$ns connect $udpO $nullo
$ns at 1.0 "$cbr0 start"
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27.2 Commandsat a glance

Thefollowing commandsreusedto setupUDP agentdn simulationscripts:

set udpO [new Agent/UDP]
This createsaninstanceof the UDP agent.

$ns_ attach-agent <node> <agent>
Thisis acommoncommandusedto attachary <agent>o a given<node>.

$traffic-gen attach-agent <agent>
This a classApplication/Traffic/<traffictype>methodwhich connectshetraffic generatoto the given<agent>.For
example,if we wantto setupa CBR traffic flow for theudpagent,udpl,we giventhefollowing commands

set cbrl [new Application/Traffic/CBR]
$cbrl attach-agent $udpl

$ns_ connect <src-agent>  <dst-agent>
This commandsetsup anend-to-endconnectiorbetweertwo agentgat thetransportayer).

$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

Theabove aredifferentparameteraluesthatmaybe setasshavn above for udpagentsThe default valuescanbefoundin
ngtcl/lib/ns-defwult.tcl.

For atypical exampleof settingup anUDP agentusedin a simulation,seetheabove section27.1.
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Chapter 28

TCP Agents

This sectiondescribesheoperationof the TCPagentsn ns Therearetwo majortypesof TCPagentsione-way agentsanda
two-way agent.One-way agentsarefurther subdvidedinto a setof TCP sendergwhich obey differentcongestioranderror
controltechniguespandrecevers(“sinks”). Thetwo-way agentis symmetricin the sensehatit representbotha senderand
recever. It is still underdevelopment.

The files describedn this sectionaretoo numerouso enumeraténere. Basicallyit coversmostfiles matchingthe regular
expression-ngtcp*.{cc, h}.

Theone-way TCP sendingagentscurrentlysupportedare:

Agent/TCP- a“tahoe” TCPsender

Agent/TCP/Rene a“Reno” TCPsender

Agent/TCP/N&Reno- Renowith amodification
Agent/TCP/Sack1 TCPwith selectve repeat(follows RFC2018)
Agent/TCP/\¢gas- TCPVegas

Agent/TCP/Rack- RenoTCPwith “forwardacknavledgment”

Theone-way TCPreceving agentscurrentlysupportedare:

e Agent/TCPSink TCPsinkwith oneACK perpaclet

e Agent/TCPSink/DelAck TCPsinkwith configurabledelayper ACK
e Agent/TCPSink/Sackiselectve ACK sink (follows RFC2018)

¢ Agent/TCPSink/Sackl/DelAckSacklwith DelAck

Thetwo-way experimentakendercurrentlysupportoonly a Renoform of TCP:

e Agent/TCP/FullTcp

The sectioncompriseghreeparts: the first partis a simple overview and exampleof configuringthe baseTCP send/sink
agentgqthe sink requiresno configuration).The secondpartdescribeghe internalsof the basesendagent,andlastpartis a
descriptionof the extensiongor the othertypesof agentghathave beenincludedin the simulator
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28.1 One-Way TCP Senders

Thesimulatorsupportssereralversionsof anabstracted CPsenderTheseobjectsattemptto capturethe essencef the TCP
congestioranderrorcontrolbehaiors, but arenotintendedto befaithful replicasof real-world TCPimplementationsThey
do not containa dynamicwindow adwertisementthey do segmentnumberand ACK numbercomputation®ntirelyin paclket
units, thereis no SYN/FIN connectiorestablishment/teardeon, andno datais ever transferrede.g. no checksum®r urgent
data).

28.1.1 The BaseTCP Sender(TahoeTCP)

The “Tahoe” TCP agentAgent/TCP performscongestioncontrol and round-trip-timeestimationin a way similar to the
versionof TCP releasedwith the 4.3BSD“Tahoe” UN’X systemreleasefrom UC Berkeley. The congestionwindow is
increasedy onepaclet pernev ACK recevedduringslow-start(whencwnd_ < ssthresh_) andis increasedy —-—— for

d
eachnew ACK recevedduringcongestioravoidance(whencwnd_ > ssthresh_). =

Responseso Congestion TahoeTCP assumes paclet hasbeenlost (dueto congestionvhenit obsernesNUMDUPACKS
(definedin tcp.h |, currently3) duplicateACKs, or whena retransmissiotimer expires.In eithercase,TahoeT CPreactsy
settingssthresh_  to half of the currentwindow size(theminimumof cwnd_ andwindow_ ) or 2, whichereris larger. It
theninitializescwnd_ backto thevalueof windowlnit_ . Thiswill typically causehe TCPto enterslow-start.

Round-Trip Time Estimation and RTO Timeout Selection Four variablesare usedto estimatethe round-trip time
and setthe retransmissiorimer: rtt_, srit_, rttvar_, tepTick_, and backoff . TCPinitializes rttvar
to 3/tepTick_ and bacloff to 1. Whenary future retransmissiortimer is set, it's timeoutis setto the currenttime plus
max(bt(a + 4v + 1),64) secondswhereb is the currentbacloff value,t is thevalueof tcpTick, a is the valueof srtt, andv
is thevalueof rttvar.

Round-triptime samplesarrive with new ACKs. TheRTT sampleis computedasthedifferencebetweerthe currenttime and
a“time echo”field in the ACK paclet. Whenthe first sampleis taken, its valueis usedastheinitial valuefor srtt_ . Half
thefirst sampleis usedastheinitial valuefor rttvar_ . For subsequergamplesthevaluesareupdatedasfollows:

7 1
srtt = 3 X srit + 3 X sample

3 1
rttvar = 1% rttvar + 7% |sample — srtt|

28.1.2 Configuration

Runningan TCP simulationrequirescreatingandconfiguringthe agent,attachingan application-leel datasource(a traffic
generator)andstartingtheagentandthetraffic generatar

28.1.3 Simple Configuration

Creatingthe Agent
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set ns [new Simulator] # preamblenitialization
set nodel [$ns node] ;# agentto resideonthis node
set node2 [$ns node] ;# agentto resideonthis node

set tcpl [$ns create-connection TCP $nodel TCPSi nk $node2 42]
$tcp  set window_ 50 ;# configuethe TCPagent

set ftpl [new Application/FTP]
$ftpl attach-agent $tcpl

$ns at 0.0 "$ftp  start”

This exampleillustratesthe useof the simulatorbuilt-in function create-connection . Theargumentdo this function

are: the sourceagentto create the sourcenode,thetargetagentto create thetargetnode,andthe flow ID to be usedon the

connection.The function operatesy creatingthe two agentssettingthe flow ID fieldsin the agentsattachingthe source
andtargetagentdgo their respectie nodesandfinally connectinghe agentg(i.e. settingappropriatesourceanddestination
addresseandports). Thereturnvalueof the functionis the nameof the sourceagentcreated.

TCP Data Source The TCP agentdoesnot generateary applicationdataon its own; instead,the simulationusercan
connectary traffic generatiormoduleto the TCP agentto generatelata. Two applicationsaarecommonlyusedfor TCP:FTP
andTelnet. FTPrepresents bulk datatransferof large size,andtelnetchoosests transfersizesrandomlyfrom tcplib (see
thefile tcplib-telnet.cc . Detailson configuringtheseapplicationsourceobjectsarein Section31.4.

28.1.4 Other Configuration Parameters

In additionto thewindow_ parametetisted above, the TCP agentsupportsadditionalconfigurationvariables.Eachof the
variablesdescribedn this subsections both a classvariableandan instancevariable. Changingthe classvariablechanges
thedefaultvaluefor all agentshatarecreatedsubsequentlyChangingheinstancevariableof a particularagentonly affects
thevaluesusedby thatagent.For example,

Agent/TCP set window_ 100 # Changestheclassvariable
$tcp set window_ 2.0 ;# Changeswindow_for the$tcpobjectonly

Thedefaultparametergor eachTCPagentare:

Agent/TCP set window_ 20 ;# maxboundonwindowsize
Agent/TCP set windowlnit_ 1 # initial/r esetvalueof cwnd
Agent/TCP set windowOption_ 1 ;# congavoidalgorithm (1: standad)
Agent/TCP set windowConstant_ 4 ;# usedonly whenwindowOptionl= 1
Agent/TCP set windowThresh_  0.002 ;# usedin computingaverrgedwindow
Agent/TCP set overhead_ O ;# 1=0 addsrandomtime betweersends
Agent/TCP set ecn_ O ;# TCPshouldreactto ecnbit

Agent/TCP set packetSize_ 1000 # padetsizeusedby sendern(bytes)
Agent/TCP set bugFix_ true # seeexplanation
Agent/TCP set slow_start restart true # seeexplanation
Agent/TCP set tcpTick_ 0.1 # timergranulatiryin sec(.1is NONSANDARD)
Agent/TCP set maxrto_ 64 ;# boundon RTO (seconds)
Agent/TCP set dupacks_ O ;# duplicateACK counter
Agent/TCP set ack_ 0 # highestACK received
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Agent/TCP set cwnd_ O # congestionwindow(padkets)

Agent/TCP set awnd_ O # avemgedcwnd(experimental)
Agent/TCP set ssthresh. 0 # slow-statthreshold(padets)
Agent/TCP set rtt. O # rtt sample
Agent/TCP set srtt. O ;# smoothedaveraged)rtt
Agent/TCP set rttvar_ 0 ;# meandeviation of rtt samples
Agent/TCP set backoff . 0 # currentRTO badcoff factor
Agent/TCP set maxseq_ O # max(padet) seqnumbersent

For mary simulationsfew of the configurationparameterarelik ely to requiremodification. The morecommonlymodified
parametersnclude: window_ andpacketSize . Thefirst of theseboundsthe window TCP uses,andis consideredo

playtherole of therecever'sadwertisedwindow in real-world TCP (althoughit remainsconstant) The pacletsizeessentially
functionslike the MSS sizein real-world TCP. Changedo theseparameterganhave a profoundeffect on the behaior of

TCPR Generally thoseTCPswith largerpaclet sizes,biggerwindows, andsmallerroundtrip times(a resultof thetopology
andcongestionpremoreagressie in acquiringnetwork bandwidth.

28.1.5 Other One-Way TCP Senders

RenoTCP TheRenoTCP agentis very similar to the TahoeTCP agent,exceptit alsoincludesfastrecovery, wherethe
currentcongestiorwindow is “inflated” by the numberof duplicateACKs the TCP sendetasreceved beforereceving a
new ACK. A “new ACK” refersto any ACK with avaluehigherthanthe higestseensofar. In addition,theRenoTCP agent
doesnotreturnto slow-startduringafastretransmit.Ratherit reducesetsthe congestiorwindow to half the currentwindow

andresetsssthresh_ to matchthisvalue.

NewRenoTCP This agentis basedon the Reno TCP agent,but which modifiesthe action taken whenreceving new
ACKS. In orderto exit fastrecovery, the sendemmustreceve an ACK for the highestsequenceaumbersent. Thus, new
“partial ACKs” (thosewhich represennen ACKs but do not represenan ACK for all outstandingdata)do not deflatethe
window (andpossiblyleadto a stall, characteristiof Reno).

VegasTCP Thisagentimplements'Vegas"TCP([4, 5]). It wascontributedby TedKuo.

SackTCP This agentimplementsselectve repeatbasedon selectve ACKs provided by therecever. It follows the ACK
schemeadescribedn [14], andwasdevelopedwith Matt MathisandJamshidMahdavi.

Fack TCP Thisagentimplementsforward ACK” TCPR, amodificationof SackTCP describedn [13].

28.2 TCP Recevers (sinks)

The TCPsenderslescribedabove represenbne-way datasendersThey mustpeerwith a“TCP sink” object.
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28.2.1 The BaseTCP Sink

The baseTCP sink object(Agent/TCPSink ) is responsibldor returningACKsto a peerTCP sourceobject. It generates
one ACK per paclet receved. The size of the ACKs may be configured. The creationand configurationof the TCP sink
objectis generallyperformedautomaticallyby alibrary 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 recever that ACKs
lessthanonceper pacletreceved. This objectcontainsa boundvariableinterval_  which givesthe numberof secondso
wait betweenACKs. ThedelayedACK sinkimplementsanagressie ACK policy wherebyonly ACKs for in-orderpaclets
aredelayed.Out-of-orderpacketscausammediateACK generation.

configuration parameters

Agent/TCPSink/DelAck set interval_ 100ms

28.2.3 SackTCP Sink

Theselectve-acknaviedgmentTCP sink (Agent/TCPSink/Sackl ) implementsSACK generatiormodeledafterthe de-
scriptionof SACK in RFC 2018. This objectincludesa boundvariablemaxSackBlocks  which givesthe maximum
numberof blocksof informationin an ACK availablefor holding SACK information. The default valuefor this variableis 3,

in accordancsvith the expecteduseof SACK with RTTM (seeRFC2018,section3). Delayedandselectve ACKstogether
areimplementedy anobjectof type Agent/TCPSink/Sack1/DelAck

configuration parameters

Agent/TCPSink  set maxSackBlocks 3

28.3 Two-Way TCP Agents(FullTcp)

The Agent/TCP/FullTcp objectis a new additionto the suiteof TCP agentssupportedn the simulatorandis still under
development.lt is differentfrom (andincompatiblewith) the otheragents but doesusesomeof the samearchitecture.It
differsfrom theseagentdn thefollowing ways: following ways:

e connectionsnaybe establisecdandtown down (SYN/FIN pacletsareexchanged)
¢ bidirectionaldatatransferis supported
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e sequenc@umbersarein bytesratherthanpaclets

The generatiorof SYN paclets(andtheir ACKs) canbe of critical importancen trying to modelreal-world behaior when
usingmary very shortdatatransfersThisversionof TCPcurrentlydefaultsto sendingdataon the 3rd sggmentof aninitial 3-

way handshag, a behaior somavhatdifferentthancommonreal-world TCPimplementationsA “typical” TCP connection
proceedsvith anactive openersendinga SYN, thepassie openerespondingvith aSYN+ACK, theactive openeresponding
with anACK, andthensometime latersendinghefirst sgmentwith data(correspondingo thefirst applicationwrite). Thus,
this versionof TCP senddataat a time someavhatearlierthantypical implementationsThis TCP canalsobe configuredto

senddataon theinitial SYN sggment. Futurechangego FullTCP mayincludea modificationto sendthefirst datasegment
later, andpossiblyto implementT/TCPfunctionality.

CurrentlyFullTCPis only implementedvith Renocongestiorcontrol,but ultimatelyit shouldbeavailablewith thefull range
of congestiorcontrolalgorithms(e.g., Tahoe SACK, Vegas,etc.).

28.3.1 Simple Configuration

Runningan Full TCP simulationrequirescreatingand configuringthe agent,attachingan application-leel datasource(a
traffic generator)andstartingtheagentandthetraffic generatar

Creatingthe Agent

# setupconnection(do notuse"create-connectiontethodbecause
# weneeda handleonthesinkobject)

set src [new Agent/TCP/FullTcp] # createagent
set sink [new Agent/TCP/FullTcp] # createagent
$ns_ attach-agent $node_(s1l) S$src ;# bindsrcto node
$ns_ attach-agent $node_(k1)  $sink ;# bindsinkto node
$src set fid. O # setflowID field
$sink set fid_ O # setflowID field
$ns_ connect $src  $sink # activeconnectiorsrc to sink

# setup TCP-levelconnections
$sink listen ;# will figure outwhoits peeris
$src  set window_ 100;

The creationof the FullTcp agentis similar to the otheragents but the sink is placedin a listening stateby the listen
method.Becausea handleto the receving sideis requiredin orderto malke this call, the create-connection call used
above cannotbeused.

Configuration Parameters Thefollowing configurationparametergreavailablethroughTcl for the FullTcp agent:

Agent/TCP/FullTcp set segsperack 1 # seagsreceivedbefore genemating ACK
Agent/TCP/FullTcp set segsize. 536 # segmentsize(MSSsizefor bulk xfers)
Agent/TCP/FullTcp set tcprexmtthresh 3 # dupACKsthreshto trigger fastrexmt
Agent/TCP/FullTcp set iss_ O # initial sendsequencaumber
Agent/TCP/FullTcp set nodelay  false # disablesender-sidéNagle algorithm
Agent/TCP/FullTcp set data_on_syn_ false ;# senddataoninitial SYN?
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Agent/TCP/FullTcp set dupseg_fix_  true ;# avoidfastrxt dueto dupsegs+adks
Agent/TCP/FullTcp set dupack reset  false ;# resetdupACKctr on!0 lendataseyscontainingdupACKs
Agent/TCP/FullTcp set interval_ 0.1 # asin TCPabove,(100msis non-std)

28.4 Architecture and Inter nals

The baseTCP agent(classAgent/TCP ) is constructedasa collection of routinesfor sendingpaclets, processindACKs,
managinghe sendwindow, andhandlingtimeouts.Generally eachof theseroutinesmay be over-riddenby a functionwith
thesamenamein a derivedclass(this is how mary of the TCP sendewariantsareimplemented).

The TCP header The TCP headeiis definedby thehdr_tcp  structurein the file ~ngtcp.h. The baseagentonly makes
useof thefollowing subsef thefields:

ts_ [* currenttime padetwassentfromsource*/
ts_echo_ [* for ACKs: timestamgdield from padket associatedvith this ACK */
seqno_ /* sequenc@umberfor this datasegmentor ACK (Note:overloading!)*/
reason_ [* setby sendemvhen(re)transmittingto tracereasorfor send*/

Functionsfor SendingData NotethatgenerallythesendingT CP never actuallysendsdata(it only setsthe pacletsize).

send_much(brce,reasonmaxburst) - this functionattemptgso sendasmary pacletsasthe currentsentwindow allows. It
alsokeepdgrackof how mary pacletsit hassent,andlimits to thetotalto maxhurst

The function output(seqgno, reason) sendsonepaclket with the given sequenceaumberand updateghe maximum
sentsequenc@&umbervariable(maxseq_ ) to hold the given sequenc&umberif it is the greatessentsofar. This function
alsoassignghevariousfieldsin the TCP header(sequenc@umber timestampreasorfor transmission)This functionalso
setsaretransmissiotimerif oneis notalreadypending.

Functions for Window Management The usablesendwindow at ary time is givenby the functionwindow(). It returns
the minimumof the congestiorwindow andthevariablewnd_, which representsherecever’'s advertisedwindow.

opencwnd() - this function opensthe congestionwindow. It is invoked whena new ACK arrives. Whenin slow-start,
the function merelyincrementscwnd_ by eachACK receved. Whenin congestioravoidance the standardconfiguration
incrementcwnd_ by its reciprocal. Otherwindow growth optionsaresupportedduring congestioravoidance but they are
experimentalandnot documentedgontactSally Floyd for details).

closecwnd(inthow) - this function reduceghe congestiorwindow. It may be invokedin severalways: whenenteringfast
retransmitdueto a timer expiration, or dueto a congestiomotification(ECN bit set). Its algumenthow indicateshow the
congestiorwindow shouldbereduced.ThevalueO is usedfor retransmissiotimeoutsandfastretransmitin TahoeTCP It
typically causeshe TCPto enterslow-startandreducessthresh_  to halfthecurrentwindow. Thevaluel is usedby Reno
TCP for implementingfastrecovery (which avoids returningto slow-start). The value2 is usedfor reducingthe window
dueto an ECN indication. It resetshe congestiorwindow to its initial value (usually causingslow-start),but doesnot alter
ssthresh

Functions for ProcessingACKs recv() - this functionis the main receptionpathfor ACKs. Note thatbecausenly one
directionof dataflow is in usethis functionshouldonly ever beinvokedwith a pureACK paclet (i.e. nodata). Thefunction
storesthe timestampfrom the ACK in ts_peer_ , andchecksfor the presencef the ECN bit (reducingthe sendwindow
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if appropriate)If the ACK is anav ACK, it callsnewack(), andotherwisechecksto seeif it is a duplicateof thelast ACK
seenlf so,it entersfastretransmity closingthewindow, resettingheretransmissiotimer, andsendinga paclet by calling
send_much .

newack()- thisfunctionprocessea“new” ACK (onethatcontainsanACK numberigherthanary seersofar). Thefunction
setsa new retransmissiotimer by calling newtimer(), updateghe RTT estimationby calling rtt_update, andupdateghe
highestandlastACK variables.

Functions for Managing the RetransmissionTimer Thesefunctionssene two purposesestimatingthe round-triptime
andsettingthe actualretransmissiotimer. rtt_init - this functioninitializessrtt_  andrtt_  to zero,setsrttvar_  to
3/tep_tick_, andsetsthe bacloff multiplier to one.

rtt_timeout - this function givesthetimeoutvaluein secondghatshouldbe usedto schedulehe next retransmissioimer.
It computeghis basedon the currentestimateof the meananddeviation of theround-triptime. In addition,it implements
Karn’'s exponentiattimer bacloff for multiple consecuite retransmissiotimeouts.

rtt_update - thisfunctiontakesasargumenthemeasuredRTT andaveragest in to therunningmeananddeviationestimators
accordingto thedescriptionabove. Notethatt_srtt  andt_rttvar arebothstoredin fixed-point(integers).They have
3 and2 hits, respectiely, to theright of the binary point.

reset_rtx_timer- Thisfunctionis invokedduringfastretransmibr duringatimeout. It setsaretransmissiotimer by calling
set_rtx_timer andif invokedby atimeoutalsocallsrtt_backoff

rtt_back off - this functionbacksoff theretransmissiotimer (by doublingit).

newtimer - this function calledonly whena new ACK arrives. If the senders left window edgeis beyond the ACK, then
set_rtx_timer is called,otherwiseif aretransmissiotimer is pendingit is cancelled.

28.5 Tracing TCP Dynamics

The behavior of TCPis oftenobsened by constructinga sequenc@umbervs-timeplot. Typically, a traceis performedby
enablingtracingon alink overwhich the TCP pacletswill pass.Two tracemethodsaresupportedthe default one(usedfor
tracingTCP agents)andanextensionusedonly for FullTcP

28.6 One-Way Trace TCP Trace Dynamics

TCP pacletsgeneratedby oneof the one-way TCP agentsanddestinedor a TCP sink agentpassingover a tracedlink (see
section21) will generatatracefile 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 00 14 29

- 095072 2 0 ack 40 ------ 0 3.0 00 14 29

- 095176 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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The exactformatof this tracefile is givenin section21.4. Whentracing TCR, pacletsof typetcp or ack arerelevant. Their
type, size,sequenceumber(ack numberfor ack paclets),andarrival/depart/drogime aregivenby field positions5, 6, 11,
and 2, respectiely. The + indicatesa paclket arrival, d a drop, and- a departure.A numberof scriptsprocesshis file to
producegraphicaloutputor statisticalsummariegsee for example,~ngtest-suite.tclthefinish  procedure.

28.7 One-Way Trace TCP Trace Dynamics

TCP pacletsgeneratedy FullTcp and passingover a tracedlink containadditionalinformation not displayedby default

usingthe regulartraceobject. By enablingthe flag show_tcphdr_

onthetraceobject(seesectionrefsec:traceformat

additionalheadeffieldsarewrittento the tracefile: acknumbertcp-specificflags,andheadetength.

28.8 Commandsat a glance

Thefollowing is alist of commandsaisedto setup/manipulat& CPflows for simulations:

set tcp0 [new Agent/TCP]

This createsaninstanceof a TCPagent.Thereareseveralflavorsof TCP-sendeandTCP-recever (or sink) agentcurrently
implementedn ns. TCP-sendersurrentlyavailableare: Agent/TCR Agent/TCP/RencAgent/TCP/N&/Reno,

Agent/TCP/SacklAgent/TCP/\égas,Agent/TCP/Rck.

TCP-receierscurrentlyavailableare: Agent/TCPSinkAgent/TCPSink/DelAckAgent/TCPSink/Sack1,

Agent/TCPSink/Sack1/DelAck.

Thereis alsoatwo-way implementatiorof tcp calledAgent/TCP/FullTcp For detailson thedifferentTCP flavors seeearlier

sectionof this chapter

Configurationparametergor TCP flows maybesetasfollows:
$tcp set window_  <wnd-size>

For all possibleconfigurationparametersvailablefor TCP seesection28.1.4. Thedefault configurationvaluescanalsobe

foundin ndtcl/lib/ns-defult.tcl.

Following is anexampleof a simple TCP connectiorsetup:

set tcp [new Agent/TCP]

$ns_ attach-agent $node_(s1l) S$tcp
$tcp set fid O

set ftp [new Application/FTP]

$ftp  attach-agent $tep

set sink [new Agent/TCPSink]

$ns_ attach-agent $node_(k1)  S$sink
$sink set fid O

$ns_ connect $ftp  $sink

$ns_ at S$start-time "$ftp  start”

For anexampleof settingup afull-tcp connectiorseesection28.3.1.
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# createtcp agent

;# bindsrcto node

# setflowID field

# createftp traffic

;# bindftp traffic to tcp agent
# createtcpsinkagent

# bindsinkto node

# setflowID field

;# activeconnectiorsrc to sink
# startftp flow



Chapter 29

Agent/SRM

This chaptedescribesheinternalsof the SRMimplementationn ns Thechapteiis in threeparts:thefirst partis anoverview
of aminimal SRM configurationanda “complete” descriptionof the configurationparametersf the baseSRM agent.The
secondpartdescribeghe architecturejnternals,andthe codepathof the baseSRM agent. The last part of the chapteris a
descriptionof theextensiongor othertypesof SRM agentghathave beenattemptedo date.

The proceduresandfunctionsdescribedn this chaptercanbefoundin ~ngtcl/mcast/srm.tcl-ngtcl/mcast/srm-adapte.tcl,
~ngdtcl/mcast/srm-nam.tckngitcl/mcast/srm-delny.tcl,and~ng'srm.{cc, h}.

29.1 Configuration

Runningan SRM simulationrequirescreatingandconfiguringthe agent,attachingan application-lerel datasource(a traffic
generator)andstartingtheagentandthetraffic generatar

29.1.1 Trivial Configuration

Creatingthe Agent
set ns [new Simulator] ;# preamblenitialization
$ns enableMcast
set node [$ns node] ;# agentto resideon this node
set group [$ns allocaddr] # multicastgroupfor this agent

set srm[new Agent/ SRM
$srm set dst_ $group # configuethe SRMagent
$ns attach-agent $node $srm

$srm set fid_ 1 ;# optionalconfiguition
$srm log [open srmStats.tr w] ;# log statisticsin thisfile
$srm trace [open srmEvents.tr w] ;# traceeventsfor this agent

Thekey stepsin configuringavirgin SRM agentareto assignits multicastgroup,andattachit to anode.
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Otherusefulconfigurationparameterareto assigna separatélow id to traffic originatingfrom this agent,to openalog file
for statisticsanda tracefile for tracedatd.

Thefile tcl/mcast/srm-nam.tcl containsdefinitionsthat overloadthe agents send methodsthis separatesontrol
traffic originating from the agentby type. Eachtype is allocateda separatdlowID. The traffic is separatednto session
messagefflowid = 40), requestgflowid = 41),andrepairmessagefflowid = 42). Thebaseflowid canbe changedy setting
globalvariablectrlFid  to onelessthanthedesiredlowid beforesourcingsrm-nam.tcl . To dothis,thesimulationscript
mustsourcesrm-nam.tcl  beforecreatingany SRM agents.Thisis usefulfor analysisof traffic tracesor for visualization
in nam.

Application Data Handling Theagentdoesnot generateary applicationdataon its own; instead the simulationusercan
connectary traffic generatiormoduleto ary SRM agentto generatelata. The following codedemonstratebow a traffic
generatioragentcanbeattachedo anSRM agent:

set packetSize 210

set exp0 [new Application/Traffic/Exponential] ;# configuetraffic geneator
$exp0 set packetSize $packetSize

$exp0 set burst_time_  500ms

$exp0 set idle_time_ 500ms

$exp0 set rate_ 100k

$exp0 attach-agent $srnD # attach applicationto SRMagent
$srnD set packet Size_ $packet Si ze # to genemterepair padetsof appropriatesize
$srm0 set tg_  $expO ;# pointerto traffic geneator object
$srm0 set app_fid_ O ;# fid valuefor padetsgenetedby traffic geneator

The usercanattachary traffic generatoto an SRM agent. The SRM agentwill addthe SRM headerssetthe destination
addresdgo the multicastgroup,anddeliver the paclet to its target. The SRM headercontainsthe type of the messagethe

identity of the senderthe sequenceumberof the messageand(for controlmessagesthe roundfor which this messagés

beingsent.Eachdataunitin SRMis identifiedas(sendersid, messagsequenc@aumbey.

The SRM agentdoesnot generatéts own data;it doesnot alsokeeptrack of the datasent,exceptto recordthe sequence
numberof messagesecevedin the eventthatit hasto do errorrecovery. Sincethe agenthasno actualrecordof pastdata,
it needgo know what paclet sizeto usefor eachrepairmessageHence theinstancevariablepacketSize_  specifieghe
sizeof repairmessagegeneratedby theagent.

Starting the Agent and Traffic Generator Theagentandthetraffic generatomustbe startedseparately

$srm st art
$exp0 start

Alternatively, thetraffic generatocanbe startedfrom the SRM Agent:

$srnD start-source

At start , the agentjoins the multicastgroup,andstartsgeneratingsessiormessagesThe start-source triggersthe
traffic generatoto startsendingdata.

INotethatthetracedatacanalsobe usedto gathercertainkinds of tracedata.We will illustratethis latet
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29.1.2 Other Configuration Parameters

In additionto the above parametersthe SRM agentsupportsadditionalconfigurationvariables. Eachof the variablesde-
scribedin this sectionis both an OTcl classvariableand an OTcl objects instancevariable. Changingthe classvariable
changeghe default valuefor all agentsthat are createdsubsequentlyChangingthe instancevariableof a particularagent
only affectsthevaluesusedby thatagent.For example,

Agent/SRM set D1_ 2.0 ;# Changestheclassvariable
$srm set D1_ 2.0 ;# ChangsD1_ for theparticular $srmobjectonly

Thedefaultrequestindrepairtimer parameter§9] for eachSRM agentare:

Agent/SRM set C1_ 2.0 # requesparametes
Agent/SRM set C2_ 2.0
Agent/SRM set D1_ 1.0 # repairparametes
Agent/SRM set D2_ 1.0

It is thuspossibleto trivially obtaintwo flavorsof SRM agentdbasedn whetherthe agentaiseprobabilisticor deterministic
suppressiomy 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 Cl1_ 0.0
Agent/SRM/Probabilistic set D1 0.0

In alatersection(Section29.7),we will discussotherwaysof extendingthe SRM agent.

Timerrelatedfunctionsarehandledby separat®bjectsbelongingto theclassSRM. Timersarerequiredfor lossrecoveryand
sendingperiodicsessiommessagesTherearelossrecovery objectsto sendrequestindrepairmessagesThe agentcreatesa
separateequestbor repairobjectto handleeachloss. In contrastthe agentonly createsone sessiorobjectto sendperiodic
sessiommessagesl he default classeshe expresseachof 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 instanceproceduregequestFunction {}, repairFunction {}, andsessionFunction  {} canbe usedto
changethe default function for individual agents. The last two lines are specificparametersisedby the requestand ses-
sionobjects.Thefollowing section(Section29.2)describeshe implementatiorof theseobjectsin greaterdetail.
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29.1.3 Statistics

Eachagenttrackstwo setsof statistics: statisticsto measurethe responsedo dataloss, and overall statisticsfor eachre-
quest/repairin addition,therearemethodgo acces®therinformationfrom theagent.

Data Loss Thestatisticsto measurgheresponséo datalossedracksthe duplicaterequestgandrepairs),andthe average
requesi(andrepair)delay Thealgorithmusedis documentedn Floyd etal[9]. In thisalgorithm,eachnew reques{or repair)
startsa new request(or repair) period. During the request(or repair) period, the agentmeasureshe numberof first round
duplicaterequestgor repairs)until the round terminateseither dueto receving a request(or repair), or dueto the agent
sendingone. Thefollowing codeillustrateshow the usercansimpleretrieve the currentvaluesin anagent:

set statsList [$srm array get statistics ]
array set statsArray [$srm array get statistics ]

Thefirstform returnsalist of key-valuepairs. Thesecondorm loadsthelist into thestatsArray  for furthermanipulation.
Thekeysof thearrayaredup-req ,ave-dup-req ,reg-delay ,ave-reqg-delay ,dup-rep ,ave-dup-rep ,rep-
delay , andave-rep-delay

Overall Statistics In addition,eachlossrecovery andsessiorobjectkeepstrack of timesandstatistics.In particulay each
objectrecordsits startTime , serviceTime , distance , asarerelevantto thatobject; startTime is the time thatthis
objectwascreatedserviceTme is thetime for this objectto completeits task,andthe distancds the one-way time to reach
theremotepeer

For requestobjects,startTime is the time a paclet lossis detected serviceTme is the time to finally receie that paclet,
anddistanceis the distanceto the original senderof the paclet. For repairobjects,startTime is the time that a requestor
retransmissiois receved,serviceTmeis thetime senda repair andthedistanceas the distanceto the original requesterFor
both typesof objects,the serviceTme is normalizedby the distance. For the sessiorobject, startTime is the time thatthe
agentjoins the multicastgroup.serviceTme anddistancearenotrelevant.

Eachobjectalsomaintainsstatisticsparticularto thattype of object. Requesbbjectstrackthe numberof duplicaterequests
andrepairsreceived,the numberof requestsent,andthe numberof timesthis objecthadto bacloff beforefinally receving
thedata.Repairobjectstrackthe numberof duplicaterequestandrepairs aswell aswhetheror notthis objectfor this agent
senttherepait Sessiorobjectssimply recordthe numberof sessiormessagesent.

The valuesof the timersandthe statisticsfor eachobjectarewritten to thelog file every time an objectcompleteshe error
recoveryfunctionit wastasledto do. Theformatof thistracefile is:

(prefix ) (id ) (times ) (stats )

wher e
(prefix ) is (time ) n {(node id) m{msg id ) r (round )
(msg id } is expressed as (source id:sequence  number)
(id ) is type (of object )
(times ) is list of key-value pairs of startTime, serviceTime, distance
(stats ) 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 sampleoutputillustratesthe outputfile format (thelines have beenfoldedto fit onthe page):
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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 O dupRQST 0
36417 n 1 m<Ll:1> r 2 type request serviceTime 2.66406 \

startTime 3.5542666666666665  distance  0.0105 backoff 1 #sent 1 dupREPR O dupRQST O
36876 n 2 m<1l:l> r 2 type request serviceTime 1.33406 \

startTime 3.5685333333333333  distance  0.021 backoff 1 #sent 0 dupREPR O dupRQST 0
37349 n 3 m<L:1> r 2 type request serviceTime  0.876812 \

startTime 3.5828000000000002 distance  0.032 backoff 1 #sent 0 dupREPR O dupRQST 0
37793 n 5 m<l:1> r 2 type request serviceTime  0.669063 \

startTime 3.5970666666666671  distance  0.042 backoff 1 #sent 0 dupREPR O dupRQST 0
37808 n 4 m<l:1> r 2 type request serviceTime  0.661192 \

startTime 3.5970666666666671  distance  0.0425 backoff 1 #sent 0 dupREPR O dupRQST 0

Miscellaneousinformation Finally, the usercanusethe following methodsto gatheradditionalinformation aboutthe
agent:

e groupSize? {} returnstheagents currentestimateof the multicastgroupsize.

e distances? {} returnsa list of key-value pairsof distancesthe key is the addressof the agent,the valueis the
estimateof the distanceo thatagent.Thefirst elemenis the addres®f this agent,andthe distanceof 0.

e distance? {} returnsthedistanceo the particularagentspecifiedasargument.
Thedefaultdistanceat the startof any simulationis 1.

$srm(i)  groupSize? # returns$srm(i)’s estimateof the groupsize
$srm(i)  distances? ;# returnslist of (address distance tuples
$srm(i)  distance? 257 # returnsthedistanceto agentat address257

29.1.4 Tracing

Eachobjectwrites out traceinformationthat canbe usedto track the progresof the objectin its errorrecovery. Eachtrace
entryis of theform:

(prefix ) (tag ) (type of entry ) (values )

The prefixis asdescriben the previous sectionfor statistics.Thetagis Q for requesbbjects,P for repairobjects,andS for
sessiorobjects.Thefollowing typesof traceentriesandparameterarewritten by eachobject:
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Typeof

Tag Object Othervalues Comments

Q DETECT

Q INTERVALS C1(C1_) C2(C2_) dist(distancé i (bacloff_)

Q NTIMER at (time) Time therequestimer will fire

Q SENDNACK

Q NACK IGNORE-BACKOFF (time) Receve NACK, ignore other NACKs
until (time)

Q RERAIR IGNORES(time) Receve REFAIR, ignore NACKs until
(time)

Q DATA Agent receves data instead of repair
Possiblyindicatesout of orderarrival of
data.

P NACK from (requester Receve NACK, initiate repair

P INTERVALS D1(D1_) D2(D2_) dist(distancég

P RTIMER at (time) Time therepairtimer will fire

P  SENDREP

P RERAIR IGNORES(time) Receve REFAIR, ignore NACKs until
(time)

P DATA Agentrecevesdatainsteadof repair In-
dicatesprematureequesby anagent.

S SESSION logssessiormessagsent

Thefollowing illustratesa typical tracefor a singlelossandrecovery.
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<1:.1>
<1:.1>
<1:1>
<1:.1>
<1:.1>
<1:1>
<1:.1>
<1:.1>
<1:1>
<1:.1>
<1:.1>
<1:1>
<1l:.1>
<1:.1>
<1:1>
<1:.1>
<1:.1>
<1:1>
<1:.1>
<1l:.1>
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Q DETECT

Q INTERVALS C1 2.0 C2 0.0 d 0.0105

Q NTIMER at
Q DETECT

3.57527

Q INTERVALS C1 2.0 C2 0.0 d 0.021

Q NTIMER at
Q SENDNACK

3.61053

Q INTERVALS C1 2.0 C2 0.0 d 0.0105

Q NTIMER at 3.61727
Q NACKIGNORE-BACKOFF3.59627
Q DETECT

Q INTERVALS C1 2.0 C2 0.0 d 0.032

Q NTIMER at 3.6468
P NACK from 257

P INTERVALS D1 1.0 D2 0.0 d 0.0105

P RTIMER at 3.59586

Q INTERVALS C1 2.0 C2 0.0 d 0.021

Q NTIMER at 3.67262

Q NACK IGNORE-BACKOFF3.63062
P SENDREP

P REPAIR IGNORES 3.62736

Q DETECT

Q INTERVALS C1 2.0 C2 0.0 d 0.0425

Q NTIMER at
Q DETECT

3.68207

Q INTERVALS C1 2.0 C2 0.0 d 0.042

Q NTIMER at 3.68107

Q INTERVALS C1 2.0 C2 0.0 d 0.032
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3.6029 n 3 m<1l1> r 2 Q NTIMER at 3.73089

3.6029 n 3 m<Ll:1> r 2 Q NACKIGNORE-BACKOFF3.66689

3.6102 n 1 m<Ll1> r 2 Q REPAIR IGNORES 3.64171

3.6172 n 4 m<Ll:1> r 2 Q INTERVALS C1 20 C2 0.0 d 0.0425 i 2
3.6172 n 4 m<Ll:1> r 2 Q NTIMER at 3.78715

3.6172 n 4 m<Ll1> r 2 Q NACKIGNORE-BACKOFF3.70215

3.6172 n 5 m<1:1> r 2 Q INTERVALS C1 20 C2 0.0 d 0.042 i 2
3.6172 n 5 m<Ll:1> r 2 Q NTIMER at 3.78515

3.6172 n 5 m<Ll:1> r 2 Q NACKIGNORE-BACKOFF3.70115

3.6246 n 2 m<1l1> r 2 Q REPAIR IGNORES 3.68756

3.6389 n 3 m<Lli1> r 2 Q REPAIR IGNORES 3.73492

3.6533 n 4 m<Ll1> r 2 Q REPAIR IGNORES 3.78077

3.6533 n 5 m<l1> r 2 Q REPAIR IGNORES 3.77927

Theloggingof requesaindrepairtraceds doneby SRM::evTrace {}. However,theroutineSRM/Session::evTrace  {},
overridesthe baseclassdefinitionof srm::evTrace  {}, andwritesoutnothing.Individual simulationscriptscanoverride
thesemethodsfor greaterflexibility in logging options. Onepossiblereasorto overridethesemethodsmight to reducethe
amountof datageneratedthe new procedurecouldthengenerat&eompressedndprocessedutput.

Noticethatthetracefiloe containssufficientinformationanddetailsto derive mostof the statisticswritten outin thelog file,
or is storedin the statisticsarrays.

29.2 Architecture and Inter nals

The SRM agentimplementatiorsplitstheprotocolfunctionsinto paclkethandling lossrecovery, andsessiormessagactivity.

Paclet handlingconsistsof forwarding applicationdatamessagessendingandreceiptof control messages.These
actiities areexecutedby C++ methods.

Error detectionis donein C++ dueto receiptof messageddowever, thelossrecoveryis entirelydonethroughinstance
proceduresn OTcl.

Thesendingandprocessingf messages accomplishednh C++; the policy aboutwhenthesemessageshouldbe sent
is decidedby instanceproceduresn OTcl.

We first describethe C++ processinglueto receiptof message$Section29.3). Lossrecovery andthe sendingof session
messageBwolvestimer basedorocessingTheagentusesa separatelass  SRMo performthetimer basedunctions.For
eachloss,anagentmaydo eitherrequesbr repairprocessingEachagentwill instantiatea separatdéossrecovery objectfor
every loss,asis appropriatdfor the processinghatit hasto do. In the following sectionwe describethe basictimer based
functionsandthe lossrecorery mechanismgSection29.5). Finally, eachagentusesonetimer basedfunction for sending
periodicsessiormessagefSection29.6).

29.3 Packet Handling: Processing eceved messages

Therecv () methodcanreceve four type of messagesdata,requestrepair andsessiommessages.

Data Packets Theagentdoesnotgenerateary datamessageslhe userhasto specifyanexternalagentto generatdraffic.
The recv () methodmustdistinguishbetweenlocally originateddatathat must be sentto the multicastgroup, and data
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received from multicastgroup that mustbe processed.Therefore the applicationagentmust setthe paclet’s destination
addresdo zero.

For locally originateddata,the agentaddsthe appropriatéeSRM headerssetsthe destinatioraddresgo the multicastgroup,
andforwardsthepacletto its target.

On receving a datamessagérom the group,recv_data (sendermsgid)will updateits statemarkingmessagdsender
msgid recevved,andpossiblytriggerrequestsf it detectdosses.In addition,if the messagevasan older messageeceved
out of order, thentheremustbe a pendingrequesor repairthatmustbe cleared.In thatcase the compiledobjectinvokesthe
OTcl instanceprocedurerecv-data  {sendetr msgid}.

Currently thereis no provision for the receversto actuallyreceve ary applicationdata. The agentdoesnot alsostoreary
of theuserdata. It only generatesepairmessagesf the appropriatesize,definedby the instancevariablepacketSize
However, the agentassumeshat ary applicationdatais placedin the dataportion of the paclet, pointedto by packet-
>accessdata()

RequestPackets Onreceving arequestrecv_rgst  (sendermsgid)will checkwhetherit needso scheduleequestgor
othermissingdata. If it hasrecevedthis requesteforeit wasawarethatthe sourcehadgeneratedhis datamessagéi.e.,
the sequenceumberof the requesis higherthanthe lastknown sequenc&iumberof datafrom this source) thenthe agent
caninfer thatit is missingthis, aswell asdatafrom thelastknown sequencaumberonwards;it schedulesequestdor all of
the missingdataandreturns.On the otherhand,if the sequencaumberof the requesis lessthanthe lastknown sequence
numberfrom the source thentheagentcanbein oneof threestates(1) it doesnot have this data,andhasarequespending
for it, (2) it hasthe data,andhasseenanearlierrequestuponwhich it hasa repairpendingfor it, or (3) it hasthe data,and
it shouldinstantiatea repair All of theseerrorrecorery mechanismaredonein OTcl; recv_rgst () invokestheinstance
procedurgecv-rgst  {sendermsgid,requesterfor furtherprocessing.

Repair Packets Onreceving arepair, recv_repr (sendermsgid)will checkwhetherit needsto schedulerequestgor
othermissingdata.|If it hasrecevedthis repairbeforeit wasawarethatthe sourcehadgeneratedhis datamessagéi.e., the
sequenceumberof the repairis higherthanthe lastknown sequenc&umberof datafrom this source) thenthe agentcan
infer thatit is missingall databetweerthelastknown sequencaumberandthaton therepair;it schedulesequestdor all of
this data,marksthis messageasreceived,andreturns.On the otherhand,if the sequenc@umberof the requesis lessthan
thelastknown sequenc&umberfrom the source thenthe agentcanbein oneof threestates:(1) it doesnot have this data,
andhasarequespendingfor it, (2) it hasthedata,andhasseenanearlierrequestuponwhichit hasa repairpendingfor it,
or (3) it hasthedata,andprobablyscheduleda repairfor it at sometime; aftererrorrecovery, its hold down timer (equalto
threetimesits distanceto somerequestergxpired, at which time the pendingobjectwascleared.In this lastsituation,the
agentwill simplyignoretherepair, for lack of beingableto do anything meaningful. All of theseerrorrecorery mechanisms
aredonein OTcl; recv_repr () invokestheinstanceprocedureecv-repr  {sender msgid}to completethelossrecosery
phasefor the particularmessage.

SessionPackets On receving a sessiormessagethe agentupdatests sequenceumberdor all active sourcesandcom-
putesits instantaneoudistanceto the sendingagentif possible.Theagentwill ignoreearliersessiormessagefom agroup
memberif it hasrecevedalateroneoutof order

Sessiormessagerocessings donein recv_sess (). Theformatof thesessioimessagés: (countof tuplesin thismessage,
list of tupleg, whereeachtupleindicateshe (sendeiid, lastsequenc@umberfrom the sourcetime thelastsessiormessage
wasrecevedfrom this sendertime thatthatmessagevassenj. Thefirst tupleis theinformationaboutthe local agent.

2Technically recv_data () invokesthe instanceprocedurerecv  data (sender ) (msgid ), thattheninvokesrecv-data {}. The indirection
allows individual simulationscriptsto overridetherecv {} asneeded.

SNotethatthisimplementatiorof sessiomessag@andlingis subtlydifferentfrom thatusedin wb or describedn [9]. In principle,anagentdisseminates
alist of thedatait hasactuallyreceved. Ourimplementationpn the otherhand,only disseminatea countof the lastmessagsequencaumberpersource
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29.4 LossDetection—TheClassSRMinfo

A very smallencapsulatinglass.entirelyin C++, tracksa numberof assortedtateinformation. Eachmemberof the group,
n;, usesone SRMinfo block for every othermemberof the group.

An SRMinfo objectaboutgroupmembem; atn;, containsinformationaboutthe sessiormessagesecevedby n; fromn;.
n; canusethis informationto computeits distanceto n;;.

If n; sendsis active in sendingdatatraffic, thenthe SRMinfo objectwill alsocontaininformationaboutthe received data,
includingabit vectorindicatingall pacletsrecevedfromn;.

Theagentkeepsalist of SRMinfoobjectsonepergroupmemberyin its membewariable sip_ . ltsmethodget_state  (int
senderill returntheobjectcorrespondingo thatsenderpossiblycreatingthatobject,if it did notalreadyexist. Theclass
SRMinfo hastwo methodgo accessandsetthebit vector i.e.,

ifReceived (intid) indicateswhetherthe particularmessagdrom the appropriatesenderwith id id wasreceved
atni,

setReceived (intid) to setthebit to indicatethatthe particularmessagérom theappropriatesenderwith id id was
recevedatn;.

Thesessiomessag®ariablesto accesdiming informationarepublic; no encapsulatingnethodsareprovided. Theseare:

int Isess_; [* # of last sessiommsgreceived/
int sendTime_; [* Timesessmsg # sent*/
int recvTime_; [* Timesessmsg # received/

double distance_;

/* Datamessges */
int Idata_; [* # of lastdatamsgsent*/

29.5 LossRecovery Objects

In thelastsectionwe describedheagentbehaior whenit recevesamessageTimersareusedto controlwhenary particular
controlmessagés to besent. The SRM agentusesaseparatelass SRMo dothetimerbasedprocessingln this section,
we describethe basicsif the classSRM, andthe lossrecovery objects. The following sectionwill describehow the class
SRMis usedfor sendingperiodicsessiormessagesiAn SRM agentwill instantiateoneobjectto recover from onelost data
paclet. Agentsthatdetectthelosswill instantiateanobjectin theclass SRM/request ; agentghatrecevearequestnd
have therequireddatawill instantiateanobjectin theclass SRM/repair

RequestMechanisms SRM agentsdetectloss whenthey receve a messageand infer the loss basedon the sequence
numberon the messageeceved. Sincepacket receptionis handledentirely by the compiledobject,lossdetectionoccursin
the C++ methodsLossrecovery, however, is handledentirely by instanceproceduresf the correspondingnterpretecbbject
in OTcl.

Whenary of the methodsdetectsnew lossesiit invokesAgent/SRM::request  {} with alist of the messageequence
numbersthat are missing. request {} will createa new requestFunction_ objectfor eachmessagédhat is miss-

thattheagentknows thatthatthe sourcenassent.Thisis aconstraintvhenstudyingaspectof lossrecorery during partitionandhealing. |t is reasonabléo
expectthatthe maintainerof this codewill fix this problemduringoneof his numerousntenals of copioussparetime.
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ing. The agentstoresthe objecthandlein its arrayof pending_ objects. The key to the arrayis the messageadentifier
(sendey:(msgid.

The default requestFunction_ is class SRM/request The constructorfor the classSRM/requestalls the
baseclassconstructorto initialize the simulatorinstance(ns_ ), the SRM agent(agent_ ), tracefile (trace_ ), and
thetimes_ array It theninitializesits statistics_ arraywith the pertinentelements.

A separatecall to set-params  {} setsthesender_ , msgid_ , round_ instancevariablesfor the requestbject.
Theobjectdetermine€1_andC2_ by queryingitsagent_ . It setsits distancdo thesende(times_(distance) )
andfixesotherschedulingparametersthe bacloff constani{backoff ), the currentnumberof bacloffs (backof-
fCtr_ ), andthelimit (backoffLimit_ ) fixedby theagent.set-params  {} writesthetraceentryQ DETECT".

The final stepin request {} is to schedulethe timer to sendthe actualrequestat the appropriatemoment. The
instanceprocedureSRM/request;:schedule {} usescompute-delay {} andits currentbacloff constantto
determinethe delay The objectschedulesend-request {} to be executedafterdelay  seconds.Theinstance
variableeventID _  storesa handleto the scheduledevent. The default compute-delay {} function returnsa
value uniformly distributedin the interval [C1ds, (C1 + C2)d;], whered; is twice $times_(distance) . The
schedule {} schedulesan eventto senda requestafter the computeddelay The routine writes a traceentry “Q
NTIMER at(time)”".

Whenthe scheduledimer fires, theroutinesend-request  {} sendsheappropriateanessagelt invokes“$agent_  send
requestamys)” to sendtherequestNotethatsend {} isaninstproc-like,executedby thecommand) methodof thecompiled
object. However, it is possibleto overloadthe instproc-like with a specificinstanceproceduresend {} for specificconfigu-
rations.As anexample,recallthatthefile tcl/mcast/srm-nam.tcl overloadshesend {} commando settheflowid
basedntypeof messag¢hatis sent.send-request  {} updateghestatisticsandwritesthetraceentry“Q SENDNACK”.

Whentheagentrecevesa controlmessagéor apacletfor which a pendingobjectexists,theagentwill handthe messageff
to the objectfor processing.

Whenarequesftor a particularpacletis receved,therequesbbjectcanbein oneof two statesit is ignoringrequests,
consideringhemto beduplicatespr it will cancelits sendeventandre-schedul@anotherone,afterhaving bacled off
its timer. If ignoring requestst will updateits statistics,andwrite thetraceentry“Q NACK dup”. Otherwise,seta
time basedon its currentestimateof thedelay_ , until which to ignorefurther requests.This interval is marked by
the instancevariableignore_ . If the objectrescheduledts timer, it will write thetraceentry” Q NACK IGNORE-
BACKOFF (ignore)”. Notethatthis re-schedulingelieson the factthatthe agenthasjoined the multicastgroup,and
will thereforereceive a copy of every messagé sendsout.

Whentherequesbbjectrecevesarepairfor theparticularpaclet,it canbein oneof two states:eitherit is still waiting
for the repair, or it hasalreadyrecevedan earlierrepair If it is the former, therewill be aneventpendingto senda
requestandeventlD_ will pointto thatevent. Theobjectwill computeits serviceTme, cancelthatevent,andseta
hold-down periodduringwhichit will ignoreotherrequestsAt theendof the hold-dovn period,the objectwill askits
agentto clearit. It will write thetraceentry“Q REPAIR IGNORES (ignore)”. Onthe otherhand,if thisis aduplicate
repair, the objectwill updateits statisticsandwrite 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 the agentwill cleanupanddeletethe done_
objects.

Repair Mechanisms Theagentwill initiate arepairif it recevesarequesfor a paclket,andit doesnothave arequesbbject
pending_ for thatpaclket. Thedefaultrepairobjectbelongsto theclass SRM/repair . Barring minor differencesthe
sequencef eventsandtheinstanceproceduredn this classareidenticalto thosefor SRM/requestRatherthanoutlineevery
singleprocedurewe only outlinethe differencedrom thosedescribedearlierfor arequesbbject.
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Therepairobjectusesherepairparameterd)l , D2 . A repairobjectdoesnotrepeatedlyeschedulés timers;thereforejt
doesnot useary of the bacloff variablessuchasthatusedby a requesbbject. The repairobjectignoresall requestdor the
samepacket. Therepairobjetdoesnotusetheignore_  variablethatrequesbbjectsuse.Thetraceentrieswritten by repair

objectsaremarginally different;they are“pP NACK from (requesteX’, “P RTIMER at (fireTime)”, “P SENDREP”, “P REPAIR
IGNORES (holddown)”.

Apart from thesedifferencesthe calling sequencéor eventsin arepairobjectis similar to thatof arequesbbject.

Mechanismsfor Statistics Theagent,n concertwith therequestandrepairobjects,collectstatisticsabouttheir response
to dataloss[9]. Eachcall to the agentrequest {} proceduremarksa new period. At the startof a new period, mark-
period {} computegdhe moving averageof the numberof duplicatesn thelastperiod. Wheneer the agentrecevesa first
roundrequestfrom anotheragent,andit hadsenta requesin thatround,thenit considergherequestasa duplicaterequest,
andincrementsheappropriateounters A requesbbjectdoesnotconsideduplicaterequestsf it did notitself sendarequest
in thefirst round. If the agenthasa repairobjectpending,thenit doesnot considerthe arrival of duplicaterequestgor that
paclet. TheobjectmethodsSRM/request::dup-request? {} andSRM/repair::dup-request? {} encodahese
policies,andreturn0 or 1 asrequired.

A requesbbjectalsocomputeghe elapsedime betweenwvhenthelossis detectedo whenit recevesthefirst request.The
agentcomputesa moving averageof this elapsedime. The objectcomputeghe elapsedime (or delay)whenit cancelsts
scheduleawventfor thefirst round. The objectinvokesAgent/SRM::updateage to computethe moving averageof thedelay

Theagentkeepssimilar statisticsof theduplicaterepairs,andtherepairdelay

The agentstoresthe numberof roundstaken for onelossrecovery, to ensurethat subsequenibssrecovery phasedor that
paclet thatare not definitely not dueto datalossdo not accountfor thesestatistics. The agentstoresthe numberof routes
takenfor aphasen thearrayold_ . Whena new lossrecovery objectis instantiatedthe objectwill usetheagentsinstance
procedureound? {} to determinehenumberof roundsin apreviouslossrecovery phaseor thatpaclet.

29.6 SessiorObjects

Sessiorobjectslik e thelossrecovery objects(Section29.5),arederivedfrom thebaseclass  SRMJnlikethelossrecovery
objectsthough,the agentonly createsone sessionobjectfor the lifetime of the agent. The constructorinvokesthe base
classconstructorasbefore;it thensetsits instancevariablesessionDelay . Theagentcreateghe sessiorobjectwhenit

start {}s. At thattime,it alsoinvokesSRM/session::schedul® sendasessiormessagaftersessionDelay_  seconds.

Whenthe objectsendsa sessiommessageit will scheduleo sendthe next one after someinterval. It will alsoupdateits
statistics.send-session  {} writesoutthetraceentry“s SESSION”.

The classoverridestheevTrace {} routinethatwritesout the traceentries. SRM/session:€Tracedisablewriting out the
traceentryfor sessiormessages.

Two typesof sessiommessagaschedulingstratgjiesarecurrentlyavailable: Thefunctionin the baseclassschedulesending
sessiommessageatfixedintenalsof sessionDelay jitteredarounda smallvalueto avoid synchronizatiommongall the
agentsatall thenodes.class SRM/session/logScaled chedulesendingmessageatintervals of sessionDelay
timeslog,(groupSize_ ) sothatthefrequeny of sessiormessageis inverselyproportionalto the sizeof the group.

Thebaseclassthatsendamessageat fixedintervalsis thedefault sessionFunction_ for theagent.
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29.7 Extending the BaseClassAgent

In the earlier sectionon configurationparametergSection29.1.2),we had shovn how to trivially extendthe agentto get
deterministicandprobabilisticprotocolbehaior. In this sectionwe describehow to derive morecomplex extensiongo the
protocolfor fixedandadaptve timer mechanisms.

29.7.1 Fixed Timers

Thefixedtimer mechanisnmaredonein thederivedclass Agent/SRM/Fixed  The maindifferencewith fixedtimersis
thatthe repairparametersresetto log(groupSize_ ). Therefore the repairprocedureof afixedtimer agentwill setD;
and D, to beproportionalto the groupsizebeforeschedulingherepairobject.

29.7.2 Adaptive Timers

Agentsusingadaptve timer mechanismsnodify their requestaindrepairparametersinderthreeconditions(1) every time a
new lossobjectis created(2) whensendinga messageand(3) whenthey receive aduplicate if their relative distanceto the
lossis lessthanthatof theagenthatsendgheduplicate. All threechangesequireextensiongo theagentandthelossobjects.
Theclass Agent/SRM/Adaptive  useslass SRM/request/Adaptive andclass SRM/repair/Adaptive
astherequestandrepairfunctionsrespectrely. In addition,thelastitem requiresextendingthe paclket headersto adwertise
their distancego theloss. Thecorrespondingompiledclassfor theagentis theclass ASRMAgent.

Recomputefor Each New Loss Object Eachtime a new requestobjectis created, SRM/request/Adaptie::set-params
invokes$agent_ recompute-request-params . Theagentmethodrecompute-request-params (). usesthe
statisticsaboutduplicatesanddelayto modify C; andC, for the currentandfuturerequests.

Similarly, SRM/request/Adaptie::set-paramfor a new repairobjectinvokes$agent  recompute-repair-params
The agentmethodrecompute-repair-params (). usesthe statisticsobjectsto modify D, andD- for the currentand
futurerepairs.

Sendinga Message If alossobjectsendsarequestn itsfirstround_ , thentheagentjn theinstanceproceduresending-
request {}, will lowerC,, andsetits instancevariableclosest_(requestor) to1.

Similarly, a loss objectthat sendsa repairin its first round_  will invoke the agents instanceprocedure,sending-
repair {}, tolower D; andsetclosest_(repairor) to 1.

Advertising the Distance Eachagentmustaddadditionalinformationto eachrequest/repaithatit sendsout. The base
class SRMAgent invokesthe virtual methodaddExtendedHeaders () for eachSRM paclet thatit sendsout. The
methodis invoked after addingthe SRM paclet headersand beforethe paclet is transmitted. The adaptve SRM agent
overloadsaddExtendedHeaders () to specifyits distancesn the additionalheadersWhensendinga requestthatagent
unequviocallyknowstheidentity of thesenderAs anexample thedefinitionof addExtendedHeaders () for theadaptie
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 paclet is receved. It setsthe agent
membervariablepdistance_  to thedistanceadwertisedby the peerthatsentthe messageThe memberariableis bound

to aninstancevariableof the samename,sothatthe peerdistancecanbe accessedby the appropriatanstanceprocedures.
ThecorrespondingarseExtendedHeaders () methodfor the Adaptive SRM agentis simply:

void parseExtendedHeaders(Packet* p) {
hdr_asrm* seh = (hdr_asrm¥) p->access(off_asrm_);
pdistance_ = seh->distance();

}

Finally, theadaptve SRM agents extendecheadersredefinedasstruct  hdr_asrm . Theheadedeclarationis identical
to declaringotherpacletheadersn ns Unlike mostotherpaclet headersthesearenot automaticallyavailablein the paclet.
Theinterpretedconstructorfor thefirst adaptve agentwill addthe headetto the paclet format. For examplethe startof the
constructoffor the Agent/SRM/Adaptive  agentis:

Agent/SRM/Adaptive set done_ O
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

SRM objectsarea subclas®f agentobjectsthatimplementthe SRM reliablemulticasttransportprotocol. They inheritall of
the genericagentfunctionalities. The methoddor this objectis describedn the next section29.9. Configurationparameters
for this objectare:

packetSize Thedatapacketsizethatwill be usedfor repairmessagesThe defaultvalueis 1024.

requestFunction_ Thealgorithmusedto producea retransmissiomequestg.g.,settingrequestimers. The default valueis
SRM/requestOtherpossiblerequesfunctionsare SRM/request/Adaptie, usedby the Adaptive SRM code.

repairFunction_ Thealgorithmusedto producearepait e.g.,computerepairtimers. Thedefaultvalueis SRM/repair Other
possiblerequesfunctionsare SRM/repair/Adaptie, usedby the Adaptive SRM code.
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sessionFunction_Thealgorithmusedto generatessessiormessagedefaultis SRM/session

sessionDelay_The basicinterval of sessionmessages.Slight randomvariationis addedto this interval to avoid global
synchronizatiorof sessionmessagesUser may want to adjustthis variableaccordingto their specificsimulation.
Defaultvalueis 1.0.

C1 _,C2_ Theparametersvhich controltherequestimer. Referto [8] for detail. Thedefaultvalueis C1_=C2_=2.0.
D1_,D2_ Theparametersvhich controltherepairtimer. Referto [8] for detail. Thedefaultvalueis D1_=D2_=1.0.

requestBacloffLimit_ Themaximumnumberof exponentialbacloffs. Default valueis 5.
StateVariablesare:

stats_ An arraycontainingmultiple statisticsneededoy adaptve SRM agent. Including: duplicaterequestsandrepairsin
currentrequest/repaiperiod, averagenumberof duplicaterequestsand repairs,requestandrepairdelayin current
request/repaiperiod,averagerequestandrepairdelay

SRM/ADAPTIVE OBJECTS SRM/Adaptize objectsare a subclasof the SRM objectsthat implementthe adaptve SRM
reliablemulticasttransporprotocol. They inheritall of the SRM objectfunctionalities.StateVariablesare:

(Referto the SRM paperby Sally etal [Fall, K., Floyd, S.,andHendersonT., Ns SimulatorTestsfor RenoFullTCP. URL
ftp://ftp.ee.lbl.ga/papers/fulltcpps. July 1997.] for moredetail.)

pdistance_ This variableis usedto passthedistancesstimateprovided by theremoteagentin arequesbr repairmessage.

D1 ,D2_ Thesameasthatin SRM agentsexceptthatthey areinitialized to log10(groupsize) whengeneratinghe first
repair

MinC1_, MaxC1_,MinC2_, MaxC2_ The minimum/maximumvaluesof C1_andC2_. Defaultinitial valuesaredefined
in [8]. Thesevaluesdefinethedynamicrangeof C1_andC2_.

MinD1_, MaxD1_,MinD2_, MaxD2_ The minimum/maximumvaluesof D1 _andD2_. Defaultinitial valuesaredefined
in [8]. Thesevaluesdefinethedynamicrangeof D1_andD2_.

AveDups Higherboundfor averageduplicates.
AveDelay Higherboundfor averagedelay

epsAveDups -dupsdetermineshelower boundof the numberof duplicateswhenwe shouldadjustparameterso decrease
delay

29.9 Commandsat a glance

Thefollowing is alist of commanddo create/manipulatsrmagentsn simulations:

set srm0 [new Agent/SRM]
This createsaninstanceof the SRM agent.In additionto the baseclass two extensionsof the srmagenthave been
implementedThey areAgent/SRM/FixedandAgent/SRM/Adaptie. Seesection29.7for detailsabouttheseextensions.

ns_ attach-agent <node> <srm-agent>
This attacheshe srmagentinstanceto thegiven<node>.
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set grp [Node allocaddr]
$srm set dst_  $grp

This assignghe srmagentto a multicastgrouprepresentetly the mcastaddressgrp>.

Configurationparameterfor srmagentmay be setasfollows:

$srm set fid_ <flow-id>
$srm set tg_ <traffic-generator-instance>
etc

For all possibleparameterandtheir default valuespleasdookup ng'tcl/mcast/srm.tcandng'tcl/mcast/srm-adapte.tcl.

set exp [new Application/Traffic/Exponential]
$exp attach-agent $srm

This commandattaches traffic generatofanexponentialonein this example),to thesrmagent.

$srm start; $exp start

Thesecommandstartthe srmagentandtraffic generatarNotethatthe srmagentandtraffic generatohave to be started
separatelyAlternatively, thetraffic generatomaybe startedthroughthe agentasfollows:

$srm  start-source

Seendltcl/ex/srm.tclfor a simpleexampleof settingupa SRM agent.
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Chapter 30

PLM

This chapterdescribeshe nsimplementatiorof the PLM protocol[12]. Thecodeof the PLM protocolis writtenin bothC++

andQOTcl. The PLM Packet Pair generatoiis written in C++ andthe PLM coremachineryis written in OTcl. The chapter
hassimply threeparts:the first part shovs how to createandconfigurea PLM sessionthe secondpartdescribeshe Packet

Pair sourcegeneratorthethird partdescribeshearchitectureandinternalsof the PLM protocol. In this lastpart, ratherthan
giving alist of procedureandfunctions,we introducethe mainproceduregerfunctionality (instantiationof a PLM source,
instantiationof a PLM recever, receptionof a paclet, detectionof aloss,etc.).

The proceduresfunctions,andvariablesdescribedn this chaptercanbe foundin: ~ngplm/cbrtraffic-PRPcc, ~ngplm/loss-
monitorplm.cc,~ng'tcl/plim/plm.tcl, ~ngtcl/plm/pIm-ns.tcl,~ngtcl/plm/pim-topo.tcl,~ng'tcl/lib/ns-degult.tcl.

30.1 Configuration

Creating a simple scenariowith onePLM flow (only onerecever)
This simpleexamplecanberun asis (severalcomplex scenariozanbefoundin thefile ~ngtcl/ex/simple-pim.tcl).

set packetSize 500 ;# Padketsize(in bytes)
set plm_debug_flag 2 ;# Debugging output
set rates "50e3 50e3 50e3 50e3 50e3" # Rateof each layer
set rates cum [calc_cum  $rates] ;# Cumulatedate of thelayers (mandatory)
set level [llength $rates] ;# Numberof layers (mandatory)
set Queue_sched FQ # Sdedulingof thequeues
set PP_burst_length 2 ;# PP burstlength(in padets)
set PP_estimation_length 3 ;# Minimumnumberof PP requiredto male anestimate

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(l) [$self place_source 1 3] ;# Seta PLM source
$self  place_receiver 2 $addr(1) 51 # Seta PLM receiver
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#setup the multicastrouting
DM set PruneTimeout 1000 ;# Alarge PruneTmeoutvalueis required
set mproto DM
set mrthandle [$ns mrtproto  $mproto {} ]

}

set ns [new Simulator -multicast on] ;# PLM needsanulticastrouting
$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

Severalvariablesareintroducedn this example.They all needto besetin the simulationscript(thereis no default valuefor
thesevariables).In particularthetwo following linesaremandatoryandmustnot be omitted:

set rates_cum [calc_cum  $rates]
set level [llength $rates]

We describenow in detaileachvariable:

packetSize  representthesizeof the pacletsin bytessentby the PLM source.

plm_debug_flag representsthe verboselevel of dehugging output: from O no output to 3 full output. For
pim_debug flag setto 3 (full output),long lines outputare generatedvhich is not compatiblewith namvisu-
alization.

rates s alist specifyingthe bandwidthof eachlayer (thisis notthe cumulatecbandwidth!).

rates_cum is alist specifyingthe cumulatedbandwidthof the layers:thefirst elementof rates_cum is the bandwidth
a layer 1, the secondelementof rates_cum is the sum of the bandwidthof layer 1 and layer 2, etc. The proc
calc_cum {} computegshecumulatedates.

level isthenumberof layers.

Queue_sched_ representtheschedulingof thequeuesThisis usedby the PLMTopologyinstprocbuild_link . PLM
requiresFQ schedulingor avariation.

PP_burst_length representshe sizeof the Packet Pair burstsin paclets.

PP_estimation_length representghe minimum numberof Packet Pair requiredto computean estimate(seesec-
tion 30.3.3).

All the simulationsfor PLM shouldbe setupusingthe PLMTopologyernvironment(asin theexamplescriptwherewe define
aPLMTopologysuperclassalledScenario0) Theuserinterfaceis (all theinstproccanbefoundin ~ngtcl/plm/plm-topo.tcl):

build_link a b d bw createsaduplex link betweemodea andb with adelayd anda bandwidthbw. If eithernode
doesnot exist, build_link createst.

place_source n t createandplacesa PLM sourceatnoden andstartsit attimet . place_source returnsaddr
which allowsto attachreceversto this source.
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place_receiver n addr C nb createsndplacesaPLM receveratnoden andattachedt to thesourcewhichreturn
the addressaaddr . The checkvaluefor this PLM recever is C. An optionalparametenb allows to getaninstance
of the PLM recever called PLMrcvr($nb) . This instanceis only usefulto get somespecificstatisticsaboutthis
recever (mainly the numberof pacletsrecevedor lost).

30.2 The Packet Pair Source Generator

This sectiondescribesthe Packet Pair sourcegenerator;the relevant files are: ~ngplm/cbrtraffic-PRcc, ~ndtcl/lib/ns-
default.tcl. The OTcl classnameof the PP sourceis: Application/Traffic/CBR_PP The Packet Pair (PP)sourcegenerator
is in thefile ~ngplm/cbrtraffic-PPcc. This sourcegeneratois a variationof the CBR sourcegeneratoin ~ngcbr_trafic.cc.
We justdescribehesalientdifferencedetweerthecodeof the CBR sourceandthe codeof the PPsource. Thedefaultvalues
in ~ndtcl/lib/ns-defult.tcl for the PP sourcegeneratorare the samethanfor the CBR source. We needfor the PP source
generatoanew parametePBM :

Application/Traffic/CBR_PP set PBM_2 ;# Defaultvalue

The OTcl instvar boundedvariablePBM_(samenamein C++ andin OTcl) specifiegshe numberof back-to-backpacletsto
be sent. For PBM =1 we have a CBR source for PBM =2 we have a Packet Pair source(a sourcewhich sendstwo paclets
back-to-back)etc. Themeanrateof thePPsourcesrate_ , butthe packetsaresentin burstof PBM_paclets.Notethatwe
alsousetheterminologyPacket Pair sourceandPacket Pair burstfor PBM >2. We computethe next_interval as:

double CBR_PP_Traffic::next_interval(int& size)

[*(PP_- 1) is the numberof padketsin the currentburst.*/
if (PP_ >= (PBM_ - 1))

interval_ = PBM_*(double)(size_ << 3)/(double)rate_;
PP_ = 0;
else
interval_ = 1e-100; //zero
PP_ += 1 ;

Thetimeout {} methodputsthe NEW_BURSTIag in the first packet of a burst. This is usefulfor the PLM protocolto
identify the beginningof 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 Architecture of the PLM Protocol

The codeof the PLM protocolis divided in threefiles: ~ngtcl/plm/plm.tcl, which containsthe PLM protocol machinery
without ary specificinterfacewith ns ~ng'tcl/plm/plm-ns.tcl,which containsthe specificnsinterface. However, we do not
guaranteehestrictvalidity of this nsinterfacing;~ngtcl/plm/plm-topo.tcl which containsa userinterfaceto build simulation
scenariowith PLM flows.

In thefollowing we do notdiscusshevariousprocedureperobject(for instanceall theinstprocof the PLM class)but rather
perfunctionality (for instancewhich instprocamongthe variousclassesreinvolvedin theinstantiationof a PLM recever).
For a givenfunctionality, we do notdescriban detailsall the codeinvolved,but we give the principal steps.

30.3.1 Instantiation of aPLM Source

To createa PLM source placeit at noden, andstartit att ¢, we call the PLMTopologyinstprocplace_source n to.

This instprocreturnaddr , the addressequiredto attacha recever to this source. place_source  calls the Simulator
instprocPLMbuild_source_set that createsasmary Application/Traffic/CBR_PPinstancesastherearelayers(in the
following we call aninstanceof theclassApplication/Traffic/ CBR_PPalayer). Eachlayercorrespondto adifferentmulticast

group.

To speedup the simulationswhenthe PLM sourcesstartwe usethe following trick: At ¢ = 0, PLMbuild_source_set
restrictseachlayerto sendonly onepaclet (maxpkts _ setto 1). Thatallowsto build themulticasttrees— onemulticasttree
perlayer—withoutfloodingthewholenetwork. Indeed eachlayeronly sendsonepacletto build thecorrespondingnulticast
tree.

The multicasttreestake at mostthe maximumRTT of the network to be establishedand must be establishedeforet g,
the PLM sourcestartingtime. Thereforet  mustbe carrefully chosen ptherwisethe sourcesendsa large numberof use-
lesspaclets. However, aswe just needto startthe PLM sourceafter the multicasttreesare estabishedt o canbe largely
overestimatedAt timet o, we setmaxpkts to 268435456or all thelayers.

It is fundamentalin orderto have persistenmulticasttrees thatthe prunetimeoutis setto alarge value. For instancewith
DM routing:

DM set PruneTimeout 1000

Eachlayerof asamePLM sourcehasthesameflow id fid_ . ConsequentlyeachPLM sourceis consideredisasingleflow

for aFair QueueingschedulerThe PLM codemanagesutomaticallythefid_  to preventdifferentsourcedo havethesame
fid_ . Thefid_ startsat1 for thefirst sourceandis increasedy onefor eachnew source.Be carefulto avoid otherflows

(for instanceconcurrenfTCPflows)to havethesamefid_  thanthe PLM sourcesAdditionally, If youconsideffid_  larger
than32, do not forgetto increasehe MAXFLOW ~ngfg.cc (MAXFLOWhustbe setto the highestfid_  consideredn the
simulation).

30.3.2 Instantiation of a PLM Recever

All thePLM machinenyjisimplementedittherecever. In thissectionwe decribetheinstantiatiomproces®f arecever. To cre-
ate,placeatnoden, attachto sourceS, andstartatt ; aPLM receverwe call thePLMTopologyinstprocbuild_receiver

n addr t; Cwhereaddr istheaddresseturnedby place_source  whenSwascreatedandCis thecheckvalue.The
recever createdby build_receiver is aninstanceof the classPLM/ns, the nsinterfaceto the PLM machinery At the
initialisation of therecever, the PLM instprocinit  is calleddueto inheritanceinit  callsthe PLM/nsinstproccreate-
layer and,bythisway, createmasmary instance®f theclassPLMLayer/ns(thensinterfaceto thePLMLayerclass)asthere
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Figure30.1: Inheritanceandinstantiatiorwhenwe createa recever.

arelayers.Eachinstanceof PLMLayer/nscreatesaninstanceof the classPLMLossTracewhich is reponsiblefor monitoring
therecevedandlost pacletsthanksto thefactthatthe classPLMLossTraceinheritsfrom the classAgent/LossMonitor/PLM.
Fig. 30.1schematicallydescribeshe procesf a PLM receverinstantiation.In thefollowing we describethe behavior of a
PLM receverwhenit recevesa pacletandwhenit detectsaloss.

30.3.3 Receptionof a Packet

We createa new c++ classPLMLossMonitor(~ngplm/loss-monitoiplm.cc)thatinheritsfrom LossMonitor The OTcl class
nameof the c++ 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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Weaddinvoid PLMLossMonitor::recv(Packet* pkt, Handler*) aTcl calltotheAgent/LossMonitor/PLM
instproclog-PP eachtime apacletis receved:

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 paclkets). Oncelog-PP hasreceivedthe PP_burst_length pacletsof the burst,it computes
theestimateandcallsthe PLM instprocmake_estimate  with the computedestimateasargument.

make_estimate putsthe estimatebasedon a singlePP(PP_value ) in anarrayof estimatesampleqPP_estimate ).
If PP_value is lower than the current subscriptionlevel (i.e. lower than the throughputachiezed 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 receved during the last check estimate pe-

riod (if there are at least PP_estimation_length single PP estimatereceved). Once make_estimate hasa
PP_estimate value it callsthe PLM instprocchoose_layer  which joins or dropslayer(s)accordingto the cur-
rentsubscriptiorievel andto the PP_estimate_value . For detailsaboutthe PLM instprocmake_estimate | referto

its codein ~ng/tcl/plm/plm.tcl.

30.3.4 Detectionof a Loss

Eachtime a lossis detectedby an instanceof the classPLMLossMonitor a call to the Agent/LossMonitor/PLMinstproc
log-loss s triggered. The Agent/LossMonitor/PLMinstproclog-loss  is empty In fact, we definethe log-loss
instprocfor the classPLMLossTrace. The PLMLossTraceinstproclog-loss  simply callsthe PLM instproclog-loss
which containsthe PLM machineryin caseof loss. In summarylog-loss  only dropsa layerwhenthe lossrateexceeds
10% (thistestis executedby the PLM instprocexeed_loss_thresh ). After alayerdroplog-loss  precludesary other
layerdropdueto lossfor 500ms.For detailsaboutthe PLM instproclog-loss  , referto its codein ~ngtcl/plm/pim.tcl.

30.3.5 Joining or Leaving a Layer

To join alayerthe PLM instprocadd-layer s called. This instproccalls the PLMLayer instprocjoin-group which
callsthe PLMLayer/nsinstprocjoin-group . To leave a layerthe PLM instprocdrop-layer is called. This instproc
callsthePLMLayerinstprocleave-group  which callsthe PLMLayer/nsinstprocleave-group

30.4 Commandsat a Glance

Note: This sectionis acopy pasteof theendof section30.1. We addthis sectionto presere homogeneityith thensmanual.

268



All the simulationsfor PLM shouldbe setusingthe PLMTopologyervironment(asin the examplescriptwherewe definea
PLMTopologysuperclassalledScenario0) The userinterfaceis (all theinstproccanbe foundin ~ng'tcl/plm/plm-topo.tcl):

build_link a b d bw createsaduplex link betweemodea andb with adelayd anda bandwidthbw. If eithernode
doesnotexist, build_link createst.

place_source n t createsandplacesa PLM sourceatnoden andstartsit attimet . place_source returnsaddr
which allowsto attachreceversto this source.

place_receiver n addr C nb createsndplacesaPLM receveratnoden andattachedt tothesourcewhichreturn
the addressaaddr . The checkvaluefor this PLM recever is C. An optionalparametenb allows to getaninstance
of the PLM recever called PLMrcvr($nb) . This instanceis only usefulto get somespecificstatisticsaboutthis
receier (mainly the numberof pacletsreceivedor lost).
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Part VI

Application

270



Chapter 31

Applications and transport agentAPI

Applicationssit ontop of transportagentsn ns. Therearetwo basictypesof applicationstraffic generatorandsimulatedap-
plications.Figure31.1lillustratestwo examplesof how applicationsarecomposedndattachedo transportagents.Transport
agentsaredescribedn PartV (Transport).

This chapterfirst describeghe baseclass  Application . Next, the transportAPI, throughwhich applicationsrequest
servicedrom underlyingtransportagentsjs describedFinally, the currentimplementationsf traffic generatorandsources
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_; /I call OTcl resume or not
2

Although objectsof class Application are not meantto be instantiatedwe do not make it an abstractbaseclass
sothatit is visible from OTcl level. The classprovidesbasicprototypesfor applicationbehaior (send(),  recv(),
resume(),  start(), stop() ), apointertothetransportagento whichit is connectedandflagsthatindicatewhether
aOTcl-level upcallshouldbe madefor recv() andresume() events.
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Figure31.1: Exampleof Application Composition

31.2 Thetransport agentAPI

In real-world systemsapplicationgtypically accessietwork serviceghroughan applicationsprogrammingnterface(API).
The most popularof theseAPIs is known as “sockets” In ns, we mimic the behaior of the soclets API througha set
of well-definedAPI functions. Thesefunctionsarethenmappedo the appropriateénternalagentfunctions(e.g.,a call to
send(numBytes) caused CPto incrementts “sendbuffer” by acorrespondingqiumberof bytes).

This sectiondescribehow agentsandapplicationsarehookedtogetherandcommunicatevith oneanothewia the API.

31.2.1 Attaching transport agentsto nodes

This stepis typically doneat OTcl level. Agentmanagemenwasalsobriefly discussedn Section5.2.

set src [new Agent/TCP/FullTcp]

set sink [new Agent/TCP/FullTcp]
$ns_ attach-agent $node_(s1l) $src
$ns_ attach-agent $node_(k1)  $sink
$ns_ connect $src  $sink

The above codeillustratesthatin ns agentsarefirst attachedo a nodevia attach-agent . Next, theconnect instproc
setseachagents destinatiortargetto theother Notethat,in ns connect()  hasdifferentsemanticshanin regularsoclets.
In ns connect()  simply establisheshe destinatioraddresdor anagent,but doesnot setup the connection.As a result,
the overlying applicationdoesnot needto know its peers address For TCPsthatexchangeSYN segments the first call to
send() will triggerthe SYN exchange.

To detachanagentfrom anode theinstprocdetach-agent  canbeused;thisresetghetargetfor theagentto anull agent.
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31.2.2 Attaching applicationsto agents

After applicationsareinstantiatedthey mustbeconnectedo atransporagent. Theattach-agent methodcanbeusedto
attachanapplicationto anagentasfollows:

set ftpl [new Application/FTP]
$ftpl  attach-agent $src

Thefollowing shortcutaccomplisheshe sameresult:
set ftpl [$src attach-app FTP]

The attach-agenmethod,which is alsousedby attach-appis implementedn C++. It setstheagent_ pointerin class
Application to point to the transportagent,andthenit calls attachApp() in agent.cc  to setthe app_ pointer
to point backto the application. By maintainingthis binding only in C++, OTcl-level instvars pointersare avoided and
consisteng betweerOTcl andC++is guaranteedThe OTcl-level command$ftpl  agent] canbeusedby applications
to obtainthe handlerfor thetransporiagent.

31.2.3 Usingtransport agentsvia systemcalls

Oncetransporaigentdhave beenconfiguredandapplicationsattachedapplicationsanusetransporservicessia thefollowing
systemcalls. Thesecallscanbeinvokedat eitherOTcl or C++ level, therebyallowing applicationdo be codedin eitherC++
or OTcl. Thesefunctionshave beenimplementedasvirtual functionsin the baseclass Agent , andcanberedefinedas
neededy derived Agents.

e send(int nbytes) —Sendnbytesof datato peer For TCP agents,f nbytes == -1, this correspondso an
“infinite” send;i.e.,the TCPagentwill actasif its sendbufferis continuallyreplenishedy theapplication.

e sendmsg(int  nbytes, const char* flags = 0) —ldenticaltosend(int nbytes) ,exceptthatit passes
anadditionalstringflags . Currentlyoneflagvalue,"MSG_EOF’ is defined;MSG_EOFspecifieghatthisis thelast
batchof datathatthe applicationwill submit,andsenesasanimplied close(sothatTCP cansendFIN with data).

e close() —Requestsheagentto closetheconnection(only applicablefor TCP).
e listen() = —Requestsheagentto listenfor new connectiongonly applicablefor Full TCP).
e set_pkttype(int pkttype) —Thisfunctionsetsthetype  variablein the agentto pkitype . Packettypes

aredefinedin packet.h . Thisfunctionis usedto overridethetransportayerpaclettypefor tracingpurposes.

Note that certaincalls are not applicablefor certainagents;e.g.,a call to close () a UDP connectionresultsin a no-op.
Additional callscanbeimplementedn specializechgentsprovidedthatthey aremadepublic  memberfunctions.

31.2.4 Agentupcallsto applications

Sincepresentlyin nsthereis no actualdatabeingpassedetweenapplicationsagentscaninsteadannounceo applications
the occurenceof certaineventsat the transportlayer through*“upcalls” For example, applicationscan be notified of the

arrival of a numberof bytesof data;this informationmay aid the applicationin modellingreal-world applicationbehasior

moreclosely Two basic“upcalls” have beenimplementedn baseclass  Application andint thetransportagents:
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e recv(int nbytes) —Announceshatnbytes of datahave beenrecevved by the agent. For UDP agents this
signifiesthe arrival of a singlepaclet. For TCP agentsthis signifiesthe “delivery” of anamountof in-sequencelata,
which maybe largerthanthatcontainedn a singlepacket (dueto the possibility of network reordering).

e resume() —Thisindicatesto theapplicationthatthe transportagenthassentout all of thedatasubmittecto it up to
thatpointin time. For TCR it doesnotindicatewhetherthe datahasbeenACKedyet, only thatit hasbeensentout for
thefirsttime.

Thedefaultbehavior is asfollows: Dependingon whetherthe applicationhasbeenimplementedn C++ or OTcl, theseC++
functionscall asimilarly named(recv, resume ) functionin theapplication,if suchmethodshave beendefined.

Although strictly not a callbackto applications certainAgentshave implementeca callbackfrom C++ to OTcl-level that
hasbeenusedby applicationssuchasHTTP simulators. This callbackmethod,done{} , is usedin TCP agents.In TCR,
donef} is calledwhena TCP senderhasreceved ACKs for all of its dataandis now closed;it thereforecanbe usedto
simulatea blocked TCP connection.Thedone{} methodwasprimarily usedbeforethis APl wascompletedput may still
be usefulfor applicationghatdo not wantto useresume()

To usedone{} for FullTcp, for example,you cantry:

set myagent [new Agent/TCP/FullTcp]
$myagent proc done
code you want

If youwantall the FullTCP’sto have the samecodeyou couldalsodo:

Agent/TCP/FullTcp instproc done
code you want

By default,done{} doesnothing.

31.2.5 An example
Hereis anexampleof how the API is usedto implementa simpleapplication(FTP)on top of a FullTCP connection.

set src [new Agent/TCP/FullTcp]

set sink [new Agent/TCP/FullTcp]
$ns_ attach-agent $node_(s1l) $src
$ns_ attach-agent $node_(k1)  $sink
$ns_ connect $src  $sink

# set up TCP-level connections
$sink listen;
$src  set window_ 100

set ftpl [new Application/FTP]
$ftpl  attach-agent $src

$ns_ at 0.0 "$ftpl start"
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In the configurationscript, thefirst five lines of codeallocateswo new FullTcp agentsattachegshemto the correctnodes,
and"connects'themtogether(assignshe correctdestinatioraddresseto eachagent).The next two lines configurethe TCP
agentdurther, placingoneof themin LISTEN mode. Next, ftpl is definedasa nev FTP Application,andthe attach-
agent methodis calledin C++ (app.cc ).

Theftpl applicationis startedattime O:

Application/FTP instproc stat  {} {
[$self agent] send -1; # Send indefinitely

}

Alternatively, the FTPapplicationcouldhave beenimplementedn C++ asfollows:

void FTP:start()
{

}

agent_->send(-1); /I Send indefinitely

Sincethe FTP applicationdoesnot make useof callbacksthesefunctionsarenull in C++andno OTcl callbacksaremade.

31.3 TheclassTrafficGenerator

TrafficGeneratoris anabstraciC++ classdefinedasfollows:

class TrafficGenerator . public  Application {
public:
TrafficGenerator();
virtual double next_interval(int &) = 0;
virtual void init() {}
virtual double interval() { return 0O; }
virtual int on() { return 0O; }
virtual void timeout();
virtual void recv() {}
virtual void resume() {}
protected:
virtual void  start();
virtual void stop();
double nextPkttime_;
int size_;
int  running_;
TrafficTimer timer_;
2
The purevirtual functionnext_interval () returnsthetime until the next pacletis createdandalsosetsthe sizein bytes

of thenext paclet. Thefunctionstart () callsinit (void) andstartsthetimer. Thefunctiontimeout () sendsapacketand
reschedulethe next timeout. Thefunctionstop () cancelsary pendingtransmissionsCallbacksaretypically not usedfor
traffic generatorssothesefunctions(recv, resume ) arenull.

Currently therearefour C++ classeslerivedfrom the classTrafficGenerator:
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1. EXPOO_Traffic —generategraffic accordingto an ExponentialOn/Off distribution. Packetsaresentata fixedrate
during on periods,andno pacletsaresentduring off periods.Both on andoff periodsaretakenfrom anexponential
distribution. Packetsareconstansize.

2. POO_Traffic —generategraffic accordingto a ParetoOn/Of distribution. This is identical to the Exponential
On/Of distribution, exceptthe on and off periodsaretakenfrom a paretodistribution. Thesesourcescanbe usedto
generataggraatetraffic thatexhibits long rangedependeng

3. CBR_Traffic —generategraffic accordingto a deterministicrate. Packets are constantsize. Optionally, some
randomizingdither canbe enabledn theinterpacletdeparturentervals.

4. TrafficTrace —agenerategraffic accordingto atracefile. Eachrecordin the tracefile consistsof 2 32-bit fields.
Thefirst containsthetime in microsecondsintil the next pacletis generatedThe secondcontainsthe lengthin bytes
of thenext paclet.

Theseclassexanbecreatedrom OTcl. The OTcl classesiamesandassociategharametersregivenbelow:

Exponential On/Off An ExponentialOn/Off objectis embodiedn the OTcl classApplication/Traffic/Exponential. The
membewariableshatparameteriz¢his objectare:

packetSize_ theconstansizeof the pacletsgenerated
burst_time_ theaverage‘on” timefor the generator
idle_time_ theaverage'off” time for thegenerator
rate_ thesendingrateduring“on” times

Hencea new ExponentialOn/Of traffic generatocanbe createcandparameterizedsfollows:

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
thatparameteriz¢his objectare:

packetSize theconstansizeof the pacletsgenerated
burst_time_ theaverage'on"” time for the generator
idle_time_ theaverage'off" time for thegenerator
rate_ thesendingrateduring“on" times

shape_ the"shape"parameteusedby the paretodistribution

A new ParetoOn/Off traffic generatocanbe createdasfollows:

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 embodiedn the OTcl classApplication/Traffic/CBR. The membetrvariablesthat parameterizéhis
objectare:

rate_ thesendingate
interval_ (Optional)interval betweerpaclets
packetSize_ the constansizeof the pacletsgenerated
random_  flagindicatingwhetheror notto introducerandom‘noise” in the scheduledleparturdimes(defaultis
off)

maxpkts_  themaximumnumberof pacletsto send(defaultis (228)

Henceanew CBRtraffic generatocanbecreatecandparameterizedsfollows:

set e [new Application/Traffic/CBR]
$e set packetSize_ 48

$e set rate 64Kb

$e set random_ 1

The settingof a CBR objectsrate_  andinterval_ aremutually exclusive (the interval betweerpacletsis maintained
asaninterval variablein C++, andsomeexamplens scriptsspecifyanintenal ratherthanarate). In a simulation,eithera
rateor aninterval (but not both) shouldbe specifiedfor a CBR object.

Traffic Trace A Traffic Traceobjectis instantiatedy the OTcl classApplication/Traffic/Trace.TheassociatedlassTrace-
file is usedto enablemultiple Traffic/Traceobjectsto be associatedvith a single tracefile. The Traffic/Traceclassuses
the methodattach-tracefildo associatea Traffic/Traceobjectwith a particular Tracefile object. The methodfilenameof
the Tracefileclassassociates tracefile with the Tracefileobject. The following exampleshavs how to createtwo Ap-
plication/Traffic/Traceobjects,eachassociatedvith the sametracefile (called"example-trace'ln this example). To avoid
synchronizatiorof thetraffic generatedsandomstartingplaceswithin thetracefile arechoserfor eachTraffic/Traceobject.

set ffile [new Tracefile]
S$tfile flename  example-trace

set t1 [new Application/Traffic/Trace]

$t1 attach-tracefile S$tfile
set t2 [new Application/Traffic/Trace]
$t2 attach-tracefile Stfile

31.3.1 An example

Thefollowing codeillustratesthe basicstepsto configurean Exponentiakraffic sourceovera UDP agentfor traffic flowing
from nodes1 to nodekl:

set src [new Agent/UDP]
set sink [new Agent/UDP]
$ns_ attach-agent $node_(s1l) $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 Simulated applications: Telnetand FTP

Thereare currentlytwo “simulate application” classeglerived from Application: Application/FTPand Application/Telnet.
Theseclassesvork by advancingthe countof pacletsavailableto be sentby a TCPtransportagent.The actualtransmission
of availablepacletsis still controlledby TCP’s flow andcongestiorcontrolalgorithm.

Application/FTP  Application/FTRimplementedn OTcl, simulatesbulk datatransfer The following are methodsof the
Application/FTPclass:

attach-agent attachesnApplication/FTPobjectto anagent.

start startthe Application/FTPby calling the TCP agents send(-1)  function, which causesTCP to
behae asif theapplicationwerecontinuouslysendingnew data.

stop  stopsending.
produce n setthecounterof pacletsto besentto n.
producemore n increasehecounterof pacletsto besentby n.
send n similarto producemore , but sends bytesinsteadof paclets.

Application/Telnet Application/Telnetobjectsgeneratepacketsin oneof two ways. If the membervariableinterval

is non-zero,theninter-paclket times are chosenfrom an exponentialdistribution with averageequalto interval_ . If
interval_ is zero,theninter-arrival timesare chosenaccordingto the tcplib distribution (seetcplib-telnet.cc). The start
methodstartsthe pacletgeneratiorprocess.

31.5 Applications objects

An applicationobjectmay be of two types,atraffic generatoor a simulatedapplication. Traffic generatoobjectsgenerate
traffic andcanbe of four types,namely exponential pareto,CBR andtraffic trace.

Application/Traffic/Exponential objects Exponentialtraffic objectsgenerateOn/Of traffic. During "on" periods,paclets
aregeneratedta constanburstrate. During "off" periods no traffic is generatedBursttimesandidle timesaretaken
from exponentialdistributions. Configurationparameterare:

PacketSize constansizeof packetsgenerated.
burst_time_ averageontime for generatar
idle_time_ averageoff time for generatar

rate_ sendingrateduringontime.
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Application/Traffic/Pareto Application/Traffic/ParetoobjectsgenerateOn/Off traffic with bursttimesandidle timestaken
from paretodistributions. Configurationparameterare:
PacketSize_ constansizeof paclketsgenerated.
burst_time_ averageontime for generatar
idle_time_ averageoff time for generatar
rate_ sendingrateduringontime.
shape_the shapegparameteusedby paretodistribution.

Application/Traffic/CBR CBR objectsgeneratgaclketsat a constanbit rate.

$cbr start
Causeshesourceto startgeneratingpaclets.

$cbr stop
Causeshesourceto stopgeneratingpaclets.

Configurationparameterare:

PacketSize_ constansizeof paclketsgenerated.
rate_ sendingate.
interval_ (optional)interval betweerpaclets.
random_ whetheror notto introducerandomnoisein thescheduledleparturdimes. defualtis off.
maxpkts_ maximumnumberof pacletsto send.
Application/Traffic/Trace Application/Traffic/Traceobjectsareusedo generateraffic fromatracefile. $trace  attach-
tracefile tfile
Attachthe Tracefileobjecttfile to this trace. The Tracefileobjectspecifieshe tracefile from which the traffic datais

to beread. Multiple Application/Traffic/Traceobjectscanbe attachedo the sameTracefileobject. A randomstarting
placewithin the Tracefileis choserfor eachApplication/Traffic/Traceobject.

Thereareno configurationparametersor this object.
A simulatedapplicationobjectcanbe of two types,TelnetandFTP.

Application/Telnet TELNET objectsproduceindividual packetswith inter-arrival timesasfollows. If interval_is non-zero,
theninter-arrival timesare chosenfrom an exponentialdistribution with averageinterval_. If interval_is zero,then
inter-arrival timesarechoserusingthe "tcplib” telnetdistribution.

$telnet  start
Causeshe Application/Telnetobjectto startproducingpaclets.

$telnet  stop
Causeghe Application/Telnetobjectto stopproducingpaclets.

$telnet  attach  <agent>
Attachesa Telnetobjectto agent.

ConfigurationParametersre:
interval_ Theaverageinter-arrival time in secondgor pacletsgeneratedby the Telnetobject.

Application FTP FTPobjectsproducebulk datafor a TCP objectto send.

$ftp  start
Causeghesourceto producemaxpkts_paclets.

$ftp produce <n>
Causeshe FTPobjectto producen pacletsinstantaneously
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$ftp  stop
Causegheattachedl CP objectto stopsendingdata.

$ftp attach agent
Attachesa Application/FTPobjectto agent.

$ftp producemore <count>
Causeshe Application/FTPobjectto producecountmorepaclets.

ConfigurationParametersre:

maxpkts The maximumnumberof pacletsgeneratedby the source.

TRACEFILE OBJECTS Tracefileobjectsareusedto specifythetracefile thatis to be usedfor generatingraffic (seeApplica-
tion/Traffic/Traceobjectsdescribecdkarlierin this section).$tracefile is aninstanceof the TracefileObject. $trace-
file  filename  <trace-input>

Setthefilenamefrom which thetraffic tracedatais to bereadto trace-input.

Thereareno configurationparameter$or this object. A tracefile consistof any numberof fixedlengthrecords Eachrecord
consistsof 2 32 bit fields. The first indicatesthe interval until the next paclet is generatedn microseconds.The second
indicateshelengthof the next pacletin bytes.

31.6 Commandsat a glance

Following aresometransporiagentandapplicationrelatedcommands€ommonlyusedin simulationscripts:

set tcpl [new Agent/TCP]

$ns_ attach-agent $node_(src)  $tcpl
set sinkl [new Agent/TCPSink]

$ns_ attach-agent $node_(snk)  $sinkl
$ns_ connect $tcpl $sinkl

This createsa sourcetcp agentanda destinatiorsink agent.Both the transportagentsareattachedo their resoectre nodes.
Finally anend-to-endconnectioris setupbetweerthe srcandsink.

set ftpl [new Application/FTP]
$ftpl  attach-agent $agent

orset ftpl [$agent attach-app FTP] Boththeabose commandschiesethesame An application(ftp in this
example)is createdandattachedo the sourceagent.An applicationcanbe of two types,atraffic generatoor a simulated
application.Typesof Traffic generatorgurrentlypresentare: 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

Web cacheasan 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 when dataare transferred. Sometimesve may want applications
to transfertheir own datain simulations. One suchexampleis web caching,wherewe wantHTTP senersto sendHTTP
headergo cachesandclients. Theseheadersontainpagemodificationtime informationandothercachingdirectives,which
areimportantfor somecacheconsisteng algorithms.

In the following, we first describegeneralissuesegardingtransmittingapplication-lerel datain ns, thenwe discussspecial
issuesaswell asAPIs, relatedto transmittingapplicationdatausing TCP astransport.We will thenproceedo discusshe
internaldesignof HTTP client, sener, andproxy cache.

32.1 Usingapplication-level datain ns

In orderto transmitapplication-leel datain ns we provide a uniform structureto passdataamongapplications,andto
passdatafrom applicationgto transportagentgFigure32.1). It hasthreemajor componentsa representationf a uniform
application-leel dataunit (ADU), a commoninterfaceto passdatabetweerapplicationsandtwo mechanismso passdata
betweerapplicationsandtransportagents.

32.1.1 ADU

Thefunctionality of an ADU is similar to thatof a Packet. It needgo packuserdatainto anarray which is thenincludedin
theuserdataareaof anngaclet by an Agent(thisis not supportedy currentAgents.Usermustderive new agentgo accept
userdatafrom applicationspr useanwrapperlike TcpApp. We'll discusshis later).

Comparedwith Packet, ADU providesthis functionality in a differentway. In Packet, a commonareais allocatedfor all
paclet headersan offsetis usedto accesdlifferentheadersn this area.In ADU this is not applicable becausessomeADU
allocatestheir spacedynamicallyaccordingthe the availability of userdata. For example,if we wantto deliver an OTcl
scriptbetweerapplicationsthe sizeof the scriptis undeterminedyeforehandTherefore we choosea lessefficient but more
flexible method. EachADU definesits own datamembersand providesmethodsto serializethem(i.e., packdatainto an
arrayandextractthemfrom anarray). For example,in the abstracbaseclassof all ADU, AppData,we have:

class AppData {
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Figure32.1: Examplesof application-leel dataflow

private:
AppDataType type_; /I ADU type
public:
struct  hdr {
AppDataType type_;
2
public:
AppData(char* b) {
assert(b 1= NULL);
type_ = ((hdr *)b)->type_;
}
virtual void pack(char* buf) const;
}

Herepack(char* buf) is usedto write an AppDataobjectinto anarray andAppData(char* b) is usedto build a
new AppDatafrom a“serialized”copy of the objectin anarray

Whenderving nev ADU from the baseclass,usersmay addmoredata,but at the sametime anew pack(char  *b) and
a new constructorshouldbe providedto write andreadthosenen datamembersrom anarray For anexampleashow to
derivefrom anADU, look at ngwebcache/http-aux.h.

32.1.2 Passingdata betweenapplications

The baseclassof Application, Processallows applicationsto passdataor requestdatabetweeneachother It is definedas
follows:

class Process {
public:
Process() : target (0) {3
inline Process*& target() { return target_; }
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virtual void process_data(int size, char* data) = O;
virtual void send_data(int size, char* data = 0);

protected:
Process* target_;

h

ProcesenabledApplicationto link together

32.1.3 Transmitting user data over UDP

Currentlythereareno supportsn 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 Applicationto Agent. To passdatafrom an
Agentto an Applicationis somevhattrickier: eachagenthasa pointerto its attachedapplication,we dynamicallycastthis
pointerto anAppConnectoandthencall AppConnector::process_data()

As an example,we illustrate how classHttplnvalAgentis implemented.It is basedon UDP, andis intededto deliver web
cachenvalidationmessagetswebcache/imal-agent.h)lt is definedas:

class HttplnvalAgent : public Agent {
public:
HttplnvalAgent();
virtual void recv(Packet * Handler *);
virtual void send(int  realsize, AppData* data);
protected:
int  off inv_;
2
Hererecv(Packet*, Handler*)  overriddento extractuserdata,anda new send(int, AppData*) is provided

to includeuserdatain pacletes.An application(HttpApp) is attachedo anHttplnvalAgentusingAgent::attachApp()
(adynamiccastis needed)In send() , thefollowing codeis usedto write userdatafrom AppDatato theuserdataareain a
paclet:

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);

Inrecv() ,thefollowing codeis usedto readuserdatafrom pacletandto deliverto 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 userdata over TCP

Transmittinguserdatausing TCP is trickier thandoing that over UDP, mainly becausef TCP’s reassemblyjueueis only
availablefor FullTcp. We dealwith this problemby abstractinga TCP connectiorasa FIFO pipe.

As indicatedin section31.2.4 transmissiorof applicationdatacanbeimplementedria agentupcalls.Assumingwe areusing
TCP agentsall dataaredeliveredin sequenceywhich meanswe canview the TCP connectiorasa FIFO pipe. We emulate
userdatatransmissiorover TCP asfollows. We first provide buffer for applicationdataatthe sender Thenwe countthebytes
recevedattherecever. Whenthereceverhasgotall bytesof the currentdatatransmissionit thengetsthedatadirectly from

thesenderClassApplication/TcpAppis usedto implementthis functionality.

A TcpAppobjectcontainsa pointerto a transportagent,presumablyeithera FullTcp or a SimpleTcp. (Currently TcpApp
doesnt supportasymmetricTCP agentsj.e., sendeiis separatedrom recever). It providesthefollowing OTcl interfaces:

e connect : ConnectinganotherTcpAppto this one. This connectioris bi-directional,i.e., only onecall to connect
is neededanddatacanbe sentin eitherdirection.

e send : It takestwo arguments:(nbytes, str) . nbytes isthe“nominal” sizeof applicationdata.str is appli-
cationdatain stringform.

In orderto sendapplicationdatain binary form, TcpApp provides a virtual C++ methodsend(int nbytes, int
dsize, const char *data) . In fact, thisis the methodusedto implementthe OTcl methodsend . Becausst's
difficult to dealwith binarydatain Tcl, no OTcl interfaceis providedto handlebinarydata.nbytes is the numberof bytes
to betransmitteddsize is theactualsizeof thearraydata .

TcpApp providesa C++ virtual methodprocess_data(int size, char*data) to handlethereceveddata. The
default handlingis to treatthe dataasa tcl scriptandevaluatethe script. But it's easyto derive a classto provide othertypes
of handling.

Hereis an exampleof using Application/TcpApp. A similar exampleis Test/TcpApp-2node  in ndtcl/test/test-suite-
webcache.tclFirst, we createFull Tcp agentsandconnecthem:

set tcpl [new Agent/TCP/FullTcp]
set tcp2 [new Agent/TCP/FullTcp]
# SetTCPparametesher,e.g., window_,iss_,...

$ns attach-agent $nl S$tepl
$ns attach-agent $n2 S$tep2
$ns connect $tcpl $tcp2
$tcp2  listen

Thenwe CreateTcpAppsandconnecthem:

set appl [new Application/TcpApp $tepl]
set app2 [new Application/TcpApp $tep2]
$appl connect $app2

1A SimpleTcpagentis usedsolely for web cachingsimulations.It is actuallyan UDP agent. It hasneithererror recasery nor flow/congestiorcontrol.
It doesnt do paclet segmentation. Assumingaloss-freenetwork andin-orderpaclet delivery, SimpleTcpagentsimplifiesthetracefiles andhenceaidsthe
dehuggingof applicationprotocolswhich, in our casejs theweb cacheconsisteng protocol.
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Figure32.2: Hierarchyof classeselatedto application-leel datahandling

Application/FTP
Application/Telnet
Application/Traffic/*

Now we let $appl besendernd$app2 berecever:
$ns at 1.0 "$appl send 100 \"$app2 app-recv 100\™
Whereapp-recv is definedas:

Application/TcpApp instproc app-recv size
global ns
puts "[$ns now] app2 receives data $size from appl"

32.1.5 Classhierarchy relatedto userdata handling

We concludethis sectionby providing a hierarchyof classesnvolvedin this section(Figure32.2).

32.2 Overview of web cacheclasses

Therearethreemajor classegelatedto web cache,asit is in the realworld: client (browser),sener, 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 reasonsijt’s not a real Application. First, an HTTP object(i.e.,
client/cache/serr) may want to maintainmultiple concurrentHTTP connectionsput an Application containsonly one
agent_ . Also, anHTTP objectneedsto transmitreal data(e.g.,HTTP header)andthat’s provided by TcpApp insteadof
ary Agent. Therefore we chooseo usea standalonelassderivedfrom TclObjectfor commonfeaturesof all HTTP objects,
which are managingHTTP connectionsand a setof pages.In the restof the section,we’ll discussthesefunctionalitiesof
Http. In the next threesectionswe’ll in turndescribeHTTP client, cacheandsener.

32.2.1 Managing HTTP connections

Every HTTP connectionis embodiedasa TcpApp object. Http maintainsa hashof TcpApp objects,which areall of its
active connectionslt assumeshatto any otherHittp, it hasonly oneHTTP connectionlt alsoallows dynamicestablishment
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andteardavn of connectionsOnly OTcl interfaceis providedfor establishingtearingdown a connectiorandsendingdata
througha connection.

OTcl methods Following is alist of OTcl interfacesrelatedto connectiormanagemerin Http objects:

id returntheid of the Http object,whichis theid of thenodethe objectis attachedo.
get-cnc(clienty returnthe TCPagentassociatedvith $client(Http object).
is-connectedsener) returnO if notconnectedo $sener, 1 otherwise.
send(client) (byteg (callback send$bytesof datato $client. Whenit's done,execute$callback(a OTcl command).
connectclient) (TCP) associata TCPagentwith $client(Http object). Thatagentwill beusedto sendpaclkets
to $client.
disconnectclienty deletethe associatiorof a TCP agentwith $client. Note thatneitherthe TCP agentnor
$clientis notdeleted pnly theassociations deleted.

Configuration parameter By default, Http objectsuse Agent/SimpleTcpastransportagents(section32.1.4). They can
alsouseAgent/FullTcpagentswhich allows Http objectsto operaten alossynetwork. ClassvariablecodeTRANSPOR _
is usedfor thispurposeE.g.,Http set TRANSPORT_FullTcp tellsall Http objectsuseFull Tcp agents.

This configurationshouldbe donebefote simulationstarts,andit shouldnot changeduring simulation,because-ullTcp
agentgdo notinter-operatewith SimpleTcpagents.

32.2.2 Managing web pages

Http alsoprovidesOTcl interfacego managea setof pages.Therealmanagementf pagesarehandledby classPagePool
andits subclassesBecausdlifferentHTTP objectshave differentrequirementdor pagemanagementye allow different
PagePookubclasseto be attachedo differentsubclassesf Http class. Meanwhile,we export a commonsetof PagePool
interfaceso OTcl throughHttp. For example abrowsermayuseaPagePoobnly to generat@arequesstreamsoits PagePool
only needgo containalist of URLs. But a cachemaywantto storepagesize,lastmodificationtime of every pageinsteadof
alist of URLs. However, this separatioris not clearcutin the currentimplementation.

PageURLs arerepresenteth theform of: (ServerName ): (SequenceNumber ) wherethe ServerName is thenameof
OTcl object,andevery pagein every sener shouldhave a unigueSequenceNumber . Pagecontentsareignored. Instead,
every pagecontainsseveralattributes which arerepresenteéh OTcl asallist of thefollowing ({(name (valué) pairs:“mod-
time (val)” (pagemodificationtime), “size (val)” (pagesize),and“age(val)”} Theorderingof thesepairsis notsignificant.

Following is alist of relatedOTcl methods.

set-pagepoofpagepodl  setpagepool
enterpage(pageid (attributes  addapagewith id $pageidnto pool. $attributesis theattributesof $pageidasdescribed
above.

get-pagegpageid returnpageattributesin theformatdescribedabove.
get-modtime(pageid returnthelastmodificationtime of the page$pageid.
exist-page{pageid return0 if $pageiddoesnt existin this Http object,1 otherwise.
get-size{pageid returnthesizeof $pageid.
get-cachetimépageid returnthetime whenpage$pageids enterednto the cache.
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32.2.3 Debhugging

HttpApp providestwo deluggingmethods.log registersa file handleasthe tracefile for all HttpApp-specifictraces. Its
traceformatis describedn section32.9. evTrace logsa particulareventinto tracefile. It concatenatesme andtheid of
the HttpApp to the givenstring,andwritesit out. Detailscanbefoundin nswebcache/http.cc.

32.3 Representingweb pages
We representveb pagesastheabstractlassPage.lt is definedasfollows:

class Page

public:

Page(int size) : size_(size)

int size() const return size_;

int& id() return id_;

virtual WebPageType type() const = O;
protected:

int size_ ;

int id_;

It representshe basicpropertiesof awebpage:sizeandURL. Uponit we derive two classe®f webpages:SenerPageand
ClientPage. The former containsa list of pagemodificationtimes,andis supposedo by usedby seners. It wasoriginally
designedo work with a specialweb sener trace;currentlyit is notwidely usedin ns The latter, ClientPage,is the default
web pagefor all pagepoolsbelow.

A ClientPagehasthefollowing majorpropertiegwe omit somevariablesusedby webcachewith invalidation,which hastoo
mary detailsto be coveredhere):

e HttpApp* server_ - Pointertotheoriginal sener of this page.
e double age_ - Lifetime of thepage.

e int status - Statusof thepage.lts contentsaareexplainedbelow.

The status(32-bit) of a ClientPageis separatedhto two 16-bit parts. Thefirst part (with maskOxO0FF)is usedto storepage
status the secondpart (with maskOxFF0O)is usedto storeexpectedpageactionsto be performedby cache.Availablepage
statusare(again,we omit thosecloselyrelatedto web cachenvalidation):

HTTP_\ALID_PAGE Pageis valid.
HTTP_UNCACHEABLE Pageis uncacheableThisoptioncanbeusedto simulateCGI pagesr dynamicsenerpages.

CilentPagehasthefollowing major C++ methods:

e type() - Returnsthetype of the page. Assumingpagesof the sametype shouldhave identical operationswe let
all ClientPageto be of type “HTML". If later on othertypesof web pagesare neededa classmay be derived from
ClientPage(or Page)with the desiredtype.
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Figure32.3: Classhierarchyof pagepools

e name(char *buf) - Printthepagesnameintothegivenbuffer. A pagesnameisin theformatof: (SernerName:{PagelD).

e split_name(const char *name, PagelD& id) - Splitagivenpagenameinto itstwocomponentsThisis
astaticmethod.

e mtime() - Returnsthelastmodificationtime of the page.

e age() - Returnghelifetime of thepage.

32.4 Pagepools

PagePoolandits derived classesare usedby senersto generatgpageinformation (name,size, modificationtime, lifetime,
etc.),by cachego describewhich pagesarein storageandby clientsto generatea requesstream.Figure32.3providesan
overview of theclasshierarchyhere.

Amongthese classPagePool/Clients mostly usedby cachedo storepagesandothercache-relatethformation;otherthree
classesareusedby senersandclients.In thefollowing we describetheseclasse®oneby one.

32.4.1 PagePol/Math

This is the simplesttype of pagepool. It hasonly one page,whosesizecanbe generatedy a givenrandomvariable. Page
modification sequenceand requestsequencere generatedising two given randomvariables. It hasthe following OTcl
methods:

gen-pageid ReturnsthepagelD whichwill berequestedhext. Becausét hasonly onepage,it always
returns0.

gen-size Returngthesizeof the page.lt canbegeneratedby agivenrandomvariable.

gen-modtimgpagelD {(mt) Returnsthe next modificationtime of the page. {mt) givesthe last modificationtime. It
usesthelifetime randomvariable.

rarvarage(rv) Setthefile lifetime randomvariableas(rv).
rarvarsize(rv) Setthefile sizerandomvariableto be{rv).

NOTE: Therearetwo waysto generatarequessequenceWith all pagepoolsexceptPagePool/Proxyfiace requessequence
is generateavith arandomvariablewhich describesherequesinterval, andthegen-pageid methodof otherpagepools
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givesthepagelD of thenext requestPagePool/Proxyfaceloadsthe requesstreamduringinitialization phasesoit doesnot
needarandomvariablefor requesinterval; seeits descriptiorbelow.

An exampleof usingPagePool/Mathis at Section32.8. Thatscriptis alsoavailableat ngtcl/ex/simple-webcache.tcl.

32.4.2 PagePbol/CompMath

It improvesover PagePool/Mathby introducinga compoundpagemodel. By a compoundpagewe meana pagewhich
consistsof a main text pageanda numberof embeddedbjects,e.g., GIFs. We modela compoundpageasa main page
and several componenibjects. The main pageis always assignedwith ID 0. All componenfpageshave the samesize;
boththe mainpagesizeandcomponenbbjectsizeis fixed, but adjustablehroughOTcl-boundvariablesmain_size_  and
comp_size_ , respectiely. Thenumberof componenbbjectscanbesetusingthe OTcl-boundvariablenum_pages_ .

PagePool/CompMathasthe following major OTcl methods:

gen-size(pagelD If (pagelD is O, returnmain_size_ , otherwisereturncomp_size_ .

rarvarmain-age(rv)  Setrandomvariablefor mainpagelifetime. Anotherone,ranvar-obj-age , setthatfor
componenbbjects.

gen-pageid Alwaysreturns0, whichis themainpagelD.

gen-modtimgpagelD {mt) Returnsthenext modificationtime of thegivenpage(pagelD. If thegivenID is 0, it uses
the main pagelifetime randomvariable;otherwiseit usesthe componenbbjectlifetime
randomvariable.

An exampleof usingPagePool/CompMatls availableat ngtcl/ex/simple-webcache-comp.tcl.

32.4.3 PagePool/ProxyTrace

The above two pagepool synthesizeequesistreamto a singleweb pageby two randomvariables:onefor requesinterval,
anotherfor requestepagelD. Sometimesusersmay want more complicatedrequeststream,which consistsof multiple
pagesand exhibits spatiallocality and temporallocality. There exists one proposal(SURGE[3]) which generatesuch
requesstreamsye chooseo provide analternatve solution: userealweb proxy cachetrace(or senertrace).

The classPagePool/Proxyfiaceusesreal tracesto drive simulation. Becausehere exist mary web traceswith different
formats, they shouldbe corvertedinto a intermediateformat beforefed into this pagepool. The corverteris available
at http://mash.cs.begtey.edu/dist/vidwebcabetraceeonv.targz. It acceptdour traceformats: DEC proxy trace(1996),

UCB Home-IPtrace,NLANR proxy trace,and EPA web sener trace. It corvertsa giventraceinto two files: pglog and
reqglog.Eachline in pgloghasthefollowing format:

[<serverID> <URL_ID> <PageSize> <AccessCount>]

Eachline, exceptthelastline, in regloghasthefollowing format:

[<time>  <clientID> <serverID> <URL_ID>]

Thelastline in reglogrecordsthe durationof the entiretraceandthetotal numberof uniqueURLSs:
i <Duration> <Number_of URL>
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PagePool/Proxyfiacetakesthesewo file asinput, andusethemto drive simulation.Becausenostexisting web proxy traces
do not containcompletepagemodificationinformation,we chooseto usea bimodalpagemodificationmodel[7]. We allow

userto selectz% of the pagesto have onerandompagemodificationinterval generatorandthe restof the pagesto have

anothergeneratarn this way, it's possibleto let % pagego be dynamic,i.e., modifiedfrequently andthereststatic. Hot

pagesareevenly distributedamongall pages.For example,assumel0% pagesaredynamic,thenif we sortpagesnto alist

accordingto their popularity thenpaged), 10, 20, . .. aredynamic,restarestatic. Becausef this selectionmechanismye

only allow bimodalratio to changen the unit of 10%.

In orderto distributerequestgo differentrequestorén thesimulator PagePool/ProxyfacemapstheclientID in thetracesto
requestordn the simulatorusinga modulooperation.

PagePool/Proxyfiacehasthefollowing major OTcl methods:

get-poolsize Returnsthetotal numberof pages.
get-duration Returnsthedurationof thetrace.
bimodal-ratio Returnsthebimodalratio.
set-client-numnum)  Setthe numberof requestorsn the simulation.
gen-reques{ClientlD) Generatehenext requesfor the givenrequestar
gen-size(PagelD Returnsthesizeof thegivenpage.

bimodal-ratio{ratio) ~ Setthe dynamicpagedo be (ratio)*10 percent.Notethatthis ratio changesn
unit of 10%.

rarvardp(rarvar) Setpagemodificationinterval generatofor dynamicpages.Similarly, rarvar
sp(rarvar) setsthe generatofor staticpages.

set-reqfile(file) Setrequesstreantfile, asdiscussedbove.
set-pdfile(file)  Setpageinformationfile, asdiscussedbove.
gen-modtimgPagelD (LastModTme) Generateext modificationtime for the givenpage.

An exampleof usingPagePool/Proxyfiaceis availableat ngtcl/ex/simple-webcache-trace.tcl.

32.4.4 PagePool/Client

TheclassPagePool/Clienhelpscachedo keeptrackof pagegesidenin cacheandto storevariouscache-relatethformation
aboutpageslt is mostlyimplementedn C++, becausét is mainly usedinternallyandlittle functionalityis neededy users.
It hasthefollowing major C++ methods:

e get page(const char* name) - Returnsapointerto thepagewith the givenname.

e add page(const char *name, int size, double mt, double et, double age) -Addapage
with givensize,lastmodificationtime (mt), cacheentrytime (et), andpagelifetime (age).
e remove_page(const char* name) - Remweapagefrom cache.

This pagepool shouldsupportvariouscachereplacemenalgorithms however, it hasnotbeenimplementedyet.
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32.5 Webclient

ClassHttp/Clientmodelsbehavior of asimplewebbrowser It generatesa sequencef pagerequestsywhererequesinterval
and pagelDs arerandomized.It's a pure OTcl classinheritedfrom Http. Next we'll walk throughits functionalitiesand
usage.

Creating a client First of all, we createa client and connectit to a cacheanda web sener. Currentlya client is only
allowedto connectto a singlecache but it's allowed to connectto multiple seners. Note thatthis hasto be calledAFTER
thesimulationstarts(i.e., after$ns run is called). Thisremaingruefor all of thefollowing methodsandcodeexamplesof
Http andits derivedclassesunlessexplicitly said.

# Assuming $server is a configured Http/Server.
set client [new Http/Client $ns $node] # clientresidesonthis node
$client connect $server ;# connectingclientto server

Configuring requestgeneration For every requestHttp/ClientusesPagePootto generatea randompagelD, andusea
randomvariableto generaténtervalsbetweertwo consecutie requests?

$client set-page-generator $pap ;# attach a configued PagePool
$client  set-interval-generator $ranvar # attach arandomvariable

Herewe assumehat PagePoolof Http/Client sharethe samesetof pagesasPagePoolof the sener. Usually we simplify
our simulationby letting all clientsandsenerssharethesamePagePoolj.e., they have thesamesetof pages Whenthereare
multiple seners,or seners’ PagePoolareseparatedrom thoseof clients’, caremustbetakento make surethatevery client
seeghesamesetof pagesasthe senersto which they areattached.

Starting After theabove setup startingrequestss very simple:

$client start-session $cache $server ;# assumindbcadeis a configuedHttp/Cade

OTcl interfaces Following is a list of its OTcl methodg(in additionto thoseinheritedfrom Http). Thisis nota complete
list. More detailscanbefoundin ngtcl/iwebcache/http-agent.tcl.

send-requedsener) (type) (pageid (args sendarequesbf page$pageidandtype $typeto $sener. Theonly request
type allowed for a client is GET. $ags hasa formatidentical to that of
$attributesdescribedn Http::enter-page

start-sessioficache (sener) startsendingrequest®f arandompageto $senervia $cache.

start(cache (sener) beforesendingequestspopulateébcachewith all pagesn theclient's Page-
Pool. This methodis usefulwhenassumingnfinite-sizedcachesandwe
wantto obsene behaviors of cacheconsisteng algorithmsin steadystate.

set-page-generatdpagepodl attacha PagePooto generateandompagelDs.
set-intenal-generatofranvar)  attacharandomvariableto generateandomrequesintervals.

2SomePagePoolge.g.,PagePool/Mathhasonly onepageandthereforeit awaysreturnsthe samepage.SomeotherPagePoolge.g. PagePool/Tace,has
multiple pagesandneedsa randomvariableto pick outarandompage.
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32.6 Websewer

ClassHttp/Sener modelsbehaior of aHTTP sener. Its configurationis very simple. All thatauserneeddso dois to create
asener, attacha PagePoolndwait:

set server [new Http/Server $ns $node] # attach $serverto $node
$server  set-page-generator $pgp # attach a page pool

An Http/Sener objectwaits for incomingrequestafter simulationstarts. Usually clientsand cachednitiatesconnectiono
anHttp/Sener. But it still hasits own connect methodwhich allows anHttp/Sener objectto actively connecto acertain
cache(or client). Sometimeshisis useful,asexplainedin Test/TLC1::set-groups{ln ndtcl/test/test-suite-webcache.tcl.

An Http/Sener objectacceptawo typesof requestsGET andIMS. GET requesimodelsnormalclient requestsFor every
GET requestijt returnsthe attributesof therequestegbage.IMS requesimodelslf-Modified-Sinceusedby TTL algorithms
for cacheconsisteng. For every IMS (If-Modified-Since)requestit compareshe pagemodificationtime givenin therequest
andthatof the pagein its PagePoollf thetime indicatedin therequests older, it sendshackaresponsevith very smallsize,
otherwiseit returnsall of the pageattributeswith responseizeequaltherealpagesize.

32.7 Webcache

Currently6 typesof webcachesareimplementedincludingthe baseclassHttp/Cachelts five derivedsubclassesnplement
5 typesof cacheconsisteng algorithms:Plainold TTL, adaptve TTL, OmniscienfT TL, Hierarchicalmulticastinvalidation,
andhierarchicaimulticastinvalidationplusdirectrequest.

In the following we’ll only describethe baseclassHttp/Cachebecausall the subclassesvolvesdiscussiorof cachecon-
sisteny algorithmsandit doesnot seento be appropriateéhere.

32.7.1 Http/Cache

ClassHttp/Cachemodelsbehaior of a simple HTTP cachewith infinite size. It doesnt containremoval algorithm, nor
consisteng algorithm. It is not intendedto be usedby itself. Rather it is meantto be a baseclassfor experimentingwith
variouscacheconsisteng algorithmsandothercachealgorithms.

Creation and startup Creatingan Http/Cacherequiresthe samesetof parameterasHttp/ClientandHttp/Sener. After
creation,a cacheneedsto connectto a certainsener. Notethatthis creationcanalsobe donedynamically whenarequest
comesin andthe cachefindsthatit’s not connectedo the sener. However, we do not modelthis behavior in currentcode.
Following codeis anexample:

set cache [new HttpCache $ns $node] ;# attach cacheto $node
$cache connect $server # connecto $server

Like Http/Sener, an Http/Cacheobjectwaits for requestgand pacletsfrom sener) after it's initialized asabove. When
hierarchicalcachingis usedthefollowing canbeusedto createthe hierarchy:
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$cache set-parent $parent # setparentcade

Currentlyall TTL andmulticastinvalidationcachessupporthierarchicalcaching.However, only the two multicastinvalida-
tion cachesallows multiple cachehierarchiedo inter-operate.

OTcl methods Although Http/Cacheis a SplitObject,all of its methodsarein OTcl. Most of themareusedto processan
incomingrequestTheir relationscanbeillustratedwith the flowchartbelow, followedby explainations:

send cached page
/
cache-hit() — is-consistent() ignore the request
\ refetch-pending()
cache-miss() ——» send-request() \ refetch()

Figure32.4:Handlingof incomingrequesin Http/Cache

get-request()

Theentry point of processingry requestlt checksf therequesteghage$pageid
existsin the caches pagepool, thencall eithercache-hit  or cache-miss

This cachedoesnt have the page. Senda requestto sener (or parentcache)to

refetchthe pageif it hasnt alreadydoneso. Register$clientin alist sothatwhen
thecachegetsthepageit' Il forwardthe pageto all clientswho have requestedhe
page.

get-reques{client) (type) (pageid

cache-misgclient) {type) {pageid

cache-hit{client) (type) {pageid

is-consisten{client) {type) (pageid
refetch(client) (type) (pageid

Checkghevalidatity of thecachedpage.If it svalid, send$clientthecachedhage,
otherwiserefetchthe page.

Returnsl if $pageids valid. Thisis intendedto be overriddenby subclasses.
Refetchan invalid pagefrom sener. This is intendedto be overriddenby sub-

classes.

32.8 Putting together: a simple example

We have seenall the pieces,now we presenta scriptwhich providesa completeview of all piecestogether First, we build
topologyandotherusualinitializations:

set ns [new Simulator]
# Create
set
set
set
$ns
$ns
$ns

topology/routing
node(c) [$ns node]
node(e) [$ns node]
node(s) [$ns node]
duplex-link $node(s)
duplex-link $node(e)
rtproto Session

$node(e)
$node(c)

1.5Mb 50ms DropTail
10Mb 2ms DropTalil

Next we createthe Http objects:

293



# 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] ;# # Page sizegeneator

$tmp set val_ 1024 # # avelage page size

$pgp ranvar-size $tmp

set tmp [new RandomVariable/Exponential] ;# # Page age geneator

$tmp set avg_ 5 # # average page age

$pgp ranvar-age  $tmp

set server [new Http/Server $ns $node(s)] ;# # Createa serverandlink it to thecen-
tral page pool

$server  set-page-generator $pap

$server log $log

set cache [new Http/Cache $ns $node(e)] ;# # Createa cadche
$cache log $log

set client [new Hittp/Client $ns $node(c)] ;# # Createa client
set tmp [new RandomVariable/Exponential] # # Poissonprocessasrequessequence
$tmp set avg_ 5 # # avemgerequesinterval
$client  set-interval-generator $tmp

$client set-page-generator $pgp

$client log $log

set startTime 1 # # simulationstarttime
set finishTime 50 # # simulationendtime
$ns at $PstartTime "start-connection”

$ns at $finishTime "finish"

Thenwe definea procedurevhichwill becalledaftersimulationstarts.The procedurewill setupconnectionamongall 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 O

$ns run
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This scriptis alsoavailableat ngtcl/ex/simple-webcache.tcExaminingits outputhttp.log , onewill find thattheresult
of the absensecacheconsisteng algorithmresultsin 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-
sisteny algorithmexamples seendftcl/test/test-suite-webcache.tcl.

32.9 Http trace format
Thetracefile of Http agentsareconstructedn a similar way asthe SRM tracefiles. It consistsof multiple entries,eachof
which occupieneline. Theformatof eachentryis:

Time | ObjectID | ObjectValues

Therearethreetypesof objects: client (C), cache(E) andsener (S). Following is a completeenumeratiorof all possible
eventsandvaluetypesassociateavith thesethreetypesof objects.

ObjectType | EventType | Values

E HIT (Prefix)

E MISS (Prefix) z (RequestSize

E IMS (PrefiXy z (Sizé t (CacheEntryTme)

E REF p (PagelD s (SenerID) z {Size

E UPD p {PagelD m (LastModifiedTme) z (PageSizé§
s (SenerlID)

E GUPD | z(PageSiz¢

E SINV p {PagelD m (LastModTime) z (PageSizé

E GINV p (PagelD m (LastModTime)

E SPF p (PagelD c (DestCachg

E RPF p (PagelD c (SrcCachg

E ENT p (PagelD m (LastModifiedTme) z (PageSizé§
s (SenerlD)

C GET p {PagelD s (PageSererID) z (RequestSize

C STA p (PagelD s(OrigSenerlD) | {StaleTme)

C RCV p (PagelD s{PageSererID) | {(Responseime) z (PageSiz¢

S INV p (PagelD m (LastModifiedTme) z (Size

S UPD p (PagelD m (LastModifiedTme) z (Size

S SND p (PagelD m (LastModifiedTme) z (PageSizé§
t (Requesttype

S MOD p {PagelD n (NextModify Time)

(Prefix is theinformationcommonto all traceentries.It includes:
p {PagelD ‘ c(RequestCIientID‘ s (PageSererID)

ShortExplainationof eventopemations
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ObjectType | EventType | Explaination
E HIT Cachehit. PageSererlDs theid of the“owner” of the page.
E MISS Cachemiss.In this casethe cachewill sendarequesto thesenerto fetchthe page.
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 Senda pro forma
E RPF Receveaproforma
E ENT Enterapageinto local pagecache.
C GET Clientsendsarequesfor apage.
C STA Clientgetsa stalehit. OrigModTimeis the modificationtime
in thewebsener, CurrModTimeis thelocal pages modificationtime.
C RCV Clientrecevesapage.
S SND Senersendaresponse.
S UPD Sener pushes pageupdateto its “primary cache”.Usedby invalidationprotocolonly.
S INV SenersendsaninvalidationmessageUsedby invalidationprotocolonly.
S MOD Senermodifieda page.Thepagewill be modifiednext at (NextModifyTime).

32.10 Commandsat a glance

Following arethewebcacherelatedcommands:

set server [new Http/Server <sim> <s-node>]
This createsaninstanceof anHttp sener atthe specified<s-node>An instanceof the simulator<sim>needgo be passed
asanargument.

set client [new Http/Client <sim> <c-node>]
This createsaninstanceof a Http clientatthe given<c-node>.

set cache [new Http/Cache <sim> <e-node>
This commanctreatesa cache.

set pgp [new PagePool/<type-of-pagepool>]

This createsa pagepoobf thetype specified. The differenttypesof pagepooturrentlyimplementedare:
PagePool/MathPagePool/CompMatiRagePool/ProxyfiaceandPagePool/ClientSeesection32.4for detailson Otcl
interfacefor eachtype of Pagepool.

$server  set-page-generator <pgp>

$server log <handle-to-log-file>

Theabove commandgonsistof sener configuration Firstthe seneris attachedo a centralpagepool <pgp>.Next it is
attachedo alog file.

client set-page-generator <pgp>
$client set-interval-generator <ranvar>
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$client log <handle-to-log-file>

Theseconsistconfigurationof the Http client. It is attachedo a centralpagepool <pgp>. Next arandomvariable<rarvar>
is attachedo theclientthatis usedby it (client) to generaténtervalsbetweertwo consecutie requestsLastly theclientis
attachedo alog file for loggingits events.

$cache log <log-file>
This s partof cacheconfigurationthatallows the cacheto log its eventsin alog-file.

$client  connect <cache>
$cache connect <server>
Oncetheclient,cacheandsenerareconfiguredthey needto be connectedisshovn in above commands.

$client start-session <cache> <server>
This startssendingrequesfor arandompagefrom theclientto the <sener>via <cache>.
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Chapter 33

Session-lgel Packet Distrib ution

This sectiondescribeghe internalsof the Session-leel Packet Distribution implementationin ns The sectionis in two

parts:thefirst partis anoverview of Sessiorconfiguration(Section33.1),anda “complete” descriptionof the configuration
parametersf a Session.The secondpartdescribeghe architecturejnternals,andthe codepathof the Session-leel Packet

distribution.

Theproceduresindfunctionsdescribedn this chaptercanbefoundin ~ngtcl/session/session.tcl.

Session-leel Paclet Distribution is orientedtowardsperformingmulticastsimulationsover large topologies. The memory
requirementgor sometopologiesusingsessiorievel simulationsare:

2048nodesdegreeof connectiity =8 ~ 40MB
2049-40960des ~ 167MB
4097-8194sodes =~ 671MB

Note however, that sessiorevel simulationsignoregeueingdelays. Therefore the accurag of simulationsthatusesources
with a high datarate,or thosethatusemultiple sourceghatgetaggreyatedat pointswithin the network is suspect.

33.1 Configuration

Configurationof a sessiorlevel simulationconsistof two parts,configurationof the sessiorievel detailsthemseles(Sec-
tion 33.1.1)andaddinglossanderrormodelsto the sessiorievel abstractiorto modelspecificbehaiours (Section33.1.2).

33.1.1 BasicConfiguration

The basicconfigurationconsistsof creatingandconfiguringa multicastsessionEachSessior(i.e., amulticasttree)mustbe
configuredstrictly in this order: (1) createand configurethe sessiorsource(2) createthe sessiorhelperandattachit to the
sessiorsource andfinally, (3) havethe sessiormembergoin the session.

set ns [new SessionSim] # preamblenitialization
set node [$ns node]
set group ([$ns allocaddr]
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Figure33.1: Comparisorof Multicast Treesfor Detailedvs. SessiorRouting

set udp [new Agent/UDP] ;# createandconfiguethesource
$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 sessiorhelperto src
set revr  [new Agent/NULL] ;# configuethereceiver
$ns attach-agent $node $revr

$ns at 0.0 "$node join-group $rcvr  $group” ;# joining the session

$ns at 0.1 "$src start”

A sessionlevel simulationscalesby translatingthe topologyinto a virtual meshtopology The stepsinvolvedin doingthis
are:

1. All of theclassifiersandreplicatorsareeliminated. Eachnodeonly storesinstancevariablesto trackits nodeid, and
portids.

2. Links do not consistof multiple componentsEachlink only storesinstancevariablesto trackthe bandwidthanddelay
attributes.

3. Thetopology, consistingof links is translatednto a virtual mesh.

Figure33.1shavsthedifferencebetweeramulticasttreein adetailedsimulationandonein asessiodevel simulation.Notice
that the translationprocesgesultsin a sessiorevel simulationignoring queuingdelays. For mostsimulations,ns already
ignoresprocessinglelaysat all of thenodes.
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33.1.2 Inserting a LossModule

Whenstudyinga protocol (e.g., SRM error recovery mechanism)it might be usefulto study protocolbehavior over lossy
links. However, sincea sessiorlevel simulationscalesby abstractingout the internaltopology we needadditionalmecha-
nismsto insertalossmoduleappropriately This subsectiordescribesiow onecancreatetheselossmodulesto modelerror
scenarios.

Creatinga LossModule Beforewe caninsertalossmodulein betweena source-receier pair, we have to createthe loss
module. Basically alossmodulecomparegwo valuesto decidewhetherto drop a paclet. Thefirst valueis obtainedevery
time whenthelossmodulereceivesa pacletfrom arandomvariable. The secondvalueis fixedandconfiguredwhentheloss
moduleis created.

Thefollowing codegivesanexampleto createa uniform 0.1 lossrate.

# creatingtheuniformdistribution randomvariable

set loss_random_variable [new RandomVariable/Uniform]

$loss_random_variable set mn_ 0O # settherange of 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 0.1 = 10/ (100 — 0)
$loss_module  ranvar $loss_random_variable # attach randomvar. to lossmodule

A catalogueof the randomvariabledistributions was describedearlier (Chapter20). A more detaileddiscussiorof error
modelswasalsodescribectarlierin adifferentchapteChapterl2).

Inserting a LossModule A lossmodulecanonly be insertedafter the correspondingeceier hasjoinedthe group. The
examplecodebelaw illustrateshow a simulationscriptcanintroducealossmodule.

set sessionhelper [$ns create-session $node $src] # keepa handleto thelossmodule
$ns at 0.1 "$sessionhelper insert-depended-loss $loss_module  $revr"

33.2 Architecture

The purposeof Session-leel paclet distribution is to speedup simulationsand reducememoryconsumptiorwhile main-
taining reasonablaccuray. The first bottleneckobsened is the memoryconsumptionby heary-weight links and nodes.
Thereforejn SessionSin§Simulatorfor Session-leel paclet distribution), we keeponly minimal amountof statesor links
andnodesandconnectthe higherlevel sourceandrecever applicationswith appropriatedelayandlossmodules.A partic-
ular sourcein a groupsendsts datapacletsto areplicatorthatis responsibldor replicatingthe pacletsfor all therecevers.
Intermediatdossanddelaymodulesbetweerthis replicatorandthereceverswill guarante¢heappropriateend-to-encthar
acteristics.To putit anothemway, a sessiorlevel simulationabstract®ut thetopology, routingandqueueingdelays.Packets
in SessionSindo notgetrouted.They only follow the establishe@&ession.
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33.3 Internals

This sectiondescribeghe internalsof Session-leel Packet Distribution. We first describethe OTcl primitivesto configurea
sessiorevel simulation(Section33.3.1);we concludewith abrief noteon hospacletforwardingis achieved(Section33.3.2).

33.3.1 Object Linkage

We describethreeaspectof constructinga sessionlevel simulationin ns the modified topology routinesthat permit the
creationof abstractnodesand links, establishthe sessionhelperfor eachactive source,add receversto the sessionby
insertingthe appropriatdossanddelaymodelswhenthatrecever joins the appropriategroup.

NodesandLinks Thenodecontainsonly its nodeid andthe portnumberfor thenext agent.A link only containghevalues
of its bandwidthanddelay

SessionNode instproc int {3 {
$self  instvar id  np_
set id_ [Node getid]

set np_ O
}
SessionSim  instproc simplex-link { n1 n2 bw delay type } {
$self instvar  bw_ delay_
set sid [$nl 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 sessiorrequiresa “sessionhelper”. The sessiorhelperin nsis realisedthrough
areplicator This sessiorhelperis createdwhenthe userissuesa create-session {} toidentify the sourceagent.The
simulatoritself keepsa referenceo the sessiormelperin its instancevariablearray session_ , indexed by the sourceand
destinatioraddres®f thesource.

Notethatthedestinatiorof sourceagentmustbe setbeforecalling create-session {3.
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 the source
return  $session_($nid:$dst) ;# keepthereplicatorin the SessionSirimstancevariablearraysessi on_
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Delay and Loss Modules Eachrecever in a group requiresa delay modulethat reflectsits delay with respectto the
particularsource. Whenthe recever joins a group, join-group  {} identifiesall sessionhelpersin session_ . If the
destinatiorindex matcheghe groupaddressherecever arejoining, thenthe following actionsareperformed.

1. A new slotof the sessiorhelperis createdandassignedo therecever.

2. The routine computeghe accumulatedandwidthand delay betweenthe sourceand recever using the SessionSim
instanceproceduregiet-bw {} andget-delay {}.

3. A constantrandomvariableis created;it will generaterandomdelivery times using the accumulatie delay as an
estimateof the averagedelay

4. A new delaymoduleis createdwith the end-to-endandwidthcharacteristicsandthe randomvariablegeneratopro-
videsthedelayestimates.

5. Thedelaymodulein insertednto the sessiorhelperandinterposedetweerthe helperandtherecever.

SeeSection33.1.2for similarly insertingalossmodulefor arecever.

SessionSim  instproc join-group { agent group } {
$self instvar  session_

foreach index [array names session_]  {
set pair [split $index ]
if {[lindex $pair 1] == S$group} {
# Note: must insert the chain of loss, delay,

# and destination agent in this order:
$session_($index) insert  $agent ;# insertdestinationagentinto sessiorreplicator
set src [lindex $pair 0] # findaccum.b/wanddelay

set dst [[$agent set node ] id]
set accu_bw [$self get-bw $dst SPsrc]
set delay [$self get-delay  $dst $src]

set random_variable [new RandomVariable/Constant] # setdelayvariable
$random_variable set avg_ $delay

set delay_module [new DelayModel] # configuethedelaymodule
$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 sourceapplicationgenerates packet andforwardsto its targetwhich
mustbe a replicator(sessiorhelper). The replicatorcopiesthe packet andforwardsto targetsin the active slotswhich are
eitherdelaymodulesor lossmodules.If lossmodules,a decisionis madewhetherto dropthe paclet. If yes,the pacletis
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Figure33.2: ArchitecturalRealizationof a SessiorLevel SimulationSession

forwardedto thelossmodulesdroptarget. If not,thelossmoduleforwardsit to its targetwhich mustbeadelaymodule.The
delaymodulewill forwardthe packetwith adelayto its targetwhich mustbeareceverapplication.

33.4 Commandsat a glance

Following is alist of session-leel relatedcommands:

set ns [new SessionSim]
This commanccreatesaninstanceof the sessionmodsimulator

$ns_ create-session <node> <agent>

This commanccreatesandattaches session-helpewhichis basicallya replicator for the source<agent>createcdat the
<node>.
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Chapter 34

Emulation

This chapterdescribeghe emulationfacility of ns Emulationrefersto the ability to introducethe simulatorinto a live
network. Specialobjectswithin the simulatorare capableof introducinglive traffic into the simulatorandinjecting traffic
from the simulatorinto thelive network.

Emulator caveats:

¢ While theinterfacesdescribedelon arenot expectedto changedrastically this facility is still underdevelopmentand
shouldbe consideredxperimentalandsubjectto change.

e Thefacility describecherehasbeendevelopedunderFreeBSD2.2.5,anduseon othersystemshasnot beentestedby
theauthor

e Becausef the currentlylimited portability of emulation,it is only compiledinto nse(build it with “make nse”), not
standarchs.

34.1 |Intr oduction

Theemulationfacility canbe subdvidedinto two modes:

1. opaque mode - live datatreatedasopaquedatapaclets

2. protocol mode —live datamaybeinterpreted/generatday simulator

In opaquemode,the simulatortreatsnetwork dataasuninterpretecaclets. In particular real-world protocolfields arenot

directly manipulatedy the simulator In opaquemode live datapacletsmaybedroppeddelayedre-orderedor duplicated,
but becaus@o protocolprocessings performed protocol-specifidraffic manipulationscenarioge.g. “drop the TCPseggment
containinga retransmissiomf sequenc&umber23045”) may not be performed.In protocolmode,the simulatoris ableto

interpretand/orgeneratdive network traffic containingarbitraryfield assignmentsTo date (Mar 1998),only OpaqueMode

is curr ently implemented

Theinterfacebetweerthe simulatorandlive network is providedby a collectionof objectsincludingtap agentsandnetwork

objects Tapagentembedive network datainto simulatedpacketsandvice-versa.Network objectsareinstalledin tapagents
andprovide anentrypointfor the sendingandreceiptof live data.Both objectsaredescribedn thefollowing sections.
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Whenusingtheemulationmode,a specialversionof the systemscheduleis used:theRealTime schedulerThisscheduler
usesthe sameunderlyingstructureasthe standarcdcalendarqueuebasedschedulerbut ties the executionof eventsto real-
time. It is describedelow.

34.2 Real-Time Scheduler

The real-timescheduleimplementsa soft real-timeschedulemwhich ties event executionwithin the simulatorto realtime.
Provided sufficient CPU horsepaver is availableto keepup with arriving paclets,the simulatorvirtual time shouldclosely
trackreal-time.If the simulatorbecomegoo slow to keepupwith elapsingealtime,awarningis continuallyproducedf the
skew exceedsa pre-specifiedonstant'slop factor” (currentlyl0ms).

The maindispatchloop is found in theroutine RealTimeScheduler::run() ,in thefile scheduler.cc . It follows
essentiallythefollowing algorithm:

e While simulatoris not halted

— getcurrentrealtime (“now”)
— dispatchall pendingsimulatoreventsprior to now
— fetchnext (future)eventif thereis one

delayuntil the next simulatoreventis readyor a Tcl eventoccurs

if atcl eventoccuredre-insertnext eventin simulatoreventqueueandcontinue

otherwise dispatchsimulatorevent,continue
if therewasno futureeven,checkfor Tcl eventsandcontinue

Thereal-timescheduleshouldalwaysbe usedwith the emulationfacility. Failureto do somay easilyresultin the simulator
runningfasterthanreal-time. In suchcasesiraffic passinghroughthe simulatednetwork will not be delayedby the proper
amountof time. Enablingthereal-timeschedulerequiresthefollowing specificatiomat the beginning of a simulationscript:

set ns [new Simulator]
$ns use-scheduler RealTime

34.3 Tap Agents

TheclassTapAgent is asimpleclassderivedfrom thebaseAgent class.As such,it is ableto generatesimulatorpaclets
containingarbitrarily-assignedalueswithin thenscommonheaderThetapagenthandleghe settingof thecommonheader
pacletsizefield andthetypefield. It usesthe paclettype PT_LIVE for pacletsinjectedinto the simulator Eachtap agent
canhave at mostoneassociatedetwork object,althoughmorethanonetap agentmay be instantiatecon a singlesimulator
node.

Configuration Tapagentsareableto sendandrecevepacletsto/fromanassociatetiietwork object. Assuminganetwork
object$netobj refersto anetwork object,atapagents 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 $al

Note that the configurationof the flow ID and priority are handledthroughthe Agent baseclass. The purposeof setting
the flow id field in the commonheadelis to label pacletsbelongingto particularflows of live data. Suchpacketscanbe
differentiallytreatedwith respecto drops,reorderingsetc. Theconnect methodinstructsagent$a0 to sendits live traffic
to the$al agentvia the currentroutethroughthe simulatedtopology.

34.4 Network Objects

Network objectsprovide accesgo alive network. Thereare several forms of network objects,dependingon the protocol
layer specifiedfor accesgo the underlyingnetwork, in additionto the facilities provided by the hostoperatingsystem.Use
of somenetwork objectsrequiresspecialaccesgrivilegeswherenoted. Generally network objectsprovide an entrypoint
into thelive network at a particularprotocollayer (e.g. link, raw IP, UDP, etc) andwith a particularaccessnode(read-only
write-only, or read-write). Somenetwork objectsprovide specializedacilities suchasfiltering or promiscuousaccesgi.e.

the pcap/bpfnetwork object) or groupmembershigi.e. UDP/IP multicast). The C++ classNetwork is providedasabase
classfrom which specificnetwork objectsarederived. Threenetwork objectsarecurrentlysupportedpcap/bpf,raw IP, and
UDP/IRP. Eacharedescribedelow.

34.4.1 Pcap/BPFNetwork Objects

Theseobjectsprovideanextendednterfaceto theLBNL pacletcapturdibrary (libpcap). (Seeftp:/ftp.ee.lbl.gov/libpcap.tar.Z
for moreinfo). Thislibrary providestheability to capturdink-layer framesin apromiscuougashionfrom network interface
drivers(i.e. acopy is madefor thoseprogramsmakinguseof libpcap). It alsoprovidesthe ability to readandwrite packet
tracefilesin the“tcpdump” format. The extendedinterfaceprovided by nsalsoallows for writing framesoutto the network
interfacedriver, providedthe driver itself allows this action. Use of the library to captureor createlive traffic may be pro-
tected;onegenerallyrequiresatleastreadaccesgo the systems pacletfilter facility which mayneedto be arrangedhrough
asystemadministrator

The paclet capturelibrary works on several UNIX-basedplatforms. It is optimizedfor usewith the Berkeley Packet Filter
(BPF)[16], andprovidesafilter compilerfor the BPFpseudomachinmachinecode.Onmostsystemsupportingt, akernel-
residentBPF implementationprocesseshe filter code,and appliesthe resulting patternmatchinginstructionsto receved
frames. Thoseframesmatchingthe patternsare received throughthe BPF machinery;thosenot matchingthe patternare
otherwiseunafected. BPF also supportssendinglink-layer frames. This is generallynot suggestedasan entire properly-
formattedframe mustbe createdprior to handingit off to BPE This may be problematicwith respectto assigningproper
link-layer headergor next-hopdestinationsilt is generallypreferabldo usetheraw IP network objectfor sendindgP paclets,
asthe systemsrouting functionwill be usedto determinegproperlink-layer encapsulatingpeaders.

Configuration Pcapnetwork objectsmay be configuredas either associatedvith a live network or with a tracefile. If
associategvith alive network, theparticulametwork interfaceto beusedmaybespecified aswell asanoptionalpromiscuous
flag. As with all network objects they maybe openedor readingor writing. Hereis anexample:

set me [exec hostname]
set pfl [new Network/Pcap/Live]
$pfl set promisc_ true
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set intf  [$pfl open readonly]

puts "pfl configured on interface $intf"

set filt "ip src host foobar) and (not ether broadcast)"
set nbytes [$pfl filter $filt]

puts “filter compiled to $nbytes bytes"

puts “drops: [$pfl pdrops], pkts: [$pfl pkts]"

This examplefirst determineghe 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_ flagtells the pacletfilter whetherit shouldconfigurethe undelyinginterfacein promiscuousnode(if it is sup-
ported). The open call activatesthe paclet filter, and may be specifiedasreadonly , writeonly , or readwrite . It
returnsthe nameof the network interfacethefilter is associatedvith. Theopen call takesan optionalextra parametefnot
illustrated)indicatingthe nameof theinterfaceto usein casesvherea particularinterfaceshouldbe usedon a multi-homed
host. Thefilter methodis usedto createa BPF-compatiblgacletfilter programwhichis loadedinto theunderlyingBPF
machinery Thefilter methodreturnsthe numberof bytesusedby thefilter predicate.The pdrops andpkts methods
areavailablefor statisticscollection. They reportthe numberof pacletsdroppedby thefilter dueto buffer exhaustionandthe
total numberof pacletsthatarrivedat thefilter, respectiely (notthe numberof pacletsacceptedy thefilter).

34.4.2 IP Network Objects

Theseobjectsprovide raw accesgo the IP protocol,andallow the completespecificationof IP paclets(including header).
Theimplementatiormakesuseof araw sodket. In mostUNIX systemsaccesso suchsocletsrequiressuperuserprivileges.
In addition, the interfaceto raw socletsis somavhat lessstandardhan othertypesof soclets. The classNetwork/IP
providesraw IP functionality plus a baseclassfrom which other network objectsimplementinghigherlayer protocolsare
derived.

Configuration The configurationof a raw IP network objectis comparatiely simple. The objectis not associatedvith
ary particularphysicalnetwork interface;the systems IP routing capabilitywill be usedto emit the specifieddatagranout
whicheverinterfaceis requiredto reachthe destinatioraddressontainedn theheaderHereis anexampleof configuringan
IP object:

set ipnet [new Network/IP]
$Sipnet  open writeonly

$ipnet  close

TheIP network objectsupportsonly theopen andclose methods.

34.4.3 IP/UDP Network Objects

Theseobjectsprovide accesdo the system$ UDP implementatioralongwith supportfor IP multicastgroup membership
operationsIN PROGRESS
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34.5 An Example

Thefollowing codeillustratesa smallbut completesimulationscriptfor settingup anemulationtestusingBPFandIP network
objects. It wasrun on a multi-homedmachine,andthe simulatoressentiallyprovidesrouting capability by readingframes
from oneinterface passinghemthroughthe simulatednetwork, 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, o)
# check this (this is how to do so under FreeBSD at least)
#
set ipforw [exec sysctl -n netinet.ip.forwarding]
if  Sipforw

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 bpfl [new Network/Pcap/Live]
$bpf0 set promisc_ true
$bpfl set promisc_ true

set ipnet [new Network/IP]
set nd0 [$bpf0 open readonly  fxpQO]

set ndl [$bpfl open readonly fxpl]
$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 fOlen [$bpfO filter "(ip dst host bit) and $notme and $notbcast"]
set fllen [$bpfl filter "(lp src host bit) and $notme and $notbcast"]

puts “filter lengths: $fOlen  (bpf0), $fllen  (bpfl)"
puts "dev $nd0 has address [$bpfO linkaddr]"
puts "dev $ndl has address [$bpfl linkaddr]"

set a0 [new Agent/Tap]

set al [new Agent/Tap]
set a2 [new Agent/Tap]
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puts “install nets into taps..."
$a0 network  $bpfo
$al network $bpfi
$a2 network S$ipnet

set node0 [$ns node]
set nodel [$ns node]
set node2 [$ns node]

$ns simplex-link $node0 $node2 10Mb 10ms DropTail
$ns simplex-link $nodel $node2 10Mb 10ms DropTail

$ns attach-agent $node0 $ald
$ns attach-agent $nodel $al
$ns attach-agent $node2 $a2

$ns connect $a0 $a2
$ns connect $al $a2

puts "okey"
$ns run

34.6 Commandsat a glance

Following is alist of emulationrelatedcommands:

$ns_  use-scheduler RealTime
This commandsetsup thereal-timeschedulerNotethatareal-timescheduleshouldbe usedwith any emulationfacility.
Otherwiset mayresultthe simulatedhetwork runningfasterthanreal-time.

set netob [new Network/<network-object-type>]

This commanccreatesaninstanceof a network object. Network objectsareusedto access live network. Currentlythe
typesof network objectsavailableareNetwork/Pcap/Lve, Network/IP andNetwork/IP/UDP Seesection34.4for detailson
network objects.
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Chapter 35

Nam

[This chaptemwill hold completenamdocumentationFor now it's mostlya placeholdet

35.1 Animations from nam

Namanimationscanbe saszed andcorvertedto animatedyifs or MPEG movies.

To save the framesof your movie, first startnamwith your traceandsetit up whereyou wantit to startand adjustother
parametergsteprate,size,etc.) Select‘recordanimation”in the File menuto startsaving frames.Eachanimationstepwill
besavedin a X-window dumpfile called“nam%d.xwd"where%d is theframenumber

Thefollowing shellscript(sh,notcsh)corvertsthesefiles into ananimatedyif:

for i in *xwd; do

xwdtoppm <$i |

ppmtogif  -interlace -transparent'#e5e5eb’ >‘basename $i .xwd'.gif;
done

gifmerge -0 -2 -229,229,229 * gif >movie.gif
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