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Chapter 1

| ntroduction

Let’s start at the very beginning,

a very nice place to start,

when you sing, you begin with A, B, C,

when you simulate, you begin with the topoloby,

This documentrfs Notes and Documentation) provides reference documentation for ns. Although we begin with a simple
simulation script, resources like Marc Greis’s tutorial web pages (originally at his web site, rdvt pt / / www. i Si .

edu/ nsnanif ns/ tut ori al /) or the slides from one of the ns tutorials are problably better places to begin for the ns
novice.

We first begin by showing a simple simulation script. This script is also available in the souraetal/ex/simple.tcl.

This script defines a simple topology of four nodes, and two agents, a UDP agent with a CBR traffic generator, and a TCP
agent. The simulation runs f8s. The output is two trace filegut . t r andout . nam When the simulation completes at
the end of3s, it will attempt to run a nam visualisation of the simulation on your screen.

# The preamble
set ns [new Simul ator] ; # initialise the simulation

# Predefine tracing

set f [open out.tr w
$ns trace-all $f

set nf [open out.nam w]
$ns nantrace-all $nf

lwith apologies to Rodgers and Hammerstein
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# s0, we lied. now, we define the topol ogy

n0

\
5Mo \
2ms

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

nu n nu
O FHEHFFHFFFRHRFHFFRH
~ ~ o~

3

~

$ns dupl ex-1ink $n0 $n2 5Mb 2nms DropTail
$ns dupl ex-link $nl $n2 5Mo 2ns DropTail
$ns dupl ex-link $n2 $n3 1.5M> 10ns DropTail

# Some agents.

set udpO [ new Agent/ UDP] ; # AUDP agent
$ns attach-agent $n0 $udpO ; # on node $n0
set chbrO [new Application/Traffic/CBR| ; # A CBRtraffic generator agent
$cbr0 attach-agent $udpO ; # attached to the UDP agent
$udpO set class_ 0O ; # actually, the default, but. ..
set null O [new Agent/Nul ] ; # Itssink
$ns attach-agent $n3 $null 0 ; # on node $n3

$ns connect $udpO $null 0
$ns at 1.0 "$cbr0O start”

puts [$cbr0 set packetSize ]
puts [$cbr0 set interval _]

# A FTP over TCP/Tahoe from $n1 to $n3, flowid 2
set tcp [new Agent/ TCP]

$tcp set class_ 1

$ns attach-agent $nl $tcp

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

set ftp [new Application/FTP] ; # TCP does not generate its own traffic
$ftp attach-agent $tcp
$ns at 1.2 "$ftp start”

$ns connect $tcp $sink
$ns at 1.35 "$ns detach-agent $n0 $tcp ; $ns detach-agent $n3 $si nk"
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# The simulation runsfor 3s.
# The simulation comes to an end when the scheduler invokes the finish{} procedure below.
# This procedure closes all trace files, and invokes nam visualization on one of the tracefiles.

$ns at 3.0 "finish"
proc finish {} {
gl obal ns f nf
$ns flush-trace
cl ose $f
cl ose $nf

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

}

# Finally, start the simulation.
$ns run
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Chapter 2

Undocumented Facilities

Ns is often growing to include new protocols. Unfortunately the documention doesn’t grow quite as often. This section lists
what remains to be documented, or what needs to be improved.

(The documentation is in the doc subdirectory of the ns source code if you want to add to it. :-)

InterfacetotheInterpreter e nothing currently

Simulator Basics e LANSs need to be updated for new wired/wireless support (Yuri updated this?)
e wireless support needs to be added (done)
¢ should explicitly list queueing options in the queue mgt chapter?

Support e should pick a single list mgt package and document it
e should document the trace-post-processing utilities in bin
Routing e The usage and design of link state and MPLS routing modules are not documented at all. (Note: link state and
MPLS appeared only in daily snapshots and releases after 09/14/2000.)
e need to document hierarchical routing/addressing (Padma has done)
e need a chapter on supported ad-hoc routing protocols
Queueing e CBQ needs documentation (can maybe build off bfp: // ft p. ee. | bl . gov/ paper s/ cbgsi ns.
ps. Z?)
Transport e needto document MFTP
e need to document RTP (session-rtp.cc, etc.)
e need to document multicast building blocks
¢ should repair and document snoop and tcp-int

Traffic and scenarios (new section)

¢ should add a description of how to drive the simulator from traces
e should add discussion of the scenario generator
e should add discussion of http traffic sources

Application e is the non-Haobo http stuff documented? no.
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Scale e should add disucssion of mixed mode (pending)
Emulation e nothing currently

Other e should document admission control policies?
¢ should add a validation chapter and snarf up the contents of ns-tests.html
¢ should snarf up Marc Greis’ tutorial rather than just referring to it?
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Part |

Interfaceto theInterpreter
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Chapter 3

OTcl Linkage

ns is an object oriented simulator, written in C++, with an OTcl interpreter as a frontend. The simulator supports a class
hierarchy in C++ (also called the compiled hierarchy in this document), and a similar class hierarchy within the OTcl inter-
preter (also called the interpreted hierarchy in this document). The two hierarchies are closely related to each other; from the
user’s perspective, there is a one-to-one correspondence between a class in the interpreted hierarchy and one in the compil
hierarchy. The root of this hierarchy is the class TclObject. Users create new simulator objects through the interpreter; thes
objects are instantiated within the interpreter, and are closely mirrored by a corresponding object in the compiled hierarchy.
The interpreted class hierarchy is automatically established through methods defined in the class TclClass. user instantiate
objects are mirrored through methods defined in the class TclObject. There are other hierarchies in the C++ code and OTc
scripts; these other hierarchies are not mirrored in the manner of TclObject.

3.1 Concept Overview

Why two languages? ns uses two languages because simulator has two different kinds of things it needs to do. On one hand,
detailed simulations of protocols requires a systems programming language which can efficiently manipulate bytes, packe
headers, and implement algorithms that run over large data sets. For these tasks run-time speed is important and turn-arou
time (run simulation, find bug, fix bug, recompile, re-run) is less important.

On the other hand, a large part of network research involves slightly varying parameters or configurations, or quickly exploring
a number of scenarios. In these cases, iteration time (change the model and re-run) is more important. Since configuratio
runs once (at the beginning of the simulation), run-time of this part of the task is less important.

ns meets both of these needs with two languages, C++ and OTcl. C++ is fast to run but slower to change, making it suitable
for detailed protocol implementation. OTcl runs much slower but can be changed very quickly (and interactively), making it
ideal for simulation configuratioms (viat cl cl ) provides glue to make objects and variables appear on both langauges.

For more information about the idea of scripting languages and split-language programming, see Ousterhout’s article in IEEE
Computer [18]. For more information about split level programming for network simulation, see the ns paper [2].

Which language for what? Having two languages raises the question of which language should be used for what purpose.

Our basic advice is to use OTcl:
o for configuration, setup, and “one-time” stuff
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¢ if you can do what you want by manipulating existing C++ objects

and use C++:

e if you are doinganything that requires processing each packet of a flow

e if you have to change the behavior of an existing C++ class in ways that weren't anticipated

For example, links are OTcl objects that assemble delay, queueing, and possibly loss modules. If your experiment can be
done with those pieces, great. If instead you want do something fancier (a special queueing dicipline or model of loss), then
you'll need a new C++ object.

There are certainly grey areas in this spectrum: most routing is done in OTcl (although the core Dijkstra algorithm is in C++).
We've had HTTP simulations where each flow was started in OTcl and per-packet processing was all in C++. This approache
worked OK until we had 100s of flows starting per second of simulated time. In general, if you're ever having to invoke Tcl
many times per second, you problably should move that code to C++.

3.2 CodeOverview

In this document, we use the term “interpreter” to be synonymous with the OTcl interpreter. The code to interface with the
interpreter resides in a separate directbg), cl . The rest of the simulator code resides in the directusy,2. We will use

the notation tclcl/(file) to refer to a particulatfile) in the Tcl directory. Similarly, we will use the notationng/(file) to

refer to a particulatfile) in thens- 2 directory.

There are a number of classes definedtiric/. We only focus on the six that are usedns The Class Tcl (Section 3.3)
contains the methods that C++ code will use to access the interpreter. The class TclObject (Section 3.4) is the base class fi
all simulator objects that are also mirrored in the compiled hierarchy. The class TclClass (Section 3.5) defines the interpretec
class hierarchy, and the methods to permit the user to instantiate TclObjects. The class TclCommand (Section 3.6) is used t
define simple global interpreter commands. The class EmbeddedTcl (Section 3.7) contains the methods to load higher leve
builtin commands that make configuring simulations easier. Finally, the class InstVar (Section 3.8) contains methods to acces
C++ member variables as OTcl instance variables.

The procedures and functions described in this chapter can be foutdidiiFel.{cc, h}, ~tclcl/Tcl2.cc, ~tclcl/tcl-object.tcl,
and, clcl/tracedvar.{cc, h}. The file telcl/tcl2c++.c is used in buildings, and is mentioned briefly in this chapter.

3.3 ClassTdl

Thecl ass Tcl encapsulates the actual instance of the OTcl interpreter, and provides the methods to access and communi
cate with that interpreter. The methods described in this section are relevanhsypitogrammer who is writing C++ code.
The class provides methods for the following operations:

obtain a reference to the Tcl instance;

invoke OTcl procedures through the interpreter;

retrieve, or pass back results to the interpreter;

report error situations and exit in an uniform manner; and
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¢ store and lookup “TclObjects”.
e acquire direct access to the interpreter.

We describe each of the methods in the following subsections.

3.3.1 Obtain a Referencetotheclass Tcl instance

A single instance of the class is declared idel/Tcl.cc as a static member variable; the programmer must obtain a reference
to this instance to access other methods described in this section. The statement required to access this instance is:

Tcl & tcl = Tcl::instance();

3.3.2 Invoking OTcl Procedures

There are four different methods to invoke an OTcl command through the instagice, They differ essentially in their

calling arguments. Each function passes a string to the interpreter, that then evaluates the string in a global context. Thes
methods will return to the caller if the interpreter returns TCL_OK. On the other hand, if the interpreter returns TCL_ERROR,
the methods will calt ker r or {}. The user can overload this procedure to selectively disregard certain types of errors. Such
intricacies of OTcl programming are outside the scope of this document. The next section (Section 3.3.3) describes method
to access the result returned by the interpreter.

tcl . eval (char*s) invokesTcl _Q obal Eval () to executes through the interpreter.

t cl . eval c(constchar’) preserves the argument stringlt copies the string into its internal buffer; it then invokes
the previougval (char*s) on the internal buffer.

t cl . eval () assumes thatthe command s already stored in the class’ inlbgrngit directly invokes cl . eval (char*
bp_). A handle to the buffer itself is available through the methold. buf f er (void).

tcl . eval f (const char*s, ...) is aPri nt f (3) like equivalent. It usegspr i nt f (3) internally to create the input
string.

As an example, here are some of the ways of using the above methods:

Tcl & tcl = Tcl::instance();

char wrk[128];

strcecpy(wk, "Sinmulator set Nunmberlnterfaces_ 1");
tcl.eval (wk);

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

tcl.eval c("puts stdout hello world");
tcl.eval f("% request % %", nane_, sender, nsgid);

3.3.3 Passing Resultstol/fro the Interpreter

When the interpreter invokes a C++ method, it expects the result back in the private member vagiablesr esul t . Two
methods are available to set this variable.
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e tcl.result(constchar’)
Pass the result stringback to the interpreter.

e tcl.resultf(constchar*fmt,..)
var ar gs(3) variant of above to format the result uswgpr i nt f (3), pass the result string back to the interpreter.

if (strenp(argv[1], "now') == 0) {
tcl.resultf("% 179", clock());
return TCL_OK;

}

tcl.result("lInvalid operation specified");
return TCL_ERROR;

Likewise, when a C++ method invokes an OTcl command, the interpreter returns the résllt in>r esul t .

e tcl.result (void) must be used to retrieve the result. Note that the result is a string, that must be converted into an
internal format appropriate to the type of result.

tcl.eval c("Simulator set Nunberlnterfaces ");
char* ni = tcl.result();
if (atoi(ni) !'=1)
tcl.eval c("Simulator set Numberlnterfaces_ 1");

3.3.4 Error Reporting and Exit
This method provides a uniform way to report errors in the compiled code.

e tcl . error (constchar*) performs the following functions: writeto stdout; writet cl _- >r esul t to stdout; exit
with error code 1.

tcl.resultf("cnd = %", cnd);
tcl.error("invalid comrmand specified");
/ * NOTREACHED* /

Note that there are minor differences between returning TCL_ERROR as we did in the previous subsection (Section 3.3.3)
and callingTcl : : err or (). The former generates an exception within the interpreter; the user can trap the exception and
possibly recover from the error. If the user has not specified any traps, the interpreter will print a stack trace and exit. However,
if the code invokeer r or (), then the simulation user cannot trap the error; in additismill not print any stack trace.

3.3.5 Hash Functionswithin the Interpreter

ns stores a reference to every TclObject in the compiled hierarchy in a hash table; this permits quick access to the objects
The hash table is internal to the interpretes.uses the name of thecl Qbj ect as the key to enter, lookup, or delete the
TclObject in the hash table.
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e tcl. ent er (TclObject*o) will insert a pointer to the TclObjeetinto the hash table.
Itis used byTcl Cl ass: : cr eat e_shadow() to insert an object into the table, when that object is created.

e tcl .| ookup(char*s) will retrieve the TclObject with the name
Itis used byTcl Qoj ect : : | ookup().

e tcl.renpove(TclObject*o) will delete references to the TclObjecfrom the hash table.

It is used byTcl O ass: : del et e_shadow() to remove an existing entry from the hash table, when that object is
deleted.

These functions are used internally by the class TclObject and class TclClass.

3.3.6 Other Operationson thelnterpreter
If the above methods are not sufficient, then we must acquire the handle to the interpreter, and write our own functions.

e tcl . i nterp(void) returns the handle to the interpreter that is stored within the class Tcl.

3.4 ClassTclObject

cl ass Tcl Obj ect is the base class for most of the other classes in the interpreted and compiled hierarchies. Every object
in the class TclObject is created by the user from within the interpreter. An equivalent shadow object is created in the compiled
hierarchy. The two objects are closely associated with each other. The class TcIClass, described in the next section, contair
the mechanisms that perform this shadowing.

In the rest of this document, we often refer to an object as a TclOhj8st this, we refer to a particular object that is either

in the class TclObject, or in a class that is derived from the class TclObject. If it is necessary, we will explicitly qualify
whether that object is an object within the interpreter, or an object within the compiled code. In such cases, we will use the
abbreviations “interpreted object”, and “compiled object” to distinguish the two. and within the compiled code respectively.

Differencesfrom nsvl Unlike nsv1l, the class TclObject subsumes the earlier functions of the NsObject class. It therefore
stores the interface variable bindings (Section 3.4.2) that tie OTcl instance variables in the interpreted object to corresponding
C++ member variables in the compiled object. The binding is stronger thavihin that any changes to the OTcl variables

are trapped, and the current C++ and OTcl values are made consistent after each access through the interpreter. The cons
tency is done through the class InstVar (Section 3.8). Also unbkel, objects in the class TclObject are no longer stored as

a global link list. Instead, they are stored in a hash table in the class Tcl (Section 3.3.5).

Example configuration of a TclObject The following example illustrates the configuration of an SRM agehiés
Agent / SRM Adapti ve).

set srm [ new Agent/ SRM Adapti ve]
$srm set packet Size_ 1024
$srmtraffic-source $s0

1in the latest release o andng/tcicl, this object has been renamed3ol i t Qbj ef ct , which more accurately reflects its nature of existence. However,
for the moment, we will continue to use the term TclObject to refer to these objects and this class.
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By convention inns, the class Agent/SRM/Adaptive is a subclass of Agent/SRM, is a subclass of Agent, is a subclass of
TclObject. The corresponding compiled class hierarchy is the ASRMAgent, derived from SRMAgent, derived from Agent,
derived from TclObject respectively. The first line of the above example shows how a TclObject is created (or destroyed)
(Section 3.4.1); the next line configures a bound variable (Section 3.4.2); and finally, the last line illustrates the interpreted
object invoking a C++ method as if they were an instance procedure (Section 3.4.4).

3.4.1 Creating and Destroying TclObjects

When the user creates a new TclObject, using the procedge§ and del et e{}; these procedures are defined in
~tclcl/tcl-object.tcl. They can be used to create and destroy objects in all classes, including Tcl@bjectkis section,
we describe the internal actions executed when a TclObject is created.

Creating TclObjects By usingnew{}, the user creates an interpreted TclObject. the interpreter will execute the constructor
for that object,i ni t {}, passing it any arguments provided by the uses is responsible for automatically creating the
compiled object. The shadow object gets created by the base class TclObject’s constructor. Therefore, the constructor fo
the new TclObject must call the parent class constructor fiest{} returns a handle to the object, that can then be used for
further operations upon that object.

The following example illustrates the Agent/SRM/Adaptive constructor:

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

The following sequence of actions are performed by the interpreter as part of instantiating a new TclObject. For ease of
exposition, we describe the steps that are executed to create an Agent/SRM/Adaptive object. The steps are:

1. Obtain an unique handle for the new object from the TclObject name space. The handle is returned to the user. Most
handles inns have the form_o(NNN), where(NNN) is an integer. This handle is created gt i d{}. It can be
retrieved from C++ with th@ame() {} method.

2. Execute the constructor for the new object. Any user-specified arguments are passed as arguments to the constructc
This constructor must invoke the constructor associated with its parent class.
In our example above, the Agent/SRM/Adaptive calls its parent class in the very first line.

Note that each constructor, in turn invokes its parent class’ constradtmuseum. The last constructor insis the
TclObject constructor. This constructor is responsible for setting up the shadow object, and performing other initial-
izations and bindings, as we explain beldwis preferable to call the parent constructors first before performing the
initializationsrequired in this class. This allows the shadow objects to be set up, and the variable bindings established.

3. The TclObject constructor invokes the instance procedueat e- shadow{} for the class Agent/SRM/Adaptive.

4. When the shadow object is creatasicalls all of the constructors for the compiled object, each of which may establish
variable bindings for objects in that class, and perform other necessary initializations. Hence our earlier injunction that
it is preferable to invoke the parent constructors prior to performing the class initializations.

5. After the shadow object is successfully creatackat e_shadow(void)

2As an example, the classes Simulator, Node, Link, or rtObject, are classes thet @eeived from the class TclObject. Objects in these classes are not,
therefore, TclObjects. However, a Simulator, Node, Link, or route Object is also instantiated usireytpeocedure ims.
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(a) adds the new object to hash table of TclObjects described earlier (Section 3.3.5).

(b) makescmd{} an instance procedure of the newly created interpreted object. This instance procedure invokes the
conmand() method of the compiled object. In a later subsection (Section 3.4.4), we describe hoantimend
method is defined, and invoked.

Note that all of the above shadowing mechanisms only work when the user creates a new TclObject through the interpreter
It will not work if the programmer creates a compiled TclObject unilaterally. Therefore, the programmer is enjoined not to
use the C++ new method to create compiled objects directly.

Deletion of TclObjects Thedel et e operation destroys the interpreted object, and the corresponding shadow object. For
exampleuse- schedul er {{schedulef} uses thedel et e procedure to remove the default list scheduler, and instantiate
an alternate scheduler in its place.

Si mul at or instproc use-schedul er type {
$sel f instvar schedul er _

del ete schedul er _ ; # first delete the existing list scheduler
set schedul er _ [ new Schedul er/ $t ype]

As with the constructor, the object destructor must call the destructor for the parent class explicitly as the very last statemen
of the destructor. The TclObject destructor will invoke the instance procethiret e- shadow, that in turn invokes the
equivalent compiled method to destroy the shadow object. The interpreter itself will destroy the interpreted object.

3.4.2 VariableBindings

In most cases, access to compiled member variables is restricted to compiled code, and access to interpreted member variab
is likewise confined to access via interpreted code; however, it is possible to establish bi-directional bindings such that both
the interpreted member variable and the compiled member variable access the same data, and changing the value of eith
variable changes the value of the corresponding paired variable to same value.

The binding is established by the compiled constructor when that object is instantiated; it is automatically accessible by the
interpreted object as an instance variabksupports five different data types: reals, bandwidth valued variables, time valued
variables, integers, and booleans. The syntax of how these values can be specified in OTcl is different for each variable type

¢ Real and Integer valued variables are specified in the “normal” form. For example,

$obj ect set realvar 1.2e3
$obj ect set intvar 12

e Bandwidth is specified as a real value, optionally suffixed by a ‘k’ or ‘K’ to mean kilo-quantities, or ‘m’ or ‘M’ to mean
mega-quantities. A final optional suffix of ‘B’ indicates that the quantity expressed is in Bytes per second. The default
is bandwidth expressed in bits per second. For example, all of the following are equivalent:

$obj ect set bwar 1.5m

$obj ect set bwar 1.5nb
$obj ect set bwar 1500k
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$obj ect set bwar 1500kb
$obj ect set bwar .1875MB
$obj ect set bwar 187.5kB
$obj ect set bwar 1.5e6

e Time is specified as a real value, optionally suffixed by a ‘m’ to express time in milli-seconds, ‘n’ to express time in
nano-seconds, or ‘p’ to express time in pico-seconds. The default is time expressed in seconds. For example, all of the
following are equivalent:

$obj ect set tinmevar 1500m
$obj ect set timevar 1.5
$obj ect set tinevar 1.5e9n
$obj ect set tinmevar 1500e9p

Note that we can also safely add o reflect the time unit of secondss will ignore anything other than a valid real

number specification, or a trailing ‘m’, ‘n’, or ‘p’.

e Booleans can be expressed either as an integer, or as ‘T’ or ‘t’ for true. Subsequent characters after the first letter are
ignored. If the value is neither an integer, nor a true value, then it is assumed to be false. For example,

$obj ect set bool var t ; # settotrue
$obj ect set bool var true

$obj ect set boolvar 1 ; # or any non-zero value
$obj ect set bool var false ; # settofalse

$obj ect set bool var junk
$obj ect set boolvar 0

The following example shows the constructor for the ASRMAgent

ASRMAgent : : ASRMAgent () {

bi nd(" pdi stance_", &pdistance_); [ * real variable*/
bi nd("requestor_", &requestor_); /* integer variable* /
bind tine("lastSent ", & astSessSent ); /* timevariable*/
bind bw("ctrliLimt ", &trIBWimt_ ); [ * bandwidth variable * /
bi nd_bool ("running_", & unning); / * boolean variable* /

Note that all of the functions above take two arguments, the name of an OTcl variable, and the address of the correspondin
compiled member variable that is linked. While it is often the case that these bindings are established by the constructor of
the object, it need not always be done in this manner. We will discuss such alternate methods when we describe the clas
InstVar (Section 3.8) in detalil later.

Each of the variables that is bound is automatically initialised with default values when the object is created. The default
values are specified as interpreted class variables. This initialisation is done by the rauiting nst var {}, invoked by
methods in the class Instvar, described later (SectionBrB)t - i nst var {} checks the class of the interpreted object, and

all of the parent class of that object, to find the first class in which the variable is defined. It uses the value of the variable in
that class to initialise the object. Most of the bind initialisation values are definesittiib/ns-default.tcl.

For example, if the following class variables are defined for the ASRMAgent:

SNote that this constructor is embellished to illustrate the features of the variable binding mechanism.
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Agent / SRM Adaptive set pdistance_ 15.0
Agent / SRM set pdi stance_ 10.0

Agent/ SRM set | ast Sent _ 8. 345m

Agent set ctrliLimt_ 1. 44M

Agent / SRM Adapti ve set running_ f

Therefore, every new Agent/SRM/Adaptive object will hgadi st ance_ setto 15.0f ast Sent _is set to 8.345m from

the setting of the class variable of the parent class;l Li mi t _is set to 1.44M using the class variable of the parent class
twice removedr unni ng is set to false; the instance variaplgi st ance__ is notinitialised, because no class variable exists

in any of the class hierarchy of the interpreted object. In such instancé,- i nst var {} will invoke war n-i nst var {},

to print out a warning about such a variable. The user can selectively override this procedure in their simulation scripts, to
elide this warning.

Note that the actual binding is done by instantiating objects in the class InstVar. Each object in the class InstVar binds one
compiled member variable to one interpreted member variable. A TclObject stores a list of InstVar objects corresponding to
each of its member variable that is bound in this fashion. The head of this list is stored in its member vaisablar _ of

the TclObject.

One last point to consider is thasg will guarantee that the actual values of the variable, both in the interpreted object and the
compiled object, will be identical at all times. However, if there are methods and other variables of the compiled object that
track the value of this variable, they must be explicitly invoked or changed whenever the value of this variable is changed.
This usually requires additional primitives that the user should invoke. One way of providing such primitigés ihrough
theconmand() method described in the next section.

3.4.3 Variable Tracing

In addition to variable bindings, TclObject also supports tracing of both C++ and Tcl instance variables. A traced variable

can be created and configured either in C++ or Tcl. To establish variable tracing at the Tcl level, the variable must be visible
in Tcl, which means that it must be a bounded C++/Tcl or a pure Tcl instance variable. In addition, the object that owns

the traced variable is also required to establish tracing using thiereat e method of TclObject. The first argument to the

t r ace method must be the name of the variable. The optional second argument specifies the trace object that is responsibl
for tracing that variable. If the trace object is not specified, the object that own the variable is responsible for tracing it.

For a TclObject to trace variables, it must extend the €+#ace method that is virtually defined in TclObject. The Trace
class implements a simpte ace method, thereby, it can act as a generic tracer for variables.
class Trace : public Connector {
virtual void trace(TracedVvar*);
};

Below is a simple example for setting up variable tracing in 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++ variable to be traceable, it must belong to a class that derives from TracedVar. The virtual base class TracedVa
keeps track of the variable’s name, owner, and tracer. Classes that derives from TracedVar must implement the virtual metho
val ue, that takes a character buffer as an argument and writes the value of the variable into that buffer.

cl ass TracedVar {

virtual char* value(char* buf) = 0;

pr ot ect ed:
TracedVar (const char* nane);
const char* nane_; /1 name of the variable
Tcl Chj ect* owner _; /1 the object that owns this variable
Tcl Chj ect* tracer_; /1 call back when the variable is changed
b

The TcICL library exports two classes of TracedVdr.acedl nt andTr acedDoubl e. These classes can be used in
place of the basic type int and double respectively. Both TracedInt and TracedDouble overload all the operators that car
change the value of the variable such as assignment, increment, and decrement. These overloaded operaa@siuge the
method to assign the new value to the variable and call the tracer if the new value is different from the old one. TracedInt and
TracedDouble also implement theial ue methods that output the value of the variable into string. The width and precision

of the output can be pre-specified.

3.4.4 conmmand Methods: Definition and I nvocation

For every TclObject that is creatats establishes the instance procedemi{}, as a hook to executing methods through the
compiled shadow object. The procedared{} invokes the methodcommand() of the shadow object automatically, passing

the arguments tond{} as an argument vector to theonmand() method.

The user can invoke thend{} method in one of two ways: by explicitly invoking the procedure, specifying the desired
operation as the first argument, or implicitly, as if there were an instance procedure of the same name as the desired operatio
Most simulation scripts will use the latter form, hence, we will describe that mode of invocation first.

Consider the that the distance computation in SRM is done by the compiled object; however, it is often used by the interpretec
object. Itis usually invoked as:

$srObj ect di stance? (agent Addr ess)

If there is no instance procedure calldidst ance?, the interpreter will invoke the instance procedunknown{}, defined
in the base class TclObject. The unknown procedure then invokes

$srnmbj ect cnd di stance? (agent Addr ess)

to execute the operation through the compiled objex’smand() procedure.

Ofcourse, the user could explicitly invoke the operation directly. One reason for this might be to overload the operation by
using an instance procedure of the same name. For example,

Agent/ SRM Adaptive instproc distance? addr {

26



$sel f instvar distanceCache_
if !'Tinfo exists distanceCache ($addr)] {

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

set di stanceCache_ ($addr)

We now illustrate how theommand() method usindASRMAgent : : comrand() as an example.

i nt ASRMAgent::command(int argc, const char*const*argv) ({
Tcl & tcl = Tcl::instance();
if (argc == 3) {
if (strcnp(argv[1l], "distance?") == 0) {
int sender = atoi(argv[2]);
SRM nf o* sp = get_state(sender);
tcl.tesultf("%", sp->distance_);
return TCL_OK;

}
}

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

We can make the following observations from this piece of code:

e The function is called with two arguments:
The first argumentar gc) indicates the number of arguments specified in the command line to the interpreter.
The command line arguments vectar gv) consists of
—ar gv[ 0] contains the name of the methodd”.
—ar gv[ 1] specifies the desired operation.
— If the user specified any arguments, then they are placedgv([ 2. . . (argc - 1)].
The arguments are passed as strings; they must be converted to the appropriate data type.

e If the operation is successfully matched, the match should return the result of the operation using methods describec
earlier (Section 3.3.3).

e comand() itself must return eitheFCL_ OK or TCL_ ERRORto indicate success or failure as its return code.

¢ Ifthe operation is not matched in this method, it must invoke its parent’s command method, and return the corresponding
result.

This permits the user to concieve of operations as having the same inheritance properties as instance procedures
compiled methods.

In the event that thisonmrand method is defined for a class with multiple inheritance, the programmer has the liberty
to choose one of two implementations:

1) Either they can invoke one of the paremsmand method, and return the result of that invocation, or

2) They can each of the parentsnmand methods in some sequence, and return the result of the first invocation that
is successful. If none of them are successful, then they should return an error.

In our document, we call operations executed througletirerand() instproc-likes. This reflects the usage of these opera-
tions as if they were OTcl instance procedures of an object, but can be very subtly different in their realisation and usage.
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3.5 ClassTclClass

This compiled classt| ass Tcl O ass) is a pure virtual class. Classes derived from this base class provide two functions:
construct the interpreted class hierarchy to mirror the compiled class hierarchy; and provide methods to instantiate new
TclObjects. Each such derived class is associated with a particular compiled class in the compiled class hierarchy, and ca
instantiate new objects in the associated class.

As an example, consider a class such as the as®TcpC ass. It is derived from clas3cl Cl ass, and is associated
with the classRenoTcpAgent . It will instantiate new objects in the claBenoTcpAgent . The compiled class hierarchy
for RenoTcpAgent is that it derives fronTcpAgent , that in turn derives fromdgent , that in turn derives (roughly) from

Tcl bj ect . RenoTcpd ass is defined as

static class RenoTcpC ass: public Tcl O ass {
public:
RenoTcpd ass() : Tcl d ass("Agent/ TCP/ Reno") {}
Tcl Obj ect* create(int argc, const char*const* argv) {
return (new RenoTcpAgent());

}

} class_reno;
We can make the following observations from this definition:

1. The class defines only the constructor, and one additional methodett e instances of the associated TclObject.

2. nswill execute theRenoTcpCl ass constructor for the static variabté ass_r eno, when it is first started. This sets
up the appropriate methods and the interpreted class hierarchy.

3. The constructor specifies the interpreted class explicitiigeesnt / TCP/ Reno. This also specifies the interpreted
class hierarchy implicitly.

Recall that the convention ins is to use the character slash (/) is a separator. For any given AlaB5C/ D, the
classA/ B/ C/ Dis a sub-class o/ B/ C, that is itself a sub-class é¥ B, that, in turn, is a sub-class éf A itself is a
sub-class officl Obj ect.

In our case above, the TclClass constructor creates three clagses,/ TCP/ Reno sub-class ofAgent / TCP sub-
class ofAgent sub-class officl Cbj ect .

. This class is associated with the cl&soTcpAgent ; it creats new objects in this associated class.
. TheRenoTcpd ass: : cr eat e method returns TclObjects in the cld@snoTcpAgent .

. When the user specifieew Agent / TCP/ Reno, the routineRenoTcpC ass: : cr eat e is invoked.

~N o o A

. The arguments vectoaK gv) consists of
—ar gv[ 0] contains the name of the object.

—argv[1l...3] contain$sel f, $cl ass, and$pr oc.Sincecr eat e is called through the instance procedure
cr eat e- shadow, ar gv[ 3] containscr eat e- shadow.

— ar gv[ 4] contain any additional arguments (passed as a string) provided by the user.
Thecl ass Tr ace illustrates argument handling by TcIClass methods.

class TraceC ass : public Tcl dass {
publi c:
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TraceC ass() : Tcldass("Trace") {}
Tcl Obj ect* create(int args, const char*const* argv) {
if (args >= 5)
return (new Trace(*argv[4]));
el se
return NULL;

}

} trace_cl ass;

A new Trace object is created as

new Trace "X"

Finally, the nitty-gritty details of how the interpreted class hierarchy is constructed:

The object constructor is executed winstiirst starts.
This constructor calls the TclClass constructor with the name of the interpreted class as its argument.
The TclClass constructor stores the name of the class, and inserts this object into a linked list of the TcIClass objects.

During initialization of the simulatoffcl _Appl ni t (void) invokesTcl Cl ass: : bi nd(void)

a > w N E

For each object in the list of TclClass objedisnd() invokesr egi st er {}, specifying the name of the interpreted
class as its argument.

IS

r egi st er {} establishes the class hierarchy, creating the classes that are required, and not yet created.

7. Finally,bi nd() defines instance procedureseat e- shadowanddel et e- shadowfor this new class.

3.5.1 HowtoBind Static C++ Class Member Variables

In Section 3.4, we have seen how to expose member variables of a C++ object into OTcl space. This, however, does not appl
to static member variables of a C++ class. Of course, one may create an OTcl variable for the static member variable of even
C++ object; obviously this defeats the whole meaning of static members.

We cannot solve this binding problem using a similar solution as binding in TclObject, which is based on InstVar, because
InstVars in TclICL require the presence of a TclObject. However, we can create a method of the corresponding TclClass anc
access static members of a C++ class through the methods of its corresponding TclClass. The procedure is as follows:

1. Create your own derived TclClass as described above;
2. Declare methodsi nd() andmet hod() in your derived class;

3. Create your binding methods in the implementation of ymund() with add_rmnet hod( " your _net hod"), then
implement the handler imet hod() in a similar way as you would do ificl Cbj ect : : comrand(). Notice that the
number of arguments passedi Cl ass: : net hod() are different from those passedltol Obj ect : : comand().
The former has two more arguments in the front.

As an example, we show a simplified versiorRafcket Header Cl ass in ~ns/packet.cc. Suppose we have the following
classPacket which has a static variabledr | en_ that we want to access from OTcl:
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cl ass Packet {

H

static int hdrlen_;

Then we do the following to construct an accessor for this variable:

cl ass Packet HeaderC ass : public Tcl dass {
pr ot ect ed:

s

Packet Header Cl ass(const char* classname, int hdrsize);
Tcl obj ect* create(int argc, const char*const* argv);
/ * These two implements OTcl class access methods * /
virtual void bind();
virtual int method(int argc, const char*const* argv);

voi d Packet Header d ass: : bi nd()

{

}

/ * Call to base class bind() must precede add _method() * /
Tcl d ass: : bind();
add_net hod(" hdrl en");

i nt Packet Header d ass:: nethod(int ac, const char*const* av)

{

Tcl & tcl = Tcl::instance();
/ * Notice this argument tranglation; we can then handle them asif in TclObject::command() * /
int argc = ac - 2;
const char*const* argv = av + 2;
if (argc == 2) {
if (strcnp(argv[1l], "hdrlen") == 0) {
tcl.resultf("%", Packet::hdrlen);
return (TCL_CK);
}
} elseif (argc == 3) {
if (strcnp(argv[1l], "hdrlen") == 0) {
Packet:: hdrlen_ = atoi(argv[2]);
return (TCL_CK);
}
}

return Tcl O ass:: nmethod(ac, av);

After this, we can then use the following OTcl command to access and change vaRaaskadt : : hdr | en_:

Packet Header hdrlen 120
set i [Packet Header hdrl en]
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3.6 ClassTclCommand

This class¢l ass Tcl Comrand) provides just the mechanism fasto export simple commands to the interpreter, that can
then be executed within a global context by the interpreter. There are two functions defimsbhiise.cc:ns- r andomand
ns-ver si on. These two functions are initialized by the functiomi t _ni sc(void), defined in As/misc.ccji nit _m sc

is invoked byTcl _Appl ni t (void) during startup.

e cl ass Versi onComrand defines the commanas- ver si on. It takes no argument, and returns the current
version string.

% ns-versi on ; # get the current version
2. 0al2

e cl ass RandomConmmand defines the commanas- r andom With no argumentns- r andomreturns an integer,
uniformly distributed in the intervdD, 23! — 1].

When specified an argument, it takes that argument as the seed. If this seed value is 0, the command uses a heurist
seed value; otherwise, it sets the seed for the random number generator to the specified value.

% ns-random ; # return a random number
2078917053

% ns-random O ; #set the seed heuristically
858190129

Yo ns-random 237 ; #set to specified value
9 d 23786 seed ified val
23786

Note that, it is generally not advisable to construct top-level commands that are available to the user. We now describe how
to define a new command using the exangllass say_hel | o. The example defines the commarid to print the string
“hello world”, followed by any command line arguments specified by the user. For example,

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

1. The command must be defined within a class derived fromitleesss Tcl Conmmand. The class definition is:

class say_hello : public Tcl Command {
public:
say_hell o();
int command(i nt argc, const char*const* argv);

1
2. The constructor for the class must invoke the TclCommand constructor with the command as argaiment;

say_hello() : Tcl Command("hi") {}

TheTcl Conmmand constructor sets up "hi" as a global procedure that invdké<Conmand: : di spat ch_cnd().

3. The method omand() must perform the desired action.

The method is passed two arguments. The first arguraemgt;, contains the number of actual arguments passed by
the user.
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The actual arguments passed by the user are passed as an argumenargetpaid contains the following:
— ar gv[ 0] contains the name of the commaihnd §.

—argv[1l...(argc - 1)] contains additional arguments specified on the command line by the user.
conmmand() is invoked bydi spat ch_cnd().

#i ncl ude <streans. h> / * because we are using stream 1/O * /

int say_hello::comuand(int argc, const char*const* argv) {
cout << "hello world:";
for (int i =1; i < argc; i++)
cout <<’ ' << argv[il];
cout << '\ n’;
return TCL_COK;
}

4. Finally, we require an instance of this cla$s] Conmand instances are created in the routind t _ni sc(void).

new say_hel |l o;

Note that there used to be more functions suchssat andns- nowthat were accessible in this manner. Most of these
functions have been subsumed into existing classes. In partinglaat andns- noware accessible through the scheduler
TclObject. These functions are defined msicl/lib/ns-lib.tcl.

% set ns [new Sinmnul ator] ; # get new instance of simulator
_ol

% $ns now ; # query simulator for current time
0

% $ns at ... ; # specify at operations for simulator

3.7 ClassEmbeddedTcl

ns permits the development of functionality in either compiled code, or through interpreter code, that is evaluated at initializa-
tion. For example, the scriptdclcl/tcl-object.tcl or the scripts inng/tcl/lib. Such loading and evaluation of scripts is done
through objects in thel ass EnmbeddedTcl .

The easiest way to extemd is to add OTcl code to eithertetcl/tcl-object.tcl or through scripts in theng/tcl/lib directory.
Note that, in the latter cases sources ng/tcl/lib/ns-lib.tcl automatically, and hence the programmer must add a couple of lines

to this file so that their script will also get automatically sourcedidgt startup. As an example, the filagicl/mcast/srm.tcl
defines some of the instance procedures to run SRMndftct/lib/ns-lib.tcl, we have the lines:

source tcl/ntast/srmtcl

to automatically get srm.tcl sourced hyat startup.

Three points to note with EmbeddedTcl code are that firstly, if the code has an error that is caught during the egaljlhen
not run. Secondly, the user can explicitly override any of the code in the scripts. In particular, they can re-source the entire
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script after making their own changes. Finally, after adding the scriptagct/lib/ns-lib.tcl, and every time thereafter that
they change their script, the user must recompiiéor their changes to take effect. Of course, in most cAstre user can
source their script to override the embedded code.

The rest of this subsection illustrate how to integrate individual scripts directlyhtbhe first step is convert the script into
an EmbeddedTcl object. The lines below expand ns-lib.tcl and create the EmbeddedTcl object instanet cafledi i b:

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

The script, -Ag/bin/tcl-expand.tcl expandss- | i b. t cl by replacing alsour ce lines with the corresponding source files.
The program, telcl/tcl2cc.c, converts the OTcl code into an equivalent EmbeddedTcl obfechs | i b.

During initialization, invoking the methoEmbeddedTcl : : | oad explicitly evaluates the array.

— ~tclcl/tcl-object.tcl is evaluated by the methddl : : i ni t (void); Tcl _Appl ni t () invokesTcl : : I ni t(). The
exact command syntax for the load is:

et _tclobject.load();

— Similarly, ~ng/tcl/lib/ns-lib.tcl is evaluated directly bycl _Appl ni t in ~ns/ns_tclsh.cc.

et_ns_lib.load();

3.8 ClasslInstVar

This section describes the internals of theass | nst Var . This class defines the methods and mechanisms to bind a C++
member variable in the compiled shadow object to a specified OTcl instance variable in the equivalent interpreted object. The
binding is set up such that the value of the variable can be set or accessed either from within the interpreter, or from within
the compiled code at all times.

There are five instance variable classdsass | nst Var Real ,cl ass | nst Var Ti ne,cl ass | nst Var Bandwi dt h,
class InstVarlnt, andcl ass | nst Var Bool , corresponding to bindings for real, time, bandwidth, integer, and
boolean valued variables respectively.

We now describe the mechanism by which instance variables are set up. We ckadise | nst Var Real toillustrate the
concept. However, this mechanism is applicable to all five types of instance variables.

When setting up an interpreted variable to access a member variable, the member functions of the class InstVar assume th
they are executing in the appropriate method execution context; therefore, they do not query the interpreter to determine the
context in which this variable must exist.

In order to guarantee the correct method execution context, a variable must only be bound if its class is already establishe
within the interpreter, and the interpreter is currently operating on an object in that class. Note that the former requires that
when a method in a given class is going to make its variables accessible via the interpreter, there must be an associate

4The few places where this might not work are when certain variables might have to be defined or undefined, or otherwise the script contains code oth
than procedure and variable definitions and executes actions directly that might not be reversible.
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class TclClass (Section 3.5) defined that identifies the appropriate class hierarchy to the interpreter. The appropriate metho
execution context can therefore be created in one of two ways.

An implicit solution occurs whenever a new TclObject is created within the interpreter. This sets up the method execution
context within the interpreter. When the compiled shadow object of the interpreted TclObject is created, the constructor for
that compiled object can bind its member variables of that object to interpreted instance variables in the context of the newly
created interpreted object.

An explicit solution is to define &i nd- vari abl es operation within aconmand function, that can then be invoked

via thecnd method. The correct method execution context is established in order to execatedtimethod. Likewise,

the compiled code is now operating on the appropriate shadow object, and can therefore safely bind the required membe
variables.

An instance variable is created by specifying the name of the interpreted variable, and the address of the member variable i
the compiled object. The constructor for the base class InstVar creates an instance of the variable in the interpreter, and the
sets up a trap routine to catch all accesses to the variable through the interpreter.

Whenever the variable is read through the interpreter, the trap routine is invoked just prior to the occurrence of the read. The
routine invokes the appropriatget function that returns the current value of the variable. This value is then used to set the
value of the interpreted variable that is then read by the interpreter.

Likewise, whenever the variable is set through the interpreter, the trap routine is invoked just after to the write is completed.

The routine gets the current value set by the interpreter, and invokes the appregtidtaction that sets the value of the
compiled member to the current value set within the interpreter.
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Simulator Basics
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Chapter 4

The Class Simulator

The overall simulator is described by a Tdlass Si rmul at or . It provides a set of interfaces for configuring a simulation

and for choosing the type of event scheduler used to drive the simulation. A simulation script generally begins by creating an
instance of this class and calling various methods to create nodes, topologies, and configure other aspects of the simulatio
A subclass of Simulator called dSi mis used to supporisvl backward compatibility.

The procedures and functions described in this chapter can be founak/clAib/ns-lib.tcl, ~ns/scheduler.{cc,h}, and,
~ng’heap.h.

4.1 Simulator Initialization

When a new simulation object is created in tcl, the initialization procedure performs the following operations:

e initialize the packet format (callsr eat e_packet f or mat)
e create a scheduler (defaults to a calendar scheduler)

e create a “null agent” (a discard sink used in various places)

The packet format initialization sets up field offsets within packets used by the entire simulation. Itis described in more detail

in the following chapter on packets (Chapter 11). The scheduler runs the simulation in an event-driven manner and may be
replaced by alternative schedulers which provide somewhat different semantics (see the following section for more detail).
The null agent is created with the following call:

set null Agent _ [ new Agent/Nul | ]

This agent is generally useful as a sink for dropped packets or as a destination for packets that are not counted or recorded.

4.2 Schedulersand Events

The simulator is an event-driven simulator. There are presently four schedulers available in the simulator, each of which
is implemented using a different data structure: a simple linked-list, heap, calendar queue (default), and a special type
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called “real-time”. Each of these are described below. The scheduler runs by selecting the next earliest event, executing i
to completion, and returning to execute the next event. Presently, the simulator is single-threaded, and only one event ir
execution at any given time. If more than one event are scheduled to execute at the same time, their execution is performe
on the first scheduled — first dispatched manner. Simultaneous events are not re-ordered anymore by schedulers (as it was
earlier versions) and all schedulers should yeild the same order of dispatching given the same input.

No partial execution of events or pre-emption is supported.

An event generally comprises a “firing time” and a handler function. The actual definition of an event is fourglsaoheduler.h:

cl ass Event {

public:
Event* next _; /* eventlist*/
Handl er* handl er _; / * handler to call when event ready * /
double tine_; / * time at which event isready * /
int uid_; /* uniquelD */
Event () : tine_(0), uid_(0) {}

1

/*

*  The base class for all event handlers. When an event’s scheduled
* timearrives, it is passed to handle which must consumeit.

* j.e., if it needs to be freed it, it nmust be freed by the handl er.
*/

cl ass Handl er {

public:

virtual void handl e(Event* event);

b

Two types of objects are derived from the baseass Event : packets and “at-events”. Packets are described in detail in
the next chapter (Chapter 11.2.1). An at-event is a tcl procedure execution scheduled to occur at a particular time. This is
frequently used in simulation scripts. A simple example of how it is used is as follows:

set ns_ [new Sinul ator]
$ns_ use-schedul er Heap
$ns_ at 300.5 "$sel f conplete_sint

This tcl code fragment first creates a simulation object, then changes the default scheduler implementation to be heap-base
(see below), and finally schedules the functgsel f conpl et e_si mto be executed at time 300.5 (seconds)(Note that

this particular code fragment expects to be encapsulated in an object instance procedure, where the appropriate reference
$sel f is correctly defined.). At-events are implemented as events where the handler is effectively an execution of the tcl
interpreter.

421 Thelist Scheduler

The list schedulerd]l ass Schedul er/ Li st) implements the scheduler using a simple linked-list structure. The list is
kept in time-order (earliest to latest), so event insertion and deletion require scanning the list to find the appropriate entry.
Choosing the next event for execution requires trimming the first entry off the head of the list. This implementation preserves
event execution in a FIFO manner for simultaneous events.
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4.2.2 theheap scheduler

The heap schedulecass Schedul er/ Heap) implements the scheduler using a heap structure. This structure is su-
perior to the list structure for a large number of events, as insertion and deletion times(¥iegm) for n events. This
implementation imsv2 is borrowed from the MaRS-2.0 simulator [1]; it is believed that MaRS itself borrowed the code from
NetSim [11], although this lineage has not been completely verified.

4.2.3 The Calendar Queue Scheduler

The calendar queue schedulet Ass Schedul er/ Cal endar ) uses a data structure analogous to a one-year desk cal-
endar, in which events on the same month/day of multiple years can be recorded in one day. It is formally described in [6],
and informally described in Jain (p. 410) [12]. The implementation of Calendar quenss2was contributed by David
Wetherall (presently at MIT/LCS).

424 TheReal-Time Scheduler

The real-time schedulec{ ass Schedul er/ Real Ti ne) attempts to synchronize the execution of events with real-time.

It is currently implemented as a subclass of the list scheduler. The real-time capability in ns is still under development,
but is used to introduce ams simulated network into a real-world topology to experiment with easily-configured network
topologies, cross-traffic, etc. This only works for relatively slow network traffic data rates, as the simulator must be able to
keep pace with the real-world packet arrival rate, and this synchronization is not presently enforced.

4.3 Other Methods

TheSi mul at or class provides a number of methods used to set up the simulation. They generally fall into three categories:
methods to create and manage the topology (which in turn consists of managing the nodes (Chapter 5) and managing t

he links (Chapter 6)), methods to perform tracing (Chapter 21), and helper functions to deal with the scheduler. The following
is a list of the non-topology related simulator methods:

Si mul at or instproc now ; # return scheduler’s notion of current time
Si nul ator instproc at args ; # schedul e execution of code at specified time
Si mul at or i nstproc cancel args ; # cancel event
Si mul ator instproc run args ; # start scheduler
Si mul ator instproc halt ; # stop (pause) the scheduler
Simul ator instproc flush-trace ; # flush all trace object write buffers
Sinul ator instproc create-trace type files src dst ; # create trace object
Si mul at or i nstproc create_packetformat ; # set up the simulator’s packet format
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4.4 Commandsat a glance

Synopsi s:

ns <otclfile> <arg> <arg>.

Descri pti on:

Basi ¢ conmand to run a sinulation script in ns.

The sinulator (ns) is invoked via the ns interpreter, an extension of the
vanilla otcl sh conmand shell. A sinulation is defined by a Ofcl script

(file). Several exanples of Ofcl scripts can be found under ns/tcl/ex
directory.

The following is a list of simulator commands conmonly used in simulation
scripts:
set ns_ [new Sinul at or]

This comand creates an instance of the sinulator object.

set now [ $ns_ now

The schedul er keeps track of tine in a sinmulation. This returns scheduler’s
noti on of current tinme.

$ns_ hal t

This stops or pauses the schedul er

$ns_ run

This starts the schedul er.

$ns_ at <tinme> <event>

Thi s schedul es an <event> (which is nornmally a piece of code) to be executed
at the specified <time>.

e.g $ns_ at $opt(stop) "puts NS EXITING .  ; $ns_ halt"

or, $ns_ at 10.0 "$ftp start”
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$ns_ cancel <event>

Cancel s the event. In effect, event is renoved fromscheduler’s |ist 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 witing trace-outputs. If op is defined
as "nant', this creates namtracefiles; otherwise if op is not defined, ns
tracefiles are created on default.

$ns_ flush-trace

Flushes all trace object wite buffers.

$ns_ gen-map

This dunps information |ike nodes, node conponents, links etc created for a
given simulation. This may be broken for some scenarios (like wireless).

$ns_ at - now <ar gs>

This is in effect |like command "$ns_ at $now $args”. Note that this function
may not work because of tcl's string nunber resol ution

These are additional simulator (internal) helper functions (normally used

for devel opi ng/ changi ng the ns core code)

$ns_ use-schedul er <type>

Used to specify the type of scheduler to be used for sinulation. The different
types of schedul er available are List, Calendar, Heap and Real Tinme. Currently
Cal endar is used as default.

$ns_ after <del ay> <event>

Schedul i ng an <event> to be executed after the | apse of tinme <del ay>.

$ns_ cl ear Menilr ace

Used for nenory debuggi ng purposes.

$ns_ is-started

This returns true if sinmulator has started to run and false if not.
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$ns_ dunpq

Conmand for dumpi ng events queued in schedul er while scheduler is halted.

$ns_ create_packetformat

This sets up simulator’s packet fornmat.
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Chapter 5

Nodes and Packet Forwarding

This chapter describes one aspect of creating a topology, ine., creating the nodes. In the next chapter (Chapter 6), we

will describe second aspect of creating the topoldgy, connecting the nodes to form links. This chapter does not describe

the detailed internal organization of a node (although some schematics are given), nor the interaction between a node and i
routing modules; please refer to Chap?@rfor detailed discussion.

Recall that each simulation requires a single instance otttess Si mul at or to control and operate that simulation.

The class provides instance procedures to create and manage the topology, and internally stores references to each elem
of the topology. We begin by describing the procedures in the class Simulator (Section 5.1). We then describe the instance
procedures in the class Node (Section 5.2) to access and operate on individual nodes. We conclude with detailed descriptior
of the Classifier (Section 5.4) from which the more complex node objects are formed.

The procedures and functions described in this chapter can be foundidAib/ns-lib.tcl, ~ng/tcl/lib/ns-nodes.tcl,

~ng/tcl/lib/ns-rtmodule.tcl, As/rtmodule.{cc,h}, ngclassifier.{cc, h}, vs/classifier-addr.cc,ns/classifier-mcast.ccns/classifier-
mpath.cc, and, rs/replicator.cc.

5.1 Simulator Methods. Creating the Topology

The basic primitive for acquiring a node is

set ns [new Sinul ator]
$ns node

The instance procedureode constructs a node out of more simple classifier objects (Section 5.4). The Node itself is a
standalone class in OTcl. However, most of the components of the node are themselves TclObjects. The typical structure o
a node is as shown in Figure 5.1.

Beforensrelease 2.1b6, the address of an agent in a node is 16 bits wide: the higher 8 bits define the: ndke lower 8
bits identify the individual agent at the node. This limits the number of nodes in a simulation to 256 nodes. If the user needs
to create a topology larger than 256 nodes, then they should first expand the address space before creating any nodes, as

$ns set-address-format expanded
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Figure 5.1: Structure of an Unicast Node. Notice that entry is simply a label variable instead of a real object, e.g., the
classifier_.

This expands the address space to 30 bits, the higher 22 of which are used to assign node numbers.

Note: Starting from release 2.1b6, the above is no longer necessanyses 32-bit integers for both address and port.

Therefore, the above restriction of 256 nodes is no longer applicable.

=

By default, nodes ims are constructed for unicast simulations. In order to enable multicast simulation, the simulation should
be created with an option “-multicast on”, e.g.:

set ns [new Sinulator -nulticast on]

The internal structure of a typical multicast node is shown in Figure 5.2.
When a simulation uses multicast routing, the highest bit of the address indicates whether the particular address is a multica:

address or an unicast address. If the bit is 0, the address represents a unicast address, else the address represents a mult
address. This implies that, by default, a multicast simulation is restricted to 128 nodes.
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Figure 5.2: Internal Structure of a Multicast Node.

5.2 NodeMethods: Configuring the Node

Procedures to configure an individual node can be classified into:
— Control functions
— Address and Port number management, unicast routing functions
— Agent management

— Adding neighbors

We describe each of the functions in the following paragraphs.

Control functions

1. $node ent ry returns the entry point for a node. This is the first element which will handle packets arriving at that
node.
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The Node instance variablent r y_, stores the reference this element. For unicast nodes, this is the address classifier
that looks at the higher bits of the destination address. The instance vacibblesi f i er _ contains the reference

to this classifier. However, for multicast nodes, the entry point issthiet ch_ which looks at the first bit to decide
whether it should forward the packet to the unicast classifier, or the multicast classifier as appropriate.

2. $node reset will reset all agents at the node.

Address and Port number management The procedur&node i d returns the node number of the node. This number
is automatically incremented and assigned to each node at creation by the class Simulator dmsthndde.The class
Simulator also stores an instance variable drrdipde_, indexed by the node id, and contains a reference to the node with
that id.

The procedur&node agent (port ) returns the handle of the agent at the specified port. If no agent at the specified port
number is available, the procedure returns the null string.

The procedural | oc- port returns the next available port number. It uses an instance varigble,to track the next
unallocated port number.

The proceduresadd- r out e andadd- r out es, are used by unicast routing (Chapter 23) to add routes to populate the
cl assi fi er_ The usage syntax 8node add-route (destination id) (Tcl Qbject). Tcl Obj ect is the

entry ofdmux_, the port demultiplexer at the node, if the destination id is the same as this node’s id, it is often the head of a
link to send packets for that destination to, but could also be the the entry for other classifiers or types of classifiers.

$node add-routes (destination id) (Tcl Objects)isused toadd multiple routes to the same destination that
must be used simultaneously in round robin manner to spread the bandwidth used to reach that destination across all link
equally. Itis used only if the instance varialoiel t i Pat h_is setto 1, and detailed dynamic routing strategies are in effect,

and requires the use of a multiPath classifier. We describe the implementation of the multiPath classifier later in this chapte!
(Section 5.4); however, we defer the discussion of multipath routing (Chapter 23) to the chapter on unicast routing.

The dual ofadd- r out es{}is del et e-r out es{}. It takes the id, a list ofTcl Obj ect s, and a reference to the simula-
tor'snul | agent . It removes the TclObjects in the list from the installed routes in the multipath classifier. If the route entry
in the classifier does not point to a multipath classifier, the routine simply clears the entrglfie®si f i er _, and installs
thenul | agent inits place.

Detailed dynamic routing also uses two additional methods: the instance pro¢cedurer out i ng{} sets the instance
variablenul t i Pat h_ to be equal to the class variable of the same name. It also adds a reference to the route controller
object at that node in the instance variable Obj ect _. The proceduret Obj ect ?{} returns the handle for the route

object at the node.

Finally, the procedurént f - changed{} is invoked by the network dynamics code if a link incident on the node changes
state. Additional details on how this procedure is used are discussed later in the chapter on network dynamics (Chapter 25).

Agent management Given an{agen}, the procedurat t ach{} will add the agent to its list ofagent s_, assign a port
number the agent and set its source address, set the target of the agent toehelits Qode’sent r y{}, and add a pointer
to the port demultiplexer at the nodgnfux_) to the agent at the corresponding slot in thmux__ classifier.

Converselydet ach{}will remove the agent fromagent s_, and point the agent’s target, and the entry in the rtbdex __
tonul | agent.

1i.e,, an instance variable of a class that is also an array variable
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Tracking Neighbors Each node keeps a list of its adjacent neighbors in its instance variailghbor . The procedure
add- nei ghbor {} adds a neighbor to the list. The procedurei ghbor s{} returns this list.

5.3 Configuring Node Functionality

Si mul at or : : node- conf i g{} accomodates flexible and modular construction of different node definitions within the
same base Node class. For instance, to create a mobile node capable of wireless communication, one no longer neel
a specialized node creation command, edlgdv- cr eat e- nobi | e- node({}; instead, one simply sayode- confi g
-adhocRout i ng dsdv{}. Together with routing modules, this allows one to combine “arbitrary” routing functionalities
within a single node without resorting to multiple inheritance and other fancy object gimmicks. We will describe this in more
detail in Chaptef?.

This section describes node configuration interfaces and compare them with the old ones. The functions and procedure
relevant to the new node APIs may be found nw/tcl/lib/ns-node.tcl.

NOTE: This API, especially its internal implementation which is messy at this point, is still a moving target. It may undergo

significant changes in the near future. However, we will do our best to maintain the same interface as described in thig chapt
In addition, this API currently does not cover all existing nodes in the old format, namely, nodes built using inheritance. In
particular, satellite simulation and part of mobile IP are not covered. [Sep 15, 2000].

5.3.1 Node Configuration Interface

The node configuration interface consists of two parts. The first part deals with node configuration, while the second part
actually creates nodes of the specified type. We have already seen the latter in Section 5.1, in this section we will describe th
configuration part.

Node configuration essentially consists of defining the different node characteristics before creating them. They may consis
of the type of addressing structure used in the simulation, defining the network components for mobilenodes, turning on or
off the trace options at Agent/Router/MAC levels, selecting the type of adhoc routing protocol for wirelessnodes or defining
their energy model. The node configuration API in its entirety looks as the following:

OPTI ON_TYPE AVAI LABLE OPTI ON_VALUES

$ns_ node-config -addressi ngType flat or hierarchical or expanded
-adhocRout i ng DSDV or DSR or TORA or AODV

-1l Type LL

-macType Mac/ 802_11

-propType Pr opagat i on/ TwoRay G ound
-i fqType Queue/ DropTai | / Pri Queue
-ifgLen 50

- phyType Phy/ W r el essPhy

-ant Type Ant enna/ Omi Ant enna

- channel Type Channel / Wr el essChannel

-topol nstance  $topo_i nstance
-wi redRout i ng ON or OFF
-nmobi |l el P ON or OFF

- ener gyModel Ener gyModel
-initial Energy (in Joules)
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- r xPower (in W

- t xPower (in'W
-agent Tr ace ON or OFF
-routerTrace ON or OFF
-macTrace ON or OFF
-nmovenent Trace ON or OFF
-reset

The default values for all the above options are NULL except -addressingType whose default value is flat. The option -reset
can be used to reset all node-config parameters to their default value.

Thus node-configuration for a wireless, mobile node that runs AODV as its adhoc routing protocol in a hierarchical topology
would be as shown below. We decide to turn tracing on at the agent and router level only. Also we assume a topology has
been instantiated with "set topo [new Topography]". The node-config command would look like the following:

$ns_ node-confi g -addressi ngType hi erarchi cal
-adhocRout i ng ACDV
-1l Type LL
-macType Mac/ 802 11
-i fgType Queue/ DropTail/Pri Queue
-i fgLen 50
-ant Type Ant enna/ Omi Ant enna
-propType Propagati on/ TwoRayG ound
-phyType Phy/ W r el essPhy
-t opol nst ance $t opo
- channel Type Channel / Wr el essChannel
-agent Trace ON
-routerTrace ON
-macTrace OFF
-nmovenent Tr ace OFF

Note that the config command can be broken down into separate lines like

$ns_ node-config -addressi ngType hier
$ns_ node-config -nmacTrace ON

The options that need to be changed may only be called. For example after configuring for AODV mobilenodes as shown
above (and after creating AODV mobilenodes), we may configure for AODV base-station nodes in the following way:

$ns_ node-config -wiredRouting ON

While all other features for base-station nodes and mobilenodes are same, the base-station nodes are capable of wired routir
while mobilenodes are not. In this way we can change node-configuration only when it is required.

All node instances created after a given node-configuration command will have the same property unless a part or all of the
node-config command is executed with different parameter values. And all parameter values remain unchanged unless the

are expicitly changed. So after creation of the AODV base-station and mobilenodes, if we want to create simple nodes, we
will use the following node-configuration command:

$ns_ node-config -reset
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This will set all parameter values to their default setting which basically defines configuration of a simple node.

5.4 The Classifier

The function of a node when it receives a packet is to examine the packet’s fields, usually its destination address, and or
occasion, its source address. It should then map the values to an outgoing interface object that is the next downstrear
recipient of this packet.

In ns, this task is performed by a simptkassifier object. Multiple classifier objects, each looking at a specific portion of the
packet forward the packet through the node. A nodasinses many different types of classifiers for different purposes. This
section describes some of the more common, or simpler, classifier objests in

We begin with a description of the base class in this section. The next subsections describe the address classifier (Se
tion 5.4.1), the multicast classifier (Section 5.4.2), the multipath classifier (Section 5.4.3), and finally, the replicator (Sec-
tion 5.4.5).

A classifier provides a way to match a packet against some logical criteria and retrieve a reference to another simulatior
object based on the match results. Each classifier contains a table of simulation objects indsbaedungber. The job of

a classifier is to determine the slot number associated with a received packet and forward that packet to the object reference
by that particular slot. The C+el ass Cl assi fi er (defined in ng/classifier.h) provides a base class from which other
classifiers are derived.

class Classifier : public Nshject {

publi c:
~Classifier();
voi d recv(Packet*, Handler* h = 0);

pr ot ect ed:
Classifier();
void install (int slot, NsObject*);
void clear(int slot);
virtual int conmand(int argc, const char*const* argv);
virtual int classify(Packet *const) = O;
void alloc(int);
NsObj ect ** sl ot _; / * table that maps slot humber to a NsObject * /
int nslot_;
i nt maxslot_;

1

Thecl assi f y() method is pure virtual, indicating the claSsassi f i er is to be used only as a base class. @ahéoc()
method dynamically allocates enough space in the table to hold the specified number of slotssThel () andcl ear ()
methods add or remove objects from the table. Thev() method and the OTcl interface are implemented as follows in
~ng/classifier.cc:

/*
* objectsonly ever see "packet" events, which come either
* from an incoming link or a local agent (i.e., packet source).
*/

void dassifier::recv(Packet* p, Handl er*)

{
NsObj ect * node;
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int cl = classify(p);

if (cl <0 ] cl >=nslot_ || (node =slot [cl]) == 0) {
Tcl::instance().eval f("% no-slot %", nanme(), cl);
Packet:: free(p);
return;
}
node- >recv(p);
}
int Cassifier::command(int argc, const char*const* argv)
{
Tcl & tcl = Tcl::instance();
if (argc == 3) {
/*
* $classifier clear $slot
*/
if (strcmp(argv[1l], "clear") == 0) {
int slot = atoi(argv[2]);
cl ear(slot);
return (TCL_CK);
}
/*
* $classifier install Next $node
*/
if (strcnmp(argv[1l], "install Next") == 0) {
int slot = maxslot_ + 1;
NsQhj ect* node = (NsChject*) Tcl Obj ect: : 1 ookup(argv[2]);
install(slot, node);
tcl.resultf("%", slot);
return TCL_CK;
}
if (strcnp(argv[1l], "slot") == 0) {
int slot = atoi(argv[2]);
if ((slot >=0) || (slot <nslot_)) {
tcl.resultf("%", slot_[slot]->nane());
return TCL_XK
tcl.resultf("Cassifier: no object at slot %", slot);
return (TCL_ERROR);
}
} elseif (argc == 4) {
/*
* $classifier install $slot $node
*/
if (strcenp(argv[1l], "install") == 0) {
int slot = atoi(argv[2]);
NsCbj ect* node = (NsObj ect*) Tcl Cbj ect: : 1 ookup(argv[3]);
install(slot, node);
return (TCL_CK);
}
}
return (NsObject::comuand(argc, argv));
}
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When a classifier ecv()’s a packet, it hands it to thel assi f y() method. This is defined differently in each type of
classifier derived from the base class. The usual format is forltlzes si f y () method to determine and return a slot index
into the table of slots. If the index is valid, and points to a valid TclObject, the classifier will hand the packet to that object
using that object’'s ecv() method. If the index is not valid, the classifier will invoke the instance procethwsl ot {} to

attempt to populate the table correctly. However, in the base €laassi fi er: : no- sl ot {} prints and error message

and terminates execution.

Theconmmand() method provides the following instproc-likes to the interpreter:

e cl ear {{slot} clears the entry in a particular slot.
e i nst al | Next {(objec}} installs the object in the next available slot, and returns the slot number.

Note that this instproc-like is overloaded by an instance procedure of the same name that stores a reference to the obje
stored. This then helps quick query of the objects installed in the classifier from OTcl.

e sl ot {{indexX} returns the object stored in the specified slot.
e i nst al | {{indeX, (objec}} installs the specifiedobjec} at the slot(index.

Note that this instproc-like too is overloaded by an instance procedure of the same name that stores a reference to th
object stored. This is also to quickly query of the objects installed in the classifier from OTcl.

54.1 AddressClassifiers

An address classifier is used in supporting unicast packet forwarding. It applies a bitwise shift and mask operation to a
packet’s destination address to produce a slot number. The slot number is returned fidnasgise f y() method. The
cl ass Addressd assi fi er (defined in ng/classifier-addr.cc) ide defined as follows:

cl ass AddressClassifier : public Cassifier {

public:

AddressC assifier() : mask (~0), shift_(0) {
bi nd("mask_", (int*)&mask );
bind("shift_ ", &shift );

}

pr ot ect ed:

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

}

nsaddr _t mask_;

int shift_;

1

The class imposes no direct semantic meaning on a packet’s destination address field. Rather, it returns some number of bi
from the packet'sist _ field as the slot number used in tkassi fi er: : recv() method. Tharask_ andshi ft_
values are set through OTcl.

5.4.2 Multicast Classifiers

The multicast classifier classifies packets according to both source and destination (group) addresses. It maintains a (chaine
hash) table mapping source/group pairs to slot numbers. When a packet arrives containing a source/group unknown to th

50



classifier, it invokes an Otcl proceduXede: : new gr oup{} to add an entry to its table. This OTcl procedure may use the
methodset - hash to add new (source, group, slot) 3-tuples to the classifier's table. The multicast classifier is defined in
~ng/classifier-mcast.cc as follows:

static class MCastC assifierClass : public Tcl dass {
publi c:
MCast Cl assifierC ass() : TclCOass("Classifier/Milticast") {}
Tcl Obj ect* create(int argc, const char*const* argv) {
return (new MCastC assifier());

} class_ntast_classifier;

class MCastCd assifier : public Classifier {
public:
MCast Cl assifier();
~MCast Cl assifier();
pr ot ect ed:
int command(int argc, const char*const* argv);
int classify(Packet *const p);
int findslot();
voi d set _hash(nsaddr _t src, nsaddr_t dst, int slot);
i nt hash(nsaddr_t src, nsaddr_t dst) const {
uint32 t s = src ™ dst;
s A= s >> 16;
s "= s >> §;
return (s & Oxff);

}

struct hashnode {
int slot;
nsaddr _t src;
nsaddr t dst;
hashnode* next;

b

hashnode* ht_[ 256];
const hashnode* | ookup(nsaddr_t src, nsaddr_t dst) const;

b

int MCastC assifier::classify(Packet *const pkt)

{
| PHeader *h = | PHeader::access(pkt->bits());
nsaddr t src = h->src() >> 8; [*XXX*/

nsaddr _t dst = h->dst();
const hashnode* p = | ookup(src, dst);
if (p==0) {

/*

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

*/

Tcl::instance().eval f("% new group % %", name(), src, dst);
p = |l ookup(src, dst);

it (p==0)

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

Thecl ass MCast O assi fi er mplements a chained hash table and applies a hash function on both the packet source
and destination addresses. The hash function returns the slot number to indéxthetable in the underlying object. A

hash miss implies packet delivery to a previously-unknown group; OTcl is called to handle the situation. The OTcl code is
expected to insert an appropriate entry into the hash table.

5.4.3 MultiPath Classifier

This object is devised to support equal cost multipath forwarding, where the node has multiple equal cost routes to the sam
destination, and would like to use all of them simultaneously. This object does not look at any field in the packet. With
every succeeding packet, it simply returns the next filled slot in round robin fashion. The definitions for this classifier are in
~ns/classifier-mpath.cc, and are shown below:

cl ass Multi Pat hForwarder : public Cassifier {

publi c:
Mul ti Pat hForwarder() : ns_(0), Cassifier() {}
virtual int classify(Packet* const) {
int cl;
int fail = ns_;
do {
cl = ns_++;
ns_ % (maxslot_ + 1);
} while (slot_[cl] == 0 & ns_ != fail);
return cl;
_ }
private:
int ns_; / * next dot to be used. Probably a misnomer? */
b

5.4.4 Hash Classifier

This object is used to classify a packet as a member of a partitabar As their name indicates, hash classifiers use a
hash table internally to assign packets to flows. These objects are used where flow-level information is required (e.g. in
flow-specific queuing disciplines and statistics collection). Several “flow granularities” are available. In particular, pack-
ets may be assigned to flows based on flow ID, destination address, source/destination addresses, or the combination
source/destination addresses plus flow ID. The fields accessed by the hash classifier are limitegd teetidder:src() ,

dst(), flow d() (seeip. h).

The hash classifier is created with an integer argument specifying the initial size of its hash table. The current hash table
size may be subsequently altered with thessi ze method (see below). When created, the instance varialbliegt _ and

mask_ are initialized with the simulator’s curreNibdeShift andNodeMask values, respectively. These values are retrieved
from theAddr Par ans object when the hash classifier is instantiated. The hash classifier will fail to operate properly if the
Addr Par ans structure is not initialized. The following constructors are used for the various hash classifiers:

Cl assi fi er/ Hash/ Sr cDest
Cl assi fi er/ Hash/ Dest
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Classifier/Hash/Fid
Cl assifier/Hash/ SrcDestFid

The hash classifier receives packets, classifies them according to their flow criteria, and retrieves the ftatsnifieating

the next node that should receive the packet. In several circumstances with hash classifiers, most packets should be associa
with a single slot, while only a few flows should be directed elsewhere. The hash classifier inctiefeald t _ instance

variable indicating which slot is to be used for packets that do not match any of the per-flow criterdefTdnel t _ may be

set optionally.

The methods for a hash classifier are as follows:

$hashcl set-hash buck src dst fid slot
$hashcl | ookup buck src dst fid
$hashcl del -hash src dst fid

$hashcl resize nbuck

Theset - hash() method inserts a new entry into the hash table within the hash classifiehuidie argument specifies

the hash table bucket number to use for the insertion of this entry. When the bucket number is notdunmkvmay be
specified asut 0. Thesrc, dst andfi d arguments specify the IP source, destination, and flow IDs to be matched for
flow classification. Fields not used by a particular classifier (e.g. spectyindor a flow-id classifier) is ignored. The ot

argument indicates the index into the underlying slot table in the®aassi f i er object from which the hash classifier is
derived. Thd ookup function returns the name of the object associated with the diverk/ src/ dst/ fi d tuple. The

buck argument may baut o, as forset - hash. Thedel - hash function removes the specified entry from the hash table.
Currently, this is done by simply marking the entry as inactive, so it is possible to populate the hash table with unused entries.
Ther esi ze function resizes the hash table to include the number of buckets specified by the argbonekt

Provided no default is defined, a hash classifier will perform a call into OTcl when it receives a packet which matches no flow
criteria. The call takes the following form:

$obj unknown-flow src dst flow d buck

Thus, when a packet matching no flow criteria is received, the math&town- f | ow of the instantiated hash classifier
object is invoked with the source, destination, and flow id fields from the packet. In additidny ¢hefield indicates the hash
bucket which should contain this flow if it were inserted usi#gg - hash. This arrangement avoids another hash lookup
when performing insertions into the classifier when the bucket is already known.

545 Replicator

The replicator is different from the other classifiers we have described earlier, in that it does not use the classify function.
Rather, it simply uses the classifier as a table sefots; it overloads theecv() method to produce copies of a packet, that
are delivered to alh objects referenced in the table.

To support multicast packet forwarding, a classifier receiving a multicast packet from sodestined for grou’ computes

a hash functio(S, G) giving a “slot number” in the classifier's object table. In multicast delivery, the packet must be copied
once for each link leading to nodes subscribe@tminus one. Production of additional copies of the packet is performed by
aRepl i cat or class, definedinepl i cat or. cc:

/ *
*  Areplicator isnot really a packet classifier but
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* we simply find conveniencein leveraging its slot table.
*  (this object used to implement fan-out on a multicast
* router aswell as broadcast LANS)

*/
class Replicator : public Cdassifier {
public:
Replicator();
voi d recv(Packet*, Handler* h = 0);
virtual int classify(Packet* const) {};
pr ot ect ed:
int ignore_;
1
void Replicator::recv(Packet* p, Handl er*)
{
| PHeader *iph = | PHeader::access(p->bits());
if (maxslot_ < 0) {
if (!ignore)
Tcl::instance().eval f("% drop % %", name(),
i ph->src(), iph->dst());
Packet::free(p);
return;
}
for (int i =0; i < maxslot_; ++i) {
NsCbject* o = slot_[i];
if (o!=0)
0->recv(p->copy());
}
/* weknow that maxdot is non-null */
sl ot _[maxslot_]->recv(p);
}

As we can see from the code, this class does not really classify packets. Rather, it replicates a packet, one for each entry i
its table, and delivers the copies to each of the nodes listed in the table. The last entry in the table gets the “original” packet
Since thecl assi f y() method is pure virtual in the base class, the replicator defines an emassi f y() method.

5.5 Routing Module and Classifier Organization

As we have seen, 8s node is essentially a collection of classifiers. The simplest node (unicast) contains only one address
classifier and one port classifier, as shown in Figure 5.1. When one extends the functionality of the node, more classifiers ar
added into the base node, for instance, the multicast node shown in Figure 5.2. As more function blocks is added, and each c
these blocks requires its own classifier(s), it becomes important for the node to prawideren interface to organize these
classifiers and to bridge these classifiers to the route computation blocks.

The classical method to handle this case is through class inheritance. For instance, if one wants a node that supports hierarcl
cal routing, one simply derive a Node/Hier from the base node and override the classifier setup methods to insert hierarchica
classifiers. This method works well when the new function blocks are independent and cannot be “arbitrarily” mixed. For
instance, both hierarchical routing and ad hoc routing use their own set of classifiers. Inheritance would require that we have
Node/Hier that supports the former, and Node/Mobile for the latter. This becomes slightly problematic when one wants an ad
hoc routing node that supports hierarchical routing. In this simple case one may use multiple inheritance to solve the problem
but this quickly becomes infeasible as the number of such function blocks increases.
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Figure 5.3: Interaction among node, routing module, and routing. The dashed line shows the details of one routing module.

The only method to solve this problem is object composition. The base node needs to define a set of interfaces for classifie
access and organization. These interfaces should

¢ allow individual routing modules that implement their own classifiers to insert their classifiers into the node;
¢ allow route computation blocks to populate routes to classifiers in all routing modules that need this information,

e provide a single point of management for existing routing modules.

In addition, we should also define a uniform interface for routing modules to connect to the node interfaces, so as to provide

a systematic approach to extending node functionality. In this section we will describe the design of routing modules as well
as that of the corresponding node interfaces.

5.5.1 Routing Module
In general, every routing implementationriaconsists of three function blocks:

¢ Routing agent exchanges routing packet with neighbors,

e Routelogicuses the information gathered by routing agents (or the global topology database in the case of static routing)
to perform the actual route computation,

o Classifierssit inside a Node. They use the computed routing table to perform packet forwarding.

Notice that when implementing a new routing protocol, one does not necessarily implement all of these three blocks. For
instance, when one implements a link state routing protocol, one simply implement a routing agent that exchanges informatior

in the link state manner, and a route logic that does Dijkstra on the resulting topology database. It can then use the sam
classifiers as other unicast routing protocols.

When a new routing protocol implementation includes more than one function blocks, especially when it contains its own

classifier, it is desirable to have another object, which we aaliing module, that manages all these function blocks and to
interface with node to organize its classifiers. Figure 5.3 shows functional relation among these objects. Notice that routing
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modules may have direct relationship with route computation blocks, i.e., route logic and/or routing agents. However, route
computation MAY not install their routes directly through a routing module, because there may exists other modules that
are interested in learning about the new routes. This is not a requirement, however, because it is possible that some rout
computation is specific to one particular routing module, for instance, label installation in the MPLS module.

A routing module contains three major functionalities:

1. A routing module initializes its connection to a node througlyi st er {}, and tears the connection down via
unr egi st er {}. Usually, in r egi st er {} a routing module (1) tells the node whether it interests in knowing route
updates and transport agent attachments, and (2) creates its classifiers and install them in the node (details describe
in the next subsection). lanr egi st er {} a routing module does the exact opposite: it deletes its classifiers and
removes its hooks on routing update in the node.

2. If arouting module is interested in knowing routing updates, the node will inform the module via
Rt Modul e: : add- r out e{dst, target} andRt Modul e: : del et e- r out e{dst, nullagent}.

3. If arouting module is interested in learning about transport agent attachment and detachment in a node, the node wil
inform the module via
Rt Modul e: : at t ach{agent, port} andRt Mbdul e: : det ach{agent, nullagent}.

There are two steps to write your own routing module:

1. You need to declare the C++ part of your routing module (se#tmodule.{cc,h}). For many modules this only
means to declare a virtual methodne() which returns a string descriptor of the module. However, you are free
to implement as much functionality as you like in C++; if necessary you may later move functionality from OTcl into
C++ for better performance.

2. You need to look at the above interfaces implemented in the base routing modulegseédib/ns-rtmodule.tcl) and
decide which one you’ll inherit, which one you'll override, and put them in OTcl interfaces of your own module.

There are several derived routing module examplesnsitel/lib/ns-rtmodule.tcl, which may serve as templates for your
modules.

Currently, there are six routing modules implementedsn

Module Name | Functionality

RtModule/Base | Interface to unicast routing protocols. Provide basic functionality to add/delete route and
attach/detach agents.

RtModule/Mcast | Interface to multicast routing protocols. Its only purpose is establishes multicast classifiers.
All other multicast functionalities are implemented as instprocs of Node. This should be
converted in the future.

RtModule/Hier | Hierarchical routing. It's a wrapper for managing hierarchical classifiers and route instal-
lation. Can be combined with other routing protocols, e.g., ad hoc routing.

RtModule/Manual| Manual routing.
RtModule/vVC Uses virtual classifier instead of vanilla classifier.

RtModule/MPLS | Implements MPLS functionality. This is the only existing module that is completely self-
contained and does not pollute the Node namespace.

Table 5.1: Available routing modules
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55.2 Nodelnterface
To connect to the above interfaces of routing module, a node provides a similar set of interfaces:

¢ In order to know which module to register during creation, the Node class keeps a list of modules as a class variable.
The default value of this list contains only the base routing module. The Node class provides the followjpngdsvo
to manipulate this module list:

Node: : enabl e- nodul e{[name]} If module Rt Modul e/ [ nane] exists, this proc puts [name] into the module
list.
Node: : di sabl e- nodul e{[name]} If [name]is in the module list, remove it from the list.

When a node is created, it goes through the module list of the Node class, creates all modules included in the list, anc
register these modules at the node.

After a node is created, one may use the following instprocs to list modules registered at the node, or to get a handle of
a module with a particular name:
Node: : |i st-nodul es{} Return a list of the handles (shadow objects) of all registered modules.

Node: : get - nodul e{[name]} Return a handle of the registered module whose name matches the given one. Noti
that any routing module can only have a single instance registered at any node.

e To allow routing modules register their interests of routing updates, a node object provide the following instprocs:

Node: : rout e- noti f y{module} Addnodul e into route update notification list.
Node: : unr eg-rout e- not i f y{module} Removerrodul e from route update notification list.

Similarly, the following instprocs provide hooks on the attachment of transport agents:

Node: : port-notify{module} Addnodul e into agent attachment notification list.
Node: : unr eg- port-notify{module} Removenpdul e from agent attachment notification list.

Notice that in all of these instprocs, parametedul e should be a module handle instead of a module name.
¢ Node provides the following instprocs to manipulate its address and port classifiers:

— Node: : i nsert - ent r y{module, clsfr, hook} inserts classifiel sf r into the entry point of the node. It also
associates the new classifier withdul e so that if this classifier is removed latemdul e will be unregistered.
If hook is specified as a number, the existing classifier will be inserted intdslok of the new classifier. In
this way, one may establish a “chain” of classifiers; see Figure 5.2 for an exaNQIEE: cl sfr needs NOT
to be a classifier. In some cases one may want to put an agent, or any class derived from Connector, at the entr
point of a node. In such cases, one simply supplesget to parametehook.

— Node: : i nst al | - ent ry{module, clsfr, hook} differs fromNode: : i nsert -entry in that it deletes the
existing classifier at the node entry point, unregisters any associated routing module, and installs the new classifier
at that point. Ifhook is given, and the old classifier is connected into a classifier chain, it will connect the chain
into slothook of the new classifier. As above,lifook equals ta ar get, cl sfr will be treated as an object
derived from Connector instead of a classifier.

— Node: : i nst al | - dermux{demux, port} places the given classifidenux as the default demultiplexer. If
por t is given, it plugs the existing demultiplexer into spair t of the new one. Notice that in either case it does
not delete the existing demultiplexer.

5.6 Commandsat aglance

Following is a list of common node commands used in simulation scripts:
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$ns_ node [ <hi er_addr>]

Command to create and return a node instance. If <hier_addr> is given, assign the node address to be <hier_addr>. Note th
the latter MUST only be used when hierarchical addressing is enabled viassitheaddr ess- f or mat

hi er ar chi cal {} or node-confi g -addressType hierarchi cal {}.

$ns_ node-confi g -<confi g-paraneter> <optional -val >

This command is used to configure nodes. The different config-parameters are addressingType, different type of the networl
stack components, whether tracing will be turned on or not, mobilelP flag is truned or not, energy model is being used or not
etc. An option -reset maybe used to set the node configuration to its default state. The default setting of node-config, i.e if no
values are specified, creates a simple node (base class Node) with flat addressing/routing. For the syntax details see
Section 5.3.

$node id
Returns the id number of the node.

$node node- addr
Returns the address of the node. In case of flat addressing, the node address is same as its hode-id. In case of hierarchical
addressing, the node address in the form of a string (viz. "1.4.3") is returned.

$node reset
Resets all agent attached to this node.

$node agent <port_nun®
Returns the handle of the agent at the specified port. If no agent is found at the given port, a null string is returned.

$node entry
Returns the entry point for the node. This is first object that handles packet receiving at this node.

$node attach <agent> <optional:port_nune
Attaches the <agent> to this node. Incase no specific port number is passed, the node allocates a port number and binds the
agent to this port. Thus once the agent is attached, it receives packets destined for this host (node) and port.

$node detach <agent> <nul | _agent >

This is the dual of "attach" described above. It detaches the agent from this node and installs a null-agent to the port this
agent was attached. This is done to handle transit packets that may be destined to the detached agent. These on-the-fly
packets are then sinked at the null-agent.

$node nei ghbors
This returns the list of neighbors for the node.

$node add- nei ghbor <nei ghbor _node>
This is a command to addhei ghbor _node> to the list of neighbors maintained by the node.

Following is a list of internal node methods:

$node add-route <destination_id> <target>

This is used in unicast routing to populate the classifier. The target is a Tcl object, which may be the émtry of(port
demultiplexer in the node) incase thdest i nat i on_i d>is same as this node-id. Otherwise it is usually the head of the
link for that destination. It could also be the entry for other classifiers.

$node al l oc-port <null _agent>
This returns the next available port number.

58



$node incr-rtgtable-size
The instance variablet si ze_is used to keep track of size of routing-table in each node. This command is used to
increase the routing-table size every time an routing-entry is added to the classifiers.

There are other node commands that supports hierarchical routing, detailed dynamic routing, equal cost multipath routing,

manual routing, and energy model for mobile nodes. These and other methods described earlier can be found in
~ng/tcl/lib/ns-node.tcl and r/tcl/lib/ns-mobilenode.tcl.
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Chapter 6
Links: Simple Links

This is the second aspect of defining the topology. In the previous chapter (Chapter 5), we had described how to create th
nodes in the topology ins. We now describe how to create the links to connect the nodes and complete the topology. In this
chapter, we restrict ourselves to describing the simple point to point Ind&upports a variety of other media, including an
emulation of a multi-access LAN using a mesh of simple links, and other true simulation of wireless and broadcast media.
They will be described in a separate chapter. The CBQIink is derived from simple links and is a considerably more complex
form of link that is also not described in this chapter.

We begin by describing the commands to create a link in this section. As with the node being composed of classifiers, a simple
link is built up from a sequence of connectors. We also briefly describe some of the connectors in a simple link. We then
describe the instance procedures that operate on the various components of defined by some of these connectors (Section 6.
We conclude the chapter with a description the connector object (Section 6.2), including brief descriptions of the common
link connectors.

Thecl ass Li nk is a standalone class in OTcl, that provides a few simple primitivescThas Si npl eLi nk provides

the ability to connect two nodes with a point to point lims provides the instance procedwenpl ex- | i nk{}to form a
unidirectional link from one node to another. The link is in the class SimpleLink. The following describes the syntax of the
simplex link:

set ns [new Sinul ator]
$ns sinpl ex-1ink (node0) (nodel) (bandwi dt h) (del ay) (queue_type)

The command creates a link frofnode0) to (nodel), with specified(bandwi dt h) and(del ay) characteristics. The
link uses a queue of typgueue_t ype). The procedure also adds a TTL checker to the link. Five instance variables define
the link:
head_  Entry point to the link, it points to the first object in the link.
queue_  Reference to the main queue element of the link. Simple links usually
have one queue per link. Other more complex types of links may have
multiple queue elements in the link.

i nk_ A reference to the element that actually models the link, in terms of the
delay and bandwidth characteristics of the link.

ttl_ Reference to the element that manipulates the ttl in every packet.
drophead_ Reference to an object that is the head of a queue of elements that process
link drops.

In addition, if the simulator instance variablt r aceAl | Fi | e_, is defined, the procedure will add trace elements that
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head _
—>?—> endT_—*queue_[—* deqT_[—*{link_ > ttl "revi_ 1
| |
| N |
| |
i drophead_ » drpT |
| |
| |

Figure 6.1: Composite Construction of a Unidirectional Link

track when a packet is enqueued and dequeuedduoaue . Furthermore, tracing interposes a drop trace element after the
dr ophead_. The following instance variables track the trace elements:

enqT_ Reference to the element that traces packets entgtiege .

deqT_ Reference to the element that traces packets leapiegie_.

drpT_ Reference to the element that traces packets droppedfoaue_.

rcvT_ Reference to the element that traces packets received by the next node.

Note however, that if the user enable tracing multiple times on the link, these instance variables will only store a reference to
the last elements inserted.

Other configuration mechanisms that add components to a simple link are network interfaces (used in multicast routing),
link dynamics models, and tracing and monitors. We give a brief overview of the related objects at the end of this chapter
(Section 6.2), and discuss their functionality/implementation in other chapters.

The instance procedudripl ex- | i nk{} constructs a bi-directional link from two simplex links.

6.1 Instance Proceduresfor Linksand SimpleLinks

Link procedures Thecl ass Li nk is implemented entirely in Otcl. The OT@i npl eLi nk class uses the C++
Li nkDel ay class to simulate packet delivery delays. The instance procedures in the class Link are:
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head{} returnsthe handle fohead_.
queue{} returnsthe handle foqueue_.
i nk{} returnsthe handle for the delay elemeht,nk_.
up{} set link status to “up” in thedynamni cs_ element. Also, writes out a trace line to each file
specified through the procedureace- dynamni cs{}.
down{} As with up{}, set link status to “down” in thedynami cs_ element. Also, writes out a trace
line to each file specified through the procedurece- dynam cs{}.
up?{} returns status of the link. Status is “up” or “down”; status is “up” if link dynamics is not enabled.
al | -connect ors{} Apply specified operation to all connectors on the link.p An example of such usager&
al | -connectors reset.
cost{} setlink costto value specified.
cost ?{} returns the cost of the link. Default cost of link is 1, if no cost has been specified earlier.

SimpleLink Procedures The Otclcl ass Si npl eLi nk implements a simple point-to-point link with an associated
queue and deldy It is derived from the base Otcl class Link as follows:

Cl ass Sinpl eLink -superclass Link

Sinpl eLink instproc init { src dst bw delay q { |ltype "Del ayLink" } } {
$sel f next $src $dst
$sel f instvar link_ queue_ head_ toNode_ ttl_

set queue_ $q

set |ink_ [new Del ay/Li nk]
$link set bandwi dth_ $bw
$link_ set delay_  $del ay

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

XXX

put the ttl checker after the del ay

so we don’t have to worry about accounting
for ttl-drops within the trace and/or nonitor
fabric

S

set ttl_ [new TTLChecker]
$ttl_ target [$link_ target]
$link_ target $ttl

Notice that when &i npl eLi nk object is created, ne®el ay/ Li nk andTTLChecker objects are also created. Note
also that, th&€ueue object must have already been created.

There are two additional methods implemented (in OTcl) as part dbitlpl eLi nk class:t race andi ni t - noni t or.
These functions are described in further detail in the section on tracing (Chapter 21).

1The current version also includes an object to examine the network layer “ttI” field and discard packets if the field reaches zero.

62



6.2 Connectors

Connectors, unlink classifiers, only generate data for one recipient; either the packet is deliverecatoge _ neighbor,
oritis sentto harop-target _.

A connector will receive a packet, perform some function, and deliver the packet to its neighbor, or drop the packet. There
are a number of different types of connectorssnEach connector performs a different function.

networkinterface

DynalLink

DelayLink

Queues

TTLChecker

labels packets with incoming interface identifier—it is used by some multicast routing protocols. The
class variable “Simulator Numberinterfaces_ 1" telssto add these interfaces, and then, it is added
to either end of the simplex link. Multicast routing protocols are discussed in a separate chapter
(Chapter 24).

Object that gates traffic depending on whether the link is up or down. It expects to be at the head of the
link, and is inserted on the link just prior to simulation start. #tsat us_ variable control whether

the link is up or down. The description of how the DynaLink object is used is in a separate chapter
(Chapter 25).

Object that models the link’s delay and bandwidth characteristics. If the link is not dynamic, then this
object simply schedules receive events for the downstream object for each packet it receives at the
appropriate time for that packet. However, if the link is dynamic, then it queues the packets internally,
and schedules one receives event for itself for the next packet that must be delivered. Thus, if the
link goes down at some point, this objeat'sset () method is invoked, and the object will drop all
packets in transit at the instant of link failure. We discuss the specifics of this class in another chapter
(Chapter 8).

model the output buffers attached to a link in a “real” router in a networis, they are attached to,
and are considered as part of the link. We discuss the details of queues and different types of queues
in nsin another chapter (Chapter 7).

will decrement the ttl in each packet that it receives. If that ttl then has a positive value, the packet is
forwarded to the next element on the link. In the simple links, TTLCheckers are automatically added,
and are placed as the last element on the link, between the delay element, and the entry for the next
node.

6.3 Object hierarchy

The base class used to represent links is called Link. Methods for this class are listed in the next section. Other link object:
derived from the base class are given as follows:

e SimpleLink Object A SimpleLink object is used to represent a simple unidirectional link. There are no state variables
or configuration parameters associated with this object. Methods for this clagsarepl el i nk enabl e- ntast
<src> <dst>
This turns on multicast for the link by creating an incoming network interface for the destination and adds an outgoing
interface for the source.

$sinplelink trace <ns> <file> <optional:op>
Build trace objects for this link and update object linkage. If op is specified as "nam" create nam trace files.

$sinplelink namtrace <ns> <file>
Sets up nam tracing in the link.

$sinplelink trace-dynam cs <ns> <fil e> <optional : op>
This sets up tracing specially for dynamic links. <op> allows setting up of nam tracing as well.
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$sinmplelink init-monitor <ns> <qtrace> <sanpl el nterval >
Insert objects that allow us to monitor the queue size of this link. Return the name of the object that can be queried to
determine the average queue size.

$sinpl el i nk attach-nonitors <i nsnoop> <out snoop> <dr opsnoop> <qgnon>
This is similar to init-monitor, but allows for specification of more of the items.

$si npl el i nk dynani ¢
Sets up the dynamic flag for this link.

$si npl el i nk errornodul e <args>
Inserts an error module before the queue.

$sinpl eil nk insert-1inkloss <args>
Inserts the error module after the queue.

//Other link objects derived from class SimpleLink are FQLink, CBQLink and IntServLink.
Configuration parameters for FQLink are:

queueM anagement_ The type of queue management used in the link. Default value is DropTail.
No configuration parameters are specified for CBQLink and IntServLink objects.

e DelayLink Object The DelayLink Objects determine the amount of time required for a packet to traverse a link. This is
defined to be size/bw + delay where size is the packet size, bw is the link bandwidth and delay is the link propagation
delay. There are no methods or state variables associated with this object.

Configuration Parameters are:

bandwidth_ Link bandwidth in bits per second.
delay  Link propagation delay in seconds.

6.4 Commandsat aglance

Following is a list of common link commands used in simulation scripts:

$ns_ sinpl ex-1ink <nodel> <node2> <bw> <del ay> <qt ype> <args>

This command creates an unidirectional link between nodel and node2 with specified bandwidth (BW) and delay
characteristics. The link uses a queue type of <gtype> and depending on the queue type different arguments are passed
through <args>.

$ns_ dupl ex-1ink <nodel> <node2> <bw> <del ay> <qtype> <args>

This creates a bi-directional link between nodel and node2. This procedure essentially creates a duplex-link from two
simplex links, one from nodel to node2 and the other from node2 to nodel. The syntax for duplex-link is same as that of
simplex-link described above.

$ns_ dupl ex-intserv-link <nl> <n2> <bw> <dl y> <sched> <si gnal > <adc> <ar gs>

This creates a duplex-link between n1 and n2 with queue type of intserv, with specified BW and delay. This type of queue
implements a scheduler with two level services priority. The type of intserv queue is given by <sched>, with admission
control unit type of <adc> and signal module of type <signal>.

$ns_ sinpl ex-1ink-op <nl> <n2> <op> <args>
This is used to set attributes for a simplex link. The attributes may be the orientation, color or queue-position.

$ns_ dupl ex-1ink-op <nl> <n2> <op> <args>
This command is used to set link attributes (like orientation of the links, color or queue-position) for duplex links.
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$ns_ |ink-1ossnodel <l ossobj> <froms <to>
This function generates losses (using the loss model <lossobj> inserted in the link between <from> node and <to> node) in
the link that can be visualized by nam.

$ns_ | ossnodel <l ossobj > <fronm> <to>
This is used to insert a loss module in regular links.

Following is a list of internal link-related procedures:

$ns_ regi ster-namlinkconfig <link>
This is an internal procedure used'b$l i nk ori ent" to register/update the order in which links should be created in
nam.

$ns_ renove-nam | inkconfig <i dl> <id2>
This procedure is used to remove any duplicate links (duplicate links may be created by GT-ITM topology generator).

$link head
Returns the instance varialiiead_ for the link. Thehead__is the entry pont to the link and it points to the first object in
the link.

$li nk add-to-head <connect or >
This allows the <connector> object to be now pointed bytltead _ element in the link, i.e, <connector> now becomes the
first object in the link.

$link link
Returns the instance variablé nk_. Thel i nk_is the element in the link that actually models the link in terms of delay
and bandwidth characteristics of the link.

$li nk queue
Returns the instance variallj@eue_. queue_ is queue element in the link. There may be one or more queue elements in
a particular link.

$link cost <c>
This sets a link cost of <c>.

$link cost?
Returns the cost value for the link. Default cost of link is set to 1.

$link if-1abel?
Returns the network interfaces associated with the link (for multicast routing).

$link up
This sets the link status to "up". This command is a part of network dynamics suppert in

$link down
Similar to up, this command marks the link status as "down".

$link up?
Returns the link status. The status is always "up" as default, if link dynamics is not enabled.

$link all-connectors op

This command applies the specified operation <op> to all connectors in the link$Likek al | - connect ors
reset or$link all-connectors isDynamc.
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$link install-error <errnodel >
This installs an error module after thé nk_ element.

In addition to the Link and link-related commands listed above, there are other procedures to support the specific
requirements of different types of links derived from the base class "Link" like simple-link (SimpleLink), integrated service
(IntServLink), class-based queue (CBQLInKk), fair queue (FQLInk) and procedures to support multicast routing, sessionsim,
nam etc. These and the above procedures may be foungtdhlib(ns-lib.tcl, ns-link.tcl, ns-intserv.tcl, ns-namsupp.tcl,
ns-queue.tchns/tcl/mcast/(McastMonitor.tcl, ns-mcast.tahg/tcl/session/session.tcl.
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Chapter 7

Queue Management and Packet Scheduling

Queues represent locations where packets may be held (or dropped). Packet scheduling refers to the decision process us
to choose which packets should be serviced or dropped. Buffer management refers to any particular discipline used tc
regulate the occupancy of a particular queue. At present, support is included for drop-tail (FIFO) queueing, RED buffer
management, CBQ (including a priority and round-robin scheduler), and variants of Fair Queueing including, Fair Queueing
(FQ), Stochastic Fair Queueing (SFQ), and Deficit Round-Robin (DRR). In the common case wigtag element is
downstream from a queue, the queue mablbeked until it is re-enabled by its downstream neighbor. This is the mechanism

by which transmission delay is simulated. In addition, queues may be forcibly blocked or unblocked at arbitrary times by
their neighbors (which is used to implement multi-queue aggregate queues with inter-queue flow control). Packet drops are
implemented in such a way that queues contain a “drop destination”; that is, an object that receives all packets dropped by
queue. This can be useful to (for example) keep statistics on dropped packets.

7.1 TheC++ QueueClass

The Queue class is derived from €onnect or base class. It provides a base class used by particular types of (derived)
queue classes, as well as a call-back function to implement blocking (see next section). The following definitions are provided
in queue. h:

cl ass Queue : public Connector {

publi c:
virtual void enque(Packet*) = O;
virtual Packet* deque() = O;
voi d recv(Packet*, Handl er*);
voi d resune();
i nt bl ocked();
voi d unbl ock();
voi d bl ock();
pr ot ect ed:
Queue();
int command(int argc, const char*const* argv);
int glim; / * maximum allowed pktsin queue* /
i nt bl ocked_;
i nt unbl ock_on_resune_; / * unblock gonidle?*/

QueueHandl er gh_;
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Theenque anddeque functions are pure virtual, indicating tii@ieue class is to be used as a base class; particular queues
are derived fronQueue and implement these two functions as necessary. Particular queues do not, in general, override the
r ecv function because it invokes the the particldaigue anddeque.

TheQueue class does not contain much internal state. Often these are special monitoring objects (Chapterdli)nThe
member is constructed to dictate a bound on the maximum queue occupancy, but this is not enforceguby ¢helass

itself; it must be used by the particular queue subclasses if they need this valuél dbked member is a boolean
indicating whether the queue is able to send a packet immediately to its downstream neighbor. When a queue is blocked, it i
able to enqueue packets but not send them.

7.1.1 Queue blocking

A queue may be either blocked or unblocked at any given time. Generally, a queue is blocked when a packet is in transit
between it and its downstream neighbor (most of the time if the queue is occupied). A blocked queue will remain blocked as
long as it downstream link is busy and the queue has at least one packet to send. A queue becomes unblocked only when i
r esune function is invoked (by means of a downstream neighbor scheduling it via a callback), usually when no packets are

queued. The callback is implemented by using the following class and methods:

cl ass QueueHandl er : public Handler {
publi c:
i nli ne QueueHandl er (Queue& q) : queue_(q) {}
voi d handl e(Event*); /* calls queue_.resunme() */
private:
Queue& queue_;

1
voi d QueueHandl er: : handl e( Event *)
{
queue_.resumre();
}
Queue: : Queue() : drop_(0), blocked_(0), gqh_(*this)
{
Tcl & tcl = Tcl::instance();
bind("limt_", &lim);
}
voi d Queue: :recv(Packet* p, Handl er*)
{
enque(p);
if (!blocked ) {
/*
* W're not block. Get a packet and send it on
* W performan extra check because the queue
* mght drop the packet even if it was
* previously enpty! (e.g., RED can do this.)
*/
p = deque();
if (p!=20) {
bl ocked_ = 1;

target _->recv(p, &gh_);
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}
}
voi d Queue: :resune()
{
Packet* p = deque();
if (p!'=0)
target _->recv(p, &gh_);
el se {
if (unbl ock_on_resune )
bl ocked_ = 0;
el se
bl ocked_ = 1;
}
}

The handler management here is somewhat subtle. When &mneue object is created, it includes@eueHandl| er

object gh_) which is initialized to contain a reference to the n@ueue object Queue& QueueHandl er: : queue ).

This is performed by th€@ueue constructor using the expressigh_(*t hi s) . When a Queue receives a packet it calls

the subclass (i.e. queueing discipline-specific) version oétigue function with the packet. If the queue is not blocked,

it is allowed to send a packet and calls the spedfiqque function which determines which packet to send, blocks the
queue (because a packet is now in transit), and sends the packet to the queue’s downstream neighbor. Note that any futu
packets received from upstream neighbors will arrive to a blocked queue. When a downstream neighbor wishes to caus
the queue to become unblocked it schedules the QueueHardierd e function by passinggh_ to the simulator sched-

uler. Thehandl e function invokes esune, which will send the next-scheduled packet downstream (and leave the queue
blocked), or unblock the queue when no packet is ready to be sent. This process is made more clear by also referring to th
Li nkDel ay: : r ecv() method (Section 8.1).

7.1.2 PacketQueue Class

The Queue class may implement buffer management and scheduling but do not implement the low-level operations on a
particular queue. ThRacket Queue class is used for this purpose, and is defined as followsqseee. h):

cl ass Packet Queue {
public:
Packet Queue() ;
int length(); /* queue length in packets */
voi d enque(Packet* p);
Packet * deque();
Packet * | ookup(int n);
/* renove a specific packet, which nust be in the queue */
voi d renove(Packet*);
pr ot ect ed:
Packet* head_;
Packet** tail _;
int len_; /1 packet count

b

This class maintains a linked-list of packets, and is commonly used by particular scheduling and buffer management dis-
ciplines to hold an ordered set of packets. Particular scheduling or buffer management schemes may make use of sever
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Packet Queue objects. ThePacket Queue class maintains current counts of the number of packets held in the queue
which is returned by thé engt h() method. Theenque function places the specified packet at the end of the queue and
updates thé en_ member variable. Thdeque function returns the packet at the head of the queue and removes it from
the queue (and updates the counters), or returns NULL if the queue is emptyo®kep function returns thexth packet

from the head of the queue, or NULL otherwise. Thermove function deletes the packet stored in the given address from
the queue (and updates the counters). It causes an abnormal program termination if the packet does not exist.

7.2 Example: Drop Tail

The following example illustrates the implementation of @ueeue/ Dr opTai | object, which implements FIFO scheduling
and drop-on-overflow buffer management typical of most present-day Internet routers. The following definitions declare the
class and its OTcl linkage:

/*

* A bounded, drop-tail queue

*/

class DropTail : public Queue {

pr ot ect ed:
voi d enque(Packet *);
Packet * deque();
Packet Queue q_;

b

The base clasQueue, from whichDr opTai | is derived, provides most of the needed functionality. The drop-tail queue
maintains exactly one FIFO queue, implemented by including an object &fabket Queue class. Drop-tail implements
its own versions oénque anddeque as follows:

/*
*  drop-tail
*/
voi d DropTail :: enque(Packet* p)
{
q_. enque(p);
if (g_.length() >=qlim) {
g_.renove(p);
drop(p);
}
}
Packet * DropTail:: deque()
{
return (g_.deque());
}

Here, theenque function first stores the packet in the internal packet queue (which has no size restrictions), and then checks
the size of the packet queue vergjis m . Drop-on-overflow is implemented by dropping the packet most recently added

to the packet queue if the limit is reached or exceeded. Simple FIFO scheduling is implementedédn tlegefunction by

always returning the first packet in the packet queue.
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7.3 Different typesof Queue objects

A queue object is a general class of object capable of holding and possibly marking or discarding packets as they travel
through the simulated topology. Configuration Parameters used for queue objects are:

limit_ The queue size in packets.
blocked_ Set to false by default, this is true if the queue is blocked (unable to send a packet to its downstream neighbor).

unblock_on_resume_ Set to true by default, indicates a queue should unblock itself at the time the last packet packet sent
has been transmitted (but not necessarily received).

Other queue objects derived from the base class Queue are drop-tail, FQ, SFQ, DRR, RED and CBQ queue objects. Each a
described as follows:

e Drop-tail objects: Drop-tail objects are a subclass of Queue objects that implement simple FIFO queue. There are nc
methods, configuration parameter, or state variables that are specific to drop-tail objects.

e FQ objects: FQ objects are a subclass of Queue objects that implement Fair queuing. There are no methods that ar
specific to FQ objects. Configuration Parameters are:

secsPer Byte
There are no state variables associated with this object.

e SFQ objects: SFQ objects are a subclass of Queue objects that implement Stochastic Fair queuing. There are n
methods that are specific to SFQ objects. Configuration Parameters are:
maxqueue
buckets

There are no state variables associated with this object.

¢ DRR objects: DRR objects are a subclass of Queue objects that implement deficit round robin scheduling. These
objects implement deficit round robin scheduling amongst differensflofv particular flow is one which has packets
with the same node and port id OR packets which have the same node id alone). Also unlike other multi-queue objects,
this queue object implements a single shared buffer space for its different flows. Configuration Parameters are:
buckets_ Indicates the total number of buckets to be used for hashing each of the flows.
blimit_ Indicates the shared buffer size in bytes.
quantum__ Indicates (in bytes) how much each flow can send during its turn.
mask__ mask_, when set to 1, means that a particular flow consists of packets having the same node id (and possibly

different port ids), otherwise a flow consists of packets having the same node and port ids.

e RED objects: RED objects are a subclass of Queue objects that implement random early-detection gateways. The
object can be configured to either drop or “mark” packets. There are no methods that are specific to RED objects.
Configuration Parameters are:

bytes Set to "true" to enable “byte-mode” RED, where the size of arriving packets affect the likelihood of marking
(dropping) packets.

queue-in-bytes Setto "true" to measure the average queue size in bytes rather than packets. Enabling this option also
causes thresh_ and maxthresh_ to be automatically scaled by mean_pktsize_ (see below).

thresh_ The minimum threshold for the average queue size in packets.
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maxthresh_ The maximum threshold for the average queue size in packets.

mean_pktsize A rough estimate of the average packet size in bytes. Used in updating the calculated average queue
size after an idle period.

g_weight_ The queue weight, used in the exponential-weighted moving average for calculating the average queue size.
wait_ Set to true to maintain an interval between dropped packets.

linterm_ As the average queue size varies between "thresh_" and "maxthresh_", the packet dropping probability varies
between 0 and "1/linterm".

setbit_ Setto "true" to mark packets by setting the congestion indication bit in packet headers rather than drop packets.

drop-tail_ Set to true to use drop-tail rather than randomdrop when the queue overflows or the average queue size
exceeds "maxthresh_". For a further explanation of these variables, see [2].

None of the state variables of the RED implementation are accessible.

e CBQ objects: CBQ objects are a subclass of Queue objects that implement class-based queueing.

$cbq insert <cl ass>

Insert traffic class class into the link-sharing structure associated with link object cbq.

$cbqg bind <cbqgcl ass> <i d1> [ $i d2]

Cause packets containing flow id id1 (or those in the range id1 to id2 inclusive) to be associated with the traffic class
cbqclass.

$cbq al gorithm <al g>
Select the CBQ internal algorithm. <alg> may be set to one of: "ancestor-only”, "top-level", or "formal".

¢ CBQ/WRR objects: CBQ/WRR objects are a subclass of CBQ objects that implement weighted round-robin scheduling
among classes of the same priority level. In contrast, CBQ objects implement packet-by-packet round-robin scheduling
among classes of the same priority level. Configuration Parameters are:

maxpkt_ The maximum size of a packet in bytes. This is used only by CBQ/WRR objects in computing maximum
bandwidth allocations for the weighted round-robin scheduler.

CBQCLASS OBJECTS
CBQClass objects implement the traffic classes associated with CBQ objects.

$cbqcl ass set parans <parent > <okborrow> <al |l ot > <maxi dl e> <pri o> <l evel >
Sets several of the configuration parameters for the CBQ traffic class (see below).

$cbgcl ass parent <cbgcl | none>
specify the parent of this class in the link-sharing tree. The parent may be specified as “none” to indicate this class is a root.

$cbgcl ass newal | ot <a>

Change the link allocation of this class to the specified amount (in range 0.0 to 1.0). Note that only the specified class is
affected.

$chqcl ass install -queue <g>

Install a Queue object into the compound CBQ or CBQ/WRR link structure. When a CBQ object is initially created, it
includes no internal queue (only a packet classifier and scheduler).

Configuration Parameters are:

okborrow_ is a boolean indicating the class is permitted to borrow bandwidth from its parent.

allot_ is the maximum fraction of link bandwidth allocated to the class expressed as a real number between 0.0 and 1.0.
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maxidle_ is the maximum amount of time a class may be required to have its packets queued before they are permitted to be
forwarded

priority_ is the class’ priority level with respect to other classes. This value may range from 0 to 10, and more than one class
may exist at the same priority. Priority O is the highest priority.

level_ is the level of this class in the link-sharing tree. Leaf nodes in the tree are considered to be at level 1; their parents are
at level 2, etc.

extradelay  increase the delay experienced by a delayed class by the specified time

QUEUE-MONITOR OBJECTS
QueueMonitor Objects are used to monitor a set of packet and byte arrival, departure and drop counters. It also includes
support for aggregate statistics such as average queue size, etc.

$queuenoni t or
reset all the cumulative counters described below (arrivals, departures, and drops) to zero. Also, reset the integrators an
delay sampler, if defined.

$queuenoni t or set-del ay- sanpl es <del aySanp_>
Set up the Samples object delaySamp__ to record statistics about queue delays. delaySamp__is a handle to a Samples obj
i.e the Samples object should have already been created.

$queuenoni t or get-bytes-integrator
Returns an Integrator object that can be used to find the integral of the queue size in bytes.

$queuenoni t or get - pkts-integrator
Returns an Integrator object that can be used to find the integral of the queue size in packets.

$queuenoni tor get -del ay- sanpl es

Returns a Samples object delaySamp_ to record statistics about queue delays.
There are no configuration parameters specific to this object.

State Variables are:

size_ Instantaneous queue size in bytes.

pkts_ Instantaneous queue size in packets.

parrivals_ Running total of packets that have arrived.

barrivals_ Running total of bytes contained in packets that have arrived.

pdepartures _ Running total of packets that have departed (not dropped).

bdepartures _ Running total of bytes contained in packets that have departed (not dropped).
pdrops_ Total number of packets dropped.

bdrops_ Total number of bytes dropped.

bytesInt_ Integrator object that computes the integral of the queue size in bytes. The sum_ variable of this object has the
running sum (integral) of the queue size in bytes.

pktslnt_ Integrator object that computes the integral of the queue size in packets. The sum_ variable of this object has the
running sum (integral) of the queue size in packets.
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QUEUEMONITOR/ED BJECTS

This derived object is capable of differentiating regular packet drops from early drops. Some queues distinguish regular drops
(e.g. drops due to buffer exhaustion) from other drops (e.g. random drops in RED queues). Under some circumstances, it i
useful to distinguish these two types of drops.

State Variables are:

epdrops_ The number of packets that have been dropped “early”.

ebdrops_ The number of bytes comprising packets that have been dropped “early”.

Note: because this class is a subclass of QueueMonitor, objects of this type also have fields such as pdrops_ and bdrops
These fields describe the total number of dropped packets and bytes, including both early and non-early drops.

QUEUEMONITOR/ED/FLOWMON OBJECTS
These objects may be used in the place of a conventional QueueMonitor object when wishing to collect per-flow counts and
statistics in addition to the aggregate counts and statistics provided by the basic QueueMonitor.

$fnon classifier <cl>
This inserts (read) the specified classifier into (from) the flow monitor object. This is used to map incoming packets to which
flows they are associated with.

$f non dunp
Dump the current per-flow counters and statistics to the 1/O channel specified in a previous attach operation.

$fnon f1 ows
Return a character string containing the names of all flow objects known by this flow monitor. Each of these objects are of
type QueueMonitor/ED/Flow.

$f non attach <chan>
Attach a tcl I/0 channel to the flow monitor. Flow statistics are written to the channel when the dump operation is executed.

Configuration Parameters are:

enable in_ Setto true by default, indicates that per-flow arrival state should be kept by the flow monitor. If set to false, only
the aggregate arrival information is kept.

enable out_ Set to true by default, indicates that per-flow departure state should be kept by the flow monitor. If set to false,
only the aggregate departure information is kept.

enable drop_ Set to true by default, indicates that per-flow drop state should be kept by the flow monitor. If set to false,
only the aggregate drop information is kept.

enable edrop_ Set to true by default, indicates that per-flow early drop state should be kept by the flow monitor. If set to
false, only the aggregate early drop information is kept.

QUEUEMONITOR/ED/FLOW OBJECTS

These objects contain per-flow counts and statistics managed by a QueueMonitor/ED/Flowmon object. They are generally
created in an OTcl callback procedure when a flow monitor is given a packet it cannot map on to a known flow. Note that the

flow monitor’s classifier is responsible for mapping packets to flows in some arbitrary way. Thus, depending on the type of

classifier used, not all of the state variables may be relevant (e.g. one may classify packets based only on flow id, in which
case the source and destination addresses may not be significant). State Variables are:

src_ The source address of packets belonging to this flow.
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dst_ The destination address of packets belonging to this flow.

flowid_ The flow id of packets belonging to this flow.

7.4 Commandsat aglance

Following is a list of queue commands used in simulation scripts:

$ns_ queue-linit <nl> <n2> <linmt>
This sets a limit on the maximum buffer size of the queue in the link between nodes <n1> and <n2>.

$ns_ trace-queue <nl> <n2> <optional :file>
This sets up trace objects to log events in the queue. If tracefile is not passedtit aseAl | Fi | e_ to write the events.

$ns_ nantrace-queue <nl> <n2> <optional:file>
Similar to trace-queue above, this sets up nam-tracing in the queue.

$ns_ noni tor-queue <nl> <n2> <optional : qtrace> <optional : sanpl ei nterval >

This command inserts objects that allows us to monitor the queue size. This returns a handle to the object that may be
queried to determine the average queue size. The default value for sampleinterval is 0.1.
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Chapter 8

Delaysand Links

Delays represent the time required for a packet to traverse a link. A special form of this object (“dynamic link”) also captures
the possibility of a link failure. The amount of time required for a packet to traverse a link is defined té kel wheres

is the packet size (as recorded in its IP headeig,the speed of the link in bits/sec, adds the link delay in seconds. The
implementation of link delays is closely associated with the blocking procedures described for Queues in Section7.1.1.

8.1 ThelLinkDelay Class

Thecl ass Li nkDel ay is derived from the basel ass Connect or. Its definition is in -ns/delay.cc, and is briefly
excerpted below:

cl ass LinkDelay : public Connector {
public:
Li nkDel ay();
voi d recv(Packet* p, Handler*);
voi d send(Packet* p, Handler*);
voi d handl e(Event* e);

doubl e del ay(); / * line latency on thislink * /
doubl e bandwi dt h(); / * bandwidth on thislink * /
i nline double txtinme(Packet* p) { / * timeto send pkt p on thislink * /

hdr _cmm* hdr = (hdr_cmm*) p->access(off_cm_);
return (hdr->size() * 8. / bandw dth_);

}
pr ot ect ed:

doubl e bandwi dth_; / * bandwidth of underlying link (bits/sec) * /
doubl e del ay_; /* linelatency */
int dynamc_; / * indicateswhether or not linkis~*/
Event inTransit_;

Packet Queue* itq_; / * internal packet queue for dynamic links*/
Packet * next Packet _; / * to be delivered for a dynamiclink. */

Event intr_;
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Ther ecv() method overrides the base class Connector version. It is defined as follows:

voi d Li nkDel ay: : recv(Packet* p, Handler* h)

{
doubl e txt = txtime(p);
Schedul er& s = Schedul er: :instance();
if (dynamc_ ) {
Event* e = (Event*)p;
e->time_ = s.clock() + txt + delay_;
i tq_->enque(p);
schedul e_next () ;
} else {
s.schedul e(target , p, txt + delay );
}
[ * XXX only need one intr__since upstream object should
*  block until it's handler is called
*
* Thisonly holdsif thelink is not dynamic. Ifitis, then
* thelinkitself will hold the packet, and call the upstream
* object at the appropriatetime. This second interrupt is
* calledi nTransi t_,andisinvoked through schedul e_next ()
*/
s.schedul e(h, & ntr_, txt);
}

This object supports one instproc-likBpbj ect dynami c, to set its variabledynam ¢_. This variable determines
whether the link is dynamic or not.€., prone to fail/recover at appropriate times). The internal behavior of the link in each
case is different.

For “non-dynamic” links, this method operates by receiving a pagkend scheduling two events. Assume these two events

are calledE; andE», and that evenE; is scheduled to occur befofg,. E; is scheduled to occur when the upstream node
attached to this delay element has completed sending the current packet (which takes time equal to the packet size divide
by the link bandwidth) E; is usually associated with@ieue object, and will cause it to (possibly) become unblocked (see
section 7.1.1).E, represents the packet arrival event at the downstream neighbor of the delay elementt Eoecturs a
number of seconds later th&h equal to the link delay.

Alternately, when the link is dynamic, and receiyeshen it will scheduler | to possibly unblock the queue at the appropriate
time. However,E, is scheduled only ip is the only packet currently in transit. Otherwise, there is at least one packet in
transit on the link that must be delivered befprat ;. Therefore, packes is held in the object’s inTransit queuet q_.
When the packet just befogein transit on the link is delivered at the neighbor node, the DelayLink object will schedule an
event for itself to fire af)s. At that appropriate time then, ittsandl e() method will directly seng to its target. The object’s
internalschedul e_next () method will schedule these events for packet sin transit at the appropriate time.

8.2 Commandsat aglance

The LinkDelay object represents the time required by a packet to transverse the link and is used internally within a Link.
Hence we donot list any linkdelay related commands suitable for simulation scripts here.
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Chapter 9

Agents

Agents represent endpoints where network-layer packets are constructed or consumed, and are used in the implementati
of protocols at various layers. Thd ass Agent has an implementation partly in OTcl and partly in C++. The C++
implementation is contained ims/agent.cc andrs/agent.h, and the OTcl support is ing4cl/lib/ns-agent.tcl.

9.1 Agent state

The C++cl ass Agent includes enough internal state to assign various fields to a simulated packet before it is sent. This
state includes the following:

addr _  node address of myself (source address in packets)
dst _ where | am sending packets to
si ze_ packet size in bytes (placed into the common packet header)
type_ type of packet (in the common header, see packet.h)
fid_ thelP flow identifier (formerlyclassin ns-1)
prio_ thelP priority field
flags_ packetflags (similar to ns-1)
defttl _  defaultIP ttl value

These variables may be modified by any class derived &gemt , although not all of them may be needed by any particular
agent.

9.2 Agent methods

Thecl ass Agent supports packet generation and reception. The following member functions are implemented by the
C++ Agent class, and are generailyt over-ridden by derived classes:

Packet * al | ocpkt () allocate new packet and assign its fields
Packet * al | ocpkt (int) allocate new packet with a data payload of n bytes and assign its fields
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The following member functions are also defined by the class Agengrbimtended to be over-ridden by classes deriving
from Agent:

voi d ti meout (timeout number)
voi d r ecv(Packet*, Handler*)

subclass-specific time out method
receiving agent main receive path

Theal | ocpkt () method is used by derived classes to create packets to send. The function fills in the following fields in
the common packet header (Section 1d).d, ptype, size, and the following fields in the IP headesr c, dst,

flow d, prio, ttl. Italso zero-fills in the following fields of the Flags headecn, pri, usrl1, usr2. Any

packet header information not included in these lists must be must be handled in the classes deritgé from

Ther ecv() method is the main entry point for an Agent which receives packets, and is invoked by upstream nodes when
sending a packet. In most cases, Agents make no use of the second argument (the handler defined by upstream nodes).

9.3 Protocol Agents

There are several agents supported in the simulator. These are their names in OTcl:

TCP
TCP/Reno
TCP/NewReno
TCP/Sackl
TCP/Fack
TCP/FullTcp
TCP/Vegas

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

a “Reno” TCP sender (with fast recovery)

a modified Reno TCP sender (changes fast recovery)
a SACK TCP sender

a “forward” SACK sender TCP

a more full-functioned TCP with 2-way traffic
a “Vegas” TCP sender

TCP/Megas/RBP  a Vegas TCP with “rate based pacing”
TCP/Vegas/RBP a Reno TCP with “rate based pacing”
TCP/Asym an experimental Tahoe TCP for asymmetric links

TCP/Reno/Asym
TCP/Newreno/Asym

an experimental Reno TCP for asymmetric links
an experimental NewReno TCP for asymmetric links

TCPSink a Reno or Tahoe TCP receiver (not used for FullTcp)
TCPSink/DelAck a TCP delayed-ACK receiver
TCPSink/Asym an experimental TCP sink for asymmetric links
TCPSink/Sackl a SACK TCP receiver
TCPSink/Sackl/DelAck adelayed-ACK SACK TCP receiver
UDP abasic UDP agent
RTP an RTP sender and receiver
RTCP an RTCP sender and receiver

LossMonitor

IVS/Source
IVS/Receiver

a packet sink which checks for losses

an IVS source
an IVS receiver
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CtrMcast/Encap a “centralised multicast” encapsulator
CtrMcast/Decap a “centralised multicast” de-encapsulator
Message a protocol to carry textual messages
Message/Prune processes multicast routing prune messages

SRM an SRM agent with non-adaptive timers
SRM/Adaptive an SRM agent with adaptive timers

Tap interfaces the simulator to a live network
Null a degenerate agent which discards packets

rtProto/DV  distance-vector routing protocol agent

Agents are used in the implementation of protocols at various layers. Thus, for some transport protocols (e.g. UDP) the
distribution of packet sizes and/or inter-departure times may be dictated by some separate object representing the demant
of an application. To this end, agents expose an application programming interface (API) to the application. For agents usec
in the implementation of lower-layer protocols (e.g. routing agents), size and departure timing is generally dictated by the
agent’s own processing of protocol messages.

9.4 OTcl Linkage

Agents may be created within OTcl and an agent’s internal state can be modified by use efTclisnction and any Tcl
functions an Agent (or its base classes) implements. Note that some of an Agent’s internal state may exist only within OTcl,
and is thus is not directly accessible from C++.

9.4.1 Creating and Manipulating Agents

The following example illustrates the creation and modification of an Agentin OTcl:

set newtcp [new Agent/ TCP] ; # create new object (and C++ shadow object)
$newt cp set w ndow_ 20 ; # setsthe tcp agent’swindow to 20
$newt cp target $dest ; # target isimplemented in Connector class
$newt cp set portID 1 ; # existsonly in OTcl, not in C++

9.4.2 Default Values

Default values for member variables, those visible in OTcl only and those linked between OTcl and C-bi withare
initialized in the -ng/tcl/lib/ns-default.tcl file. For examplégent is initialized as follows:

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

Generally these initializations are placed in the OTcl namespace before any objects of these types are created. Thus, when:
Agent object is created, the calls bo nd in the objects’ constructors will causes the corresponding member variables to be
set to these specified defaults.

9.4.3 OTcl Methods

The instance procedures defined for the Qgént class are currently found ims/tcl/lib/ns-agent.tcl. They are as follows:
port the agent’s port identifier
dst - port the destination’s port identifier
attach-source (stype) create and attach a Source object to an agent

9.5 Examples. Tcp, TCP Sink Agents

Thecl ass TCPrepresents a simplified TCP sender. It sends datat@si nk agent and processes its acknowledgments.

It has a separate object associated with it which represents an application’s demand. By lookirng astheTCPAgent

andcl ass TCPSi nkAgent , we may see how relatively complex agents are constructed. An example from the Tahoe TCP
agentTCPAgent is also given to illustrate the use of timers.

9.5.1 Creating the Agent

The following OTcl code fragment create3 &P agent and sets it up:

set tcp [new Agent/ TCP] ; # create sender agent
$tcp set fid_ 2 ; # set |P-layer flow ID
set sink [new Agent/ TCPSi nk] ; # createreceiver agent
$ns attach-agent $n0 $tcp ; # put sender on node $n0
$ns attach-agent $n3 $sink ; # put receiver on node $n3
$ns connect $tcp $sink ; # establish TCP connection
set ftp [new Application/FTP] ; # create an FTP source "application”
$ftp attach-agent $tcp ; # associate FTP with the TCP sender
$ns at 1.2 "$ftp start” ; #arrangefor FTP to start at time 1.2 sec

The OTcl instructiomew Agent / TCP results in the creation of a C+FcpAgent class object. It's constructor performs
first invokes the constructor of thtgent base class and then performs its own bindings. These two constructors appear as
follows:

The TcpSimpleAgent constructorr{gitcp.cc):

TcpAgent: : TcpAgent () : Agent (PT_TCP), rtt_active (0), rtt_seq (-1),
rtx_timer_(this), delsnd_timer_(this)
{

bi nd("w ndow ", &wnd_);
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bi nd("wi ndowmnit_ ", &wd_init_);
bi nd("w ndowOption_ ", &wd_option );
bi nd("w ndowConstant _", &awnd_const );

bi nd("of f _ip_", &off_ip_);
bi nd("of f _tcp ", &off tcp );

}
The Agent constructor fis/agent.cc):
Agent : : Agent (i nt pkttype)

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

{
menset (pendi ng_, 0, sizeof(pending_)); [* timers™*/
/1 thisisreally an |P agent, so set up
/| for generating the appropriate P fields.. .
bi nd("addr_", (int*)&addr_);
bi nd("dst_", (int*)&dst_);
bi nd("fid_ ", (int*)&id));
bind("prio_ ", (int*)&rio );
bind("flags ", (int*)&flags );
}

These code fragments illustrate the common case where an agent’s constructor passes a packet type idenfifiento the
constructor. The values for the various packet types are used by the packet tracing facility (Section 21.5) and are defined ir
~ng/trace.h. The variables which are bound in ffepAgent constructor are ordinary instance/member variables for the
class with the exception of the special integer valieb_t cp_andof f _i p_. These are needed in order to access a TCP
header and IP header, respectively. Additional details are in the section on packet headers (Section 11.1).

Note that theTcpAgent constructor contains initializations for two timerd,x_t i mer _ anddel snd_ti nmer _.

Ti mer Handl er objects are initialized by providing a pointer (thki s pointer) to the relevant agent.

9.5.2 Startingthe Agent

TheTcpAgent agent is started in the example when its FTP source receivest tiiet directive at time 1.2. Thet art
operation is an instance procedure defined on the class Application/FTP (Section 31.4). It is defisé&dilb/ns-source.tcl
as follows:

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

}

In this caseagent refers to our simple TCP agent asdnd - 1 is analogous to sending an arbitrarily large file.

The call tosend eventually results in the simple TCP sender generating packets. The following fuoatigut performs
this:
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voi d TcpAgent::output(int segno, int reason)
{
Packet* p = all ocpkt();
hdr _tcp *tcph = (hdr_tcp*)p->access(off_tcp_);
doubl e now = Schedul er: :instance().cl ock();
t cph- >seqno() = seqno;
tcph->ts() = now,
t cph->reason() = reason;
Connector::send(p, 0);

if (!(rtx_timer_.status() == TI MER_PENDI NG )
/* Notimer pending. Scheduleone. */
set_rtx_tiner();

Here we see an illustration of the use of #hgeent : : al | ocpkt () method. This output routine first allocates a new packet
(with its common and IP headers already filled in), but then must fill in the appropriate TCP-layer header fields. To find
the TCP header in a packet (assuming it has been enabled (Section 11.20f)) thecp_ must be properly initialized, as
illustrated in the constructor. The packatcess() method returns a pointer to the TCP header, its sequence number and
time stamp fields are filled in, and teend() method of the class Connector is called to send the packet downstream one hop.
Note that the C++ : scoping operator is used here to avoid calliimpSi npl eAgent : : send() (which is also defined).

The check for a pending timer uses the timer methbdt us() which is defined in the base class TimerHandler. It is used
here to set a retransmission timer if one is not already set (a TCP sender only sets one timer per window of packets on eac
connection).

9.5.3 Processing Input at Receiver

Many of the TCP agents can be used with theass TCPSi nk as the peer. This class defines thecv() andack()
methods as follows:

voi d TcpSink::recv(Packet* pkt, Handl er*)

{
hdr _tcp *th = (hdr_t cp*) pkt->access(off_tcp_);
acker _->updat e(th->seqgno());
ack(pkt);
Packet :: free(pkt);
}
voi d TcpSi nk: : ack( Packet* opkt)
{

Packet* npkt = all ocpkt();
hdr _tcp *otcp (hdr _t cp*) opkt - >access(off _tcp_);
hdr _tcp *ntcp (hdr _t cp*) npkt - >access(off _tcp_);
nt cp- >seqno() acker _->Seqgno();

ntcp->ts() = otcp->ts();

hdr _i p* oip (hdr _i p*) opkt - >access(of f _ip_);
hdr _i p* nip (hdr _i p*) npkt - >access(of f _ip_);
ni p->flowi d() = oip->flow d();
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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_cmm*) npkt - >access(of f _cmm_),
ntcp, otcp->seqno());
send( npkt, 0);

Ther ecv() method overrides thAgent : : r ecv() method (which merely discards the received packet). It updates some
internal state with the sequence number of the received packet (and therefore requifds thep_ variable to be properly
initialized. It then generates an acknowledgment for the received packetacki{g method makes liberal use of access to
packet header fields including separate accesses to the TCP header, IP header, Flags header, and common header. The ca
send() invokes theConnect or : : send() method.

9.5.4 Processing Responses at the Sender

Once the simple TCP’s peer receives data and generates an ACK, the sender must (usually) process the ACK. In thi
TcpAgent agent, this is done as follows:

/ *
*  main reception path - should only see acks, otherwise the
*  network connections are misconfigured

*/
voi d TcpAgent::recv(Packet *pkt, Handl er*)
{
hdr _tcp *tcph = (hdr_tcp*) pkt->access(off _tcp_);
hdr _i p* i ph = (hdr_i p*) pkt->access(off_ip_);
if (((hdr_flags*)pkt->access(off _flags ))->ecn)
quench(1);
if (tcph->seqno() > last_ack ) {
newack( pkt);
opencwnd() ;
} else if (tcph->segno() == last_ack_) {
i f (++dupacks_ == NUMDUPACKS) ({
}
}
Packet :: free(pkt);
send(0, 0O, maxburst );
}

This routine is invoked when an ACK arrives at the sender. In this case, once the information in the ACK is processed (by
newack) the packet is no longer needed and is returned to the packet memory allocator. In addition, the receipt of the ACK
indicates the possibility of sending additional data, soltbpSi npl eAgent : : send() method is invoked which attempts

to send more data if the TCP window allows.
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9.55 Implementing Timers

As described in the following chapter (Chapter 10), specific timer classes must be derived from an abstralchbase

Ti mer Handl er defined in as/timer-handler.h. Instances of these subclasses can then be used as various agent timers. An
agent may wish to override thsgent : : t i meout () method (which does nothing). In the case of the Tahoe TCP agent,
two timers are used: a delayed send tidet snd_t i mer _ and a retransmission timett x_t i mer _. We describe the
retransmission timer in TCP (Section 10.1.2) as an example of timer usage.

9.6 Creating a New Agent

To create a new agent, one has to do the following:

decide its inheritance structure (Section 9.6.1), and create the appropriate class definitions,
define the ecv() andt i meout () methods (Section 9.6.2),

define any necessary timer classes,

define OTcl linkage functions (Section 9.6.3),

o~ w D PE

write the necessary OTcl code to access the agent (Section 9.6.4).

The action required to create and agent can be illustrated by means of a very simple example. Suppose we wish to constru
an agent which performs the ICMP ECHO REQUEST/REPLY (or “ping”) operations.

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

Deciding on the inheritance structure is a matter of personal choice, but is likely to be related to the layer at which the agent
will operate and its assumptions on lower layer functionality. The simplest type of Agent, connectionless datagram-oriented
transport, is thégent / UDP base class. Traffic generators can easily be connected to UDP Agents. For protocols wishing to
use a connection-oriented stream transport (like TCP), the various TCP Agents could be used. Finally, if a new transport ot
“sub-transport” protocol is to be developed, usigent as the base class would likely be the best choice. In our example,
we'll use Agent as the base class, given that we are constructing an agent logically belonging to the IP layer (or just above it).

We may use the following class definitions:

cl ass ECHO Ti ner;

cl ass ECHO Agent : public Agent {

public:

ECHO Agent () ;

int command(int argc, const char*const* argv);
pr ot ect ed:

void timeout(int);

void sendit();

doubl e interval _;

ECHO Ti ner echo_timer_;
1

cl ass ECHO Timer : public TinmerHandler {
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public:

ECHO Ti mer (ECHO _Agent *a) : TinerHandler() { a_ = a; }
pr ot ect ed:

virtual void expire(Event *e);

ECHO Agent *a_;
1

9.6.2 Therecv()andti neout () Methods

Ther ecv() method is not defined here, as this agent represents a request function and will generally not be receiving events
or packets$. By not defining the ecv() method, the base class versiomefcv() (i.e, Connect or : : r ecv())is used. The

t i meout () method is used to periodically send request packets. The follawimgout () method is used, along with a

helper methodsendi t ():

voi d ECHO Agent::ti meout (int)

{
sendit();
echo_tiner_.resched(interval );
}
voi d ECHO Agent::sendit ()
{
Packet* p = all ocpkt();
ECHOHeader *eh = ECHOHeader:: access(p->bits());
eh->ti mestanp() = Schedul er::instance().clock();
send(p, 0); /1 Connector::send()
}
voi d ECHO Timer: : expire(Event *e)
{
a _->tinmeout(0);
}

Thet i meout () method simply arranges farendi t () to be executed eveiynt er val _ seconds. Theendi t () method

creates a new packet with most of its header fields already set aplbycpkt (). The packet is only lacks the current time
stamp. The call taccess() provides for a structured interface to the packet header fields, and is used to set the timestamp
field. Note that this agent uses its own special header (‘ECHOHeader”). The creation and use of packet headers is describe
in later chapter (Chapter 11); to send the packet to the next downstreamGQoodesct or : : send() is invoked without a

handler.

9.6.3 Linkingthe“ping” Agent with OTcl

We have the methods and mechanisms for establishing OTcl Linkage earlier (Chapter 3). This section is a brief review of the
essential features of that earlier chapter, and describes the minimum functionality required to create the ping agent.

There are three items we must handle to properly link our agent with Otcl. First we need to establish a mapping between the
OTcl name for our class and the actual object created when an instantiation of the class is requested in OTcl. This is done a
follows:

1This is perhaps unrealistically simple. An ICMP ECHO REQUEST agent would likely wish to process ECHO REPLY messages.
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static class ECHOO ass : public Tcl dass {
public:
ECHOCI ass() : Tcl d ass("Agent/ECHO') {}
Tcl Cbj ect* create(int argc, const char*const* argv) {
return (new ECHO Agent());
}

} class_echo;

Here, astatic object “class_echo” is created. It's constructor (executed immediately when the simulator is executed) places
the class name “Agent/ECHO” into the OTcl name space. The mixing of case is by convention; recall from Section 3.5 in the

earlier chapters that the “/” character is a hierarchy delimiter for the interpreted hierarchy. The definitioc 0é#tes()

method specifies how a C++ shadow object should be created when the OTcl interpreter is instructed to create an objec
of class “Agent/ECHQ". In this case, a dynamically-allocated object is returned. This is the normal way new C++ shadow

objects are created.

Once we have the object creation set up, we will want to link C++ member variables with corresponding variables in the OTcl
nname space, so that accesses to OTcl variables are actually backed by member variables in C++. Assume we would lik
OTcl to be able to adjust the sending interval and the packet size. This is accomplished in the class’s constructor:

ECHO Agent:: ECHO Agent () : Agent (PT_ECHO

{
bind time("interval ", & nterval );
bi nd(" packet Si ze_", &size );

Here, the C++variabldsnt er val _andsi ze_ are linked to the OTcl instance variablest er val _andpacket Si ze_,
respectively. Any read or modify operation to the Otcl variables will result in a corresponding access to the underlying C++
variables. The details of thei nd() methods are described elsewhere (Section 3.4.2). The defined cdPBtd&e€HO is

passed to thagent () constuctor so that thegent : : al | ocpkt () method may set the packet type field used by the trace
support (Section 21.5). In this ca$¥, ECHOrepresents a new packet type and must be definenkitrace.h (Section 21.4).

Once object creation and variable binding is set up, we may want to create methods implemented in C++ but which can be
invoked from OTcl (Section 3.4.4). These are often control functions that initiate, terminate or modify behavior. In our present
example, we may wish to be able to start the ping query agent from OTcl using a “start” directive. This may be implemented
as follows:

i nt ECHO Agent::command(int argc, const char*const* argv)

{
if (argc == 2) {
if (strcnmp(argv[1l], "start") == 0) {
ti meout (0);
return (TCL_CK);
\ }
return (Agent::command(argc, argv));
}

Here, thest ar t () method available to OTcl simply calls the C++ member functiomreout () which initiates the first
packet generation and schedules the next. Note this class is so simple it does not even include a way to be stopped.
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9.6.4 Usingtheagent through OTcl

The agent we have created will have to be instantiated and attached to a node. Note that a hode and simulator object |
assumed to have already been created. The following OTcl code performs these functions:

set echoagent [new Agent/ECHQ
$si mul at or attach-agent $node $echoagent

To set the interval and packet size, and start packet generation, the following OTcl code is executed:

$echoagent set dst_ $dest
$echoagent set fid_ 0
$echoagent set prio_ 0O
$echoagent set flags_ O
$echoagent set interval _ 1.5
$echoagent set packetSize 1024
$echoagent start

This will cause our agent to generate one 1024-byte packet destined fogdedé every 1.5 seconds.

9.7 TheAgent API

Simulated applications may be implemented on top of protocol agents. Chapter 31 describes the APl used by applications t
access the services provided by the protocol agent.

9.8 Different agent objects

Class Agent forms the base class from which different types of objects like Nullobject, TCP etc are derived. The methods for
Agent class are described in the next section. Configuration parameters for:

fid_ Flowid.

prio_ Priority.

agent_addr__ Address of this agent.

agent_port_ Port adress of this agent.
dst_addr_ Destination address for the agent.
dst_port_ Destination port address for the agent.
flags

ttl_ TTL defaults to 32.

There are no state variables specific to the generic agent class. Other objects derived from Agent are given below:
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Null Objects Null objects are a subclass of agent objects that implement a traffic sink. They inherit all of the generic agent
object functionality. There are no methods specific to this object. The state variables are:
e sport_
e dport_
LossMonitor Objects LossMonitor objects are a subclass of agent objects that implement a traffic sink which also maintains

some statistics about the received data e.g., number of bytes received, number of packets lost etc. They inherit all of
the generic agent object functionality.

$l ossnoni tor cl ear
Resets the expected sequence number to -1.

State Variables are:

nlost_ Number of packets lost.

npkts_ Number of packets received.

bytes  Number of bytes received.

lastPktTime_ Time at which the last packet was received.
expected_ The expected sequence number of the next packet.

TCP objects TCP objects are a subclass of agent objects that implement the BSD Tahoe TCP transport protocol as de-
scribed in paper: "Fall, K., and Floyd, S. Comparisons of Tahoe, Reno, and Sack TCP. December 1995." URL ftp://
ftp.ee.lbl.gov/papers/sacks.ps.Z. They inherit all of the generic agent functionality. Configuration Parameters are:
window_ The upper bound on the advertised window for the TCP connection.

maxcwnd_ The upper bound on the congestion window for the TCP connection. Set to zero to ignore. (This is the
default.)

windowlnit_ The initial size of the congestion window on slow-start.
windowOption_ The algorithm to use for managing the congestion window.

windowThresh_ Gain constant to exponential averaging filter used to compute awnd (see below). For investigations
of different window-increase algorithms.

overhead_ The range of a uniform random variable used to delay each output packet. The idea is to insert random
delays at the source in order to avoid phase effects, when desired [see Floyd, S., and Jacobson, V. On Traffic Phas
Effects in Packet-Switched Gateways. Internetworking: Research and Experience, V.3 N.3, September 1992. pp.
115-156 ]. This has only been implemented for the Tahoe ("tcp") version of tcp, not for tcp-reno. This is not
intended to be a realistic model of CPU processing overhead.

ecn_ Set to true to use explicit congestion notification in addition to packet drops to signal congestion. This allows a
Fast Retransmit after a quench() due to an ECN (explicit congestion notification) bit.

packetSize The size in bytes to use for all packets from this source.

tepTick_ The TCP clock granularity for measuring roundtrip times. Note that it is set by default to the non-standard
value of 100ms.

bugFix_ Set to true to remove a bug when multiple fast retransmits are allowed for packets dropped in a single window
of data.

maxburst_ Set to zero to ignore. Otherwise, the maximum number of packets that the source can send in response tc
a single incoming ACK.

sow_start_restart_ Set to 1 to slow-start after the connection goes idle. On by default.
Defined Constants are:

MWS The Maximum Window Size in packets for a TCP connection. MWS determines the size of an array in tcp-
sink.cc. The default for MWS is 1024 packets. For Tahoe TCP, the "window" parameter, representing the re-
ceiver's advertised window, should be less than MWS-1. For Reno TCP, the "window" parameter should be less
than (MWS-1)/2.
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State Variables are:

dupacks  Number of duplicate acks seen since any new data was acknowledged.

segno_ Highest sequence number for data from data source to TCP.

t_seqno_ Current transmit sequence number.

ack_ Highest acknowledgment seen from receiver. cwnd_ Current value of the congestion window.

awnd_ Current value of a low-pass filtered version of the congestion window. For investigations of different window-
increase algorithms.

ssthresh_ Current value of the slow-start threshold.
rtt_ Round-trip time estimate.
srtt_ Smoothed round-trip time estimate.
rttvar_ Round-trip time mean deviation estimate.
backoff _ Round-trip time exponential backoff constant.
TCP/Reno Objects TCP/Reno objects are a subclass of TCP objects that implement the Reno TCP transport protocol de-
scribed in paper: "Fall, K., and Floyd, S. Comparisons of Tahoe, Reno, and Sack TCP. December 1995." URL ftp://

ftp.ee.Ibl.gov/papers/sacks.ps.Z. There are no methods, configuration parameters or state variables specific to this ol
ject.

TCP/Newreno Objects TCP/Newreno objects are a subclass of TCP objects that implement a modified version of the BSD
Reno TCP transport protocol. There are no methods or state variables specific to this object.

Configuration Parameters are:

newreno_changes  Set to zero for the default NewReno described in "Fall, K., and Floyd, S. Comparisons of Tahoe,
Reno, and Sack TCP. December 1995". Set to 1 for additional NewReno algorithms [see Hoe, J., Improving the
Start-up Behavior of a Congestion Control Scheme for TCP. in SIGCOMM 96, August 1996, pp. 270-280. URL
http://www.acm.org/sigcomm/sigcomm96/papers/hoe.html.]; this includes the estimation of the ssthresh parame-
ter during slow-start.

TCP/Vegas Objects There are no methods or configuration parameters specific to this object. State variables are:

v_alpha_
e Vv _beta
e V_gamma_
o v_rtt_
TCP/Sack1 Objects TCP/Sackl objects are a subclass of TCP objects that implement the BSD Reno TCP transport protocol
with Selective Acknowledgement Extensions described in "Fall, K., and Floyd, S. Comparisons of Tahoe, Reno, and

Sack TCP. December 1995". URL ftp:// ftp.ee.lbl.gov/papers/sacks.ps.Z. They inherit all of the TCP object functional-
ity. There are no methods, configuration parameters or state variables specific to this object.

TCP/FACK Objects TCP/Fack objects are a subclass of TCP objects that implement the BSD Reno TCP transport protocol
with Forward Acknowledgement congestion control. They inherit all of the TCP object functionality. There are no
methods or state variables specific to this object.

Configuration Parameters are:

ss-div4 Overdamping algorithm. Divides ssthresh by 4 (instead of 2) if congestion is detected within 1/2 RTT of
slow-start. (1=Enable, 0=Disable)

rampdown Rampdown data smoothing algorithm. Slowly reduces congestion window rather than instantly halving it.
(1=Enable, 0=Disable)

TCP/FULLTCP Objects This section has not yet been added here. The implementation and the configuration parameters
are described in paper: "Fall, K., Floyd, S., and Henderson, T., Ns Simulator Tests for Reno FullTCP. July, 1997." URL
ftp://ftp.ee.lbl.gov/papers/fulltcp.ps.
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TCPSINK Objects TCPSink objects are a subclass of agent objects that implement a receiver for TCP packets. The simu-
lator only implements "one-way" TCP connections, where the TCP source sends data packets and the TCP sink send
ACK packets. TCPSink objects inherit all of the generic agent functionality. There are no methods or state variables
specific to the TCPSink object. Configuration Parameters are

packetSize The size in bytes to use for all acknowledgment packets.

maxSackBlocks The maximum number of blocks of data that can be acknowledged in a SACK option. For a receiver
that is also using the time stamp option [RFC 1323], the SACK option specified in RFC 2018 has room to include
three SACK blocks. This is only used by the TCPSink/Sackl subclass. This value may not be increased within
any particular TCPSink object after that object has been allocated. (Once a TCPSink object has been allocated
the value of this parameter may be decreased but not increased).

TCPSINK/DELACK Objects DelAck objects are a subclass of TCPSink that implement a delayed-ACK receiver for TCP
packets. They inherit all of the TCPSink object functionality. There are no methods or state variables specific to the
DelAck object. Configuration Parameters are:

interval_ The amount of time to delay before generating an acknowledgment for a single packet. If another packet
arrives before this time expires, generate an acknowledgmentimmediately.

TCPSINK/SACK1 Objects TCPSink/Sackl objects are a subclass of TCPSink that implement a SACK receiver for TCP
packets. They inherit all of the TCPSink object functionality. There are no methods, configuration parameters or state
variables specific to this object.

TCPSINK/SACK1/DELACK Objects TCPSink/Sack1/DelAck objects are a subclass of TCPSink/Sackl that implement a
delayed-SACK receiver for TCP packets. They inherit all of the TCPSink/Sackl object functionality. There are no
methods or state variables specific to this object. Configuration Parameters are:

interval_ The amount of time to delay before generating an acknowledgment for a single packet. If another packet
arrives before this time expires, generate an acknowledgment immediately.

9.9 Commandsat aglance

Following are the agent related commands used in simulation scripts:

ns_ attach-agent <node> <agent >

This command attaches the <agent> to the <node>. We assume here that the <agent> has already been created. An agent
typically created byset agent [new Agent/ Agent Type] where Agent/AgentType defines the class definiton of the
specified agent type.

$agent port
This returns the port number to which the agent is attached.

$agent dst - port
This returns the port number of the destination. When any connection is setup between 2 nodes, each agent stores the
destination port in its instance variable callst _port _.

$agent attach-app <s_type>
This commands attaches an application of typet ype> to the agent. A handle to the application object is returned. Also
note that the application type must be defined as a packet type in packet.h.

$agent attach-source <s_type>

This used to be the procedure to attach source of&ygpd ype> to the agent. But this is obsolete now. Use attach-app
(described above) instead.
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$agent attach-tbf <tbf>
Attaches a token bucket filter (tbf) to the agent.

$ns_ connect <src> <dst>
Sets up a connection between the src and dst agents.

$ns_ create-connection <srctype> <src> <dsttype> <dst> <pktcl ass>

This sets up a complete connection between two agents. First creates a source of type <srctype> and binds it to <src>. Thel
creates a destination of type <dsttype> and binds it to <dst>. Finally connects the src and dst agents and returns a handle tc
the source agent.

$ns_ create-connection-list <srctype> <src> <dsttype> <dst> <pktcl ass>
This command is exactly similar to create-connection described above. But instead of returning only the source-agent, this
returns a list of source and destination agents.

Internal procedures:

$ns_ si npl ex-connect <src> <dst>

This is an internal method that actually sets up an unidirectional connection between the <src> agent and <dst> agent. It
simply sets the destination address and destination port of the <src> as <dst>'s agent-address and agent-port. The "connec
described above calls this method twice to set up a bi-directional connection between the src and dst.

$agent set <args>
This is an internal procedure used to inform users of the backward compatibility issues resulting from the upgrade to 32-bit
addressing space currently usechén

$agent attach-trace <file>
This attaches the <file> to the agent to allow nam-tracing of the agent events.

In addition to the agent related procedures described here, there are additional methods that support different type of agents
like Agent/Null, Agent/TCP, Agent/CBR, Agent/TORA, Agent/mcast etc. These additional methods along with the
procedures described here can be founasitel/lib/(ns-agent.tcl, ns-lib.tcl, ns-mip.tcl, ns-mobilenode.tcl, ns-namsupp.tcl,
ns-queue.tcl, ns-route.tcl, ns-sat.tcl, ns-source.tcl). They are also described in the previous section.
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Chapter 10

Timers

Timers may be implemented in C++ or OTcl. In C++, timers are based on an abstract base class defgf@uér-handler.h.

They are most often used in agents, but the framework is general enough to be used by other objects. The discussion below
oriented towards the use of timers in agents.

The procedures and functions described in this chapter can be foundialfex/timer.tcl, and ns/timer-handler.{cc, h}.

In OTcl, a simple timer class is defined imgfcl/ex/timer.tcl. Subclasses can be derived to provide a simple mechanism for
scheduling events at the OTcl level.

10.1 C++ abstract base class TimerHandler

The abstract base clags mer Handl er contains the following public member functions:

voi d sched(double delay) schedule atimer to expire delay seconds in the future
voi d resched(double delay) reschedule atimer (similastohed(), but timer may be pending)
voi d cancel () cancelapending timer

int status() returns timer status (either TIMER_IDLE, TIMER PENDING, or
TIMER_HANDLING)

The abstract base class mer Handl er contains the following protected members:

virtual void expire(Event*te) =0 this method must be filled in by the timer client
virtual void handl e(Event*e) =0 consumes an event
int status_ keeps track of the current timer status
Event event _ event to be consumed upon timer expiration

The pure virtual functions must be defined by the timer classes deriving from this abstract base class.

Finally, two private inline functions are defined:

inline void sched(double delay) {
(voi d) Schedul er::instance().schedul e(this, &event , del ay);
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}
inline void _cancel () {
(voi d) Schedul er: :i nstance(). cancel (&event );

}

From this code we can see that timers make use of methods 8€Ethedul er class.

10.1.1 Definition of a new timer

To define a new timer, subclass this function and ddfimed| e() if needed kandl e() is not always required):

class MyTinmer : public TinmerHandl er {

publi c:
M Ti mer (MyAgentCl ass *a) : TimerHandler() { a_ = a; }
virtual doubl e expire(Event *e);

pr ot ect ed:

MyAgent Cl ass *a_;

1

Then define expire:

doubl e
MyTi mer: : expi re(Event *e)

/] dothework

/1l return TI MER_HANDLED; /1 => do not reschedule timer
/1 return del ay; /1 => rescheduletimer after delay

Note thatexpi r e() can return either the flag TIMER_HANDLED or a delay value, depending on the requirements for this
timer.

OftenMyTi mer will be a friend ofMyAgent Cl ass, orexpi r e() will only call a public function ofiWwAgent d ass.

Timers are not directly accessible from the OTcl level, although users are free to establish method bindings if they so desire.

10.1.2 Example: Tcp retransmission timer

TCP is an example of an agent which requires timers. There are three timers defined in the basic Tahoe TCP agent defined |
tcp.cc:

rex_timer_; /* Retransmission timer */
del snd_tiner_; / * Delays sending of packets by a small random amount of time, * /

/ * to avoid phase effects * /
burstsnd_tinmer_; / * Helps TCP to stagger the transmission of a large window * /

/ * into several smaller bursts*/
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In ~ng/tcp.h, three classes are derived from the base claass Ti ner Handl er:

class RtxTiner : public TimerHandler {
publi c:

Rt xTi mer (TcpAgent *a) : TimerHandler() { a_ = a; }
pr ot ect ed:

virtual void expire(Event *e);

TcpAgent *a_;

1
cl ass Del SndTinmer : public TinerHandl er {
public:
Del SndTi ner (TcpAgent *a) : TinmerHandler() { a_ = a; }
pr ot ect ed:
virtual void expire(Event *e);
TcpAgent *a_;
1
cl ass BurstSndTimer : public TinmerHandl er {
publi c:
Bur st SndTi ner (TcpAgent *a) : TimerHandler() { a_ = a; }
pr ot ect ed:
virtual void expire(Event *e);
TcpAgent *a_;
1

In the constructor fofcpAgent int cp. cc, each of these timers is initialized with théi s pointer, which is assigned to
the pointera_.

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 focus only on the retransmission timer. Various helper methods may be defined to schedule timer
eventseg.,

/ *
* Set retransmit timer using current rtt estimate. By calling r esched()
* it does not matter whether the timer was already running.

*/
voi d TcpAgent::set rtx tinmer()
{
rtx_timer_.resched(rtt_timeout());
}
/*

*  Sat new retransmission timer if not all outstanding
* data has been acked. Otherwise, if atimer is still
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* outstanding, cancel it.

*/
voi d TcpAgent::newti mer ( Packet* pkt)
{
hdr _tcp *tcph = (hdr_tcp*) pkt->access(off_tcp_);
if (t_segno_ > tcph->seqno())
set _rtx _timer();
else if (rtx_timer_.status() == TI MER_PENDI NG
rtx_timer_.cancel ();
}

Inthe above code, treet _rt x_t i mer () method reschedules the retransmission timer by calling ti mer _. r esched().
Note thatif it is unclear whether or not the timer is already running, callegic hed() eliminates the need to explicitly cancel
the timer. In the second function, examples are given of the use sttatus() andcancel (void) methods.

Finally, theexpi r e(void) method for clasBt x Ti ner must be defined. Inthis casepi r e(void) calls the i neout (void)
method forTcpAgent . This is possible because meout () is a public member function; if it were not, th&h xTi mer
would have had to have been declared a friend cla3s pfAgent .

voi d TcpAgent::tineout(int tno)
{
[* retransmt timer */
if (tno == TCP_TI MER_RTX) {
i f (highest _ack == maxseq_ && !slow start restart ) {
/*
*  TCP option:
* 1f no outstanding data, then don’t do anything.
*/
return;
1
recover_ = maxseq_;
recover _cause_ = 2;
cl osecwnd(0) ;
reset _rtx_timer(0,1);
send_rmuch(0, TCP_REASON TI MEQUT, maxburst );
} else {
/*
* delayed-send timer, with random overhead
* to avoid phase effects
*/
send_rmuch(1, TCP_REASON TI MEQUT, maxburst );

}

void Rt xTimer::expire(Event *e) {
a_->tinmeout (TCP_TI MER_RTX) ;
}

The various TCP agents contain additional examples of timers.
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10.2 OTcl Timer class

A simple timer class is defined ims/tcl/mcast/timer.tcl. Subclasses Of ner can be defined as needed. Unlike the C++
timer API, where ached() aborts if the timer is already setched() andr esched() are the same; i.e., no state is kept for
the OTcl timers. The following methods are defined inTherer base class:

$sel f sched $del ay ; # causes "$self timeout" to be called $delay secondsin the future
$sel f resched $del ay ; # same as "$self sched $delay”
$sel f cancel ; # cancels any pending scheduled callback
$sel f destroy ; # same as "$self cancel”
$self expire ; # calls "$salf timeout” immediately

10.3 Commandsat a glance

Following is a list of methods for the class Timer. Note that many different types of timers have been derived from this base
class (viz. LogTimer, Timer/Iface, Timer/Iface/Prune, CacheTimer, Timer/Scuba etc).

$tinmer sched <del ay>
This command cancels any other event that may have been scheduled and re-schedules another event after time <delay>.

$tiner resched <del ay>
Similar to "sched" described above. Added to have similar APIs as that of the C++ timers.

$tinmer cancel
This cancels any scheduled event.

$tinmer destroy
This is similar to cancel. Cancels any scheduled event.

$tinmer expire
This command calls for a time-out. However the time-out procedure needs to be defined in the sub-classes.

All these procedures can be foundisitcl/mcast/timer.tcl.
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Chapter 11

Packet Header sand For mats

The procedures and functions described in this chapter can be foun@/tnlfib/ns-lib.tcl, ~ns/tcl/lib/ns-packet.tcl, and
~ns/packet.{cc, h}.

Objects inthecl ass Packet are the fundamental unit of exchange between objects in the simulation. Theatdsst

provides enough information to link a packet on to a ligt (in aPacket Queue or on a free list of packets), refer to a buffer
containing packet headers that are defined on a per-protocol basis, and to refer to a buffer of packet data. New protocols ma
define their own packet headers or may extend existing headers with additional fields.

New packet headers are introduced into the simulator by defining a C++ structure with the needed fields, defining a static
class to provide OTcl linkage, and then modifying some of the simulator initialization code to assign a byte offset in each
packet where the new header is to be located relative to others.

When the simulator is initialized through OTcl, a user may choose to enable only a subset of the compiled-in packet formats,
resulting in a modest savings of memory during the execution of the simulation. Presently, most configured-in packet formats
are enabled. The management of which packet formats are currently enabled in a simulation is handled by a special packe
header manager object described below. This object supports an OTcl method used to specify which packet headers will b
used in a simulation. If an object in the simulator makes use of a field in a header which has not been enabled, a run-time
fatal program abort occurs.

11.1 A Protocol-Specific Packet Header

Protocol developers will often wish to provide a specific header type to be used in packets. Doing so allows a new protocol
implementation to avoid overloading already-existing header fields. We consider a simplified version of RTP as an example.
The RTP header will require a sequence number fields and a source identifier field. The following classes create the neede
header (seeng/rtp.h and xg/rtp.cc):

From rtp.h:
/* rtp packet. For now, just have srcid + segno. */
struct hdr_rtp {
uint32_t srcid_;
int segno_;
/* per-field member functions */
u_int32_t& srcid() { return (srcid_); }
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int& seqno() { return (seqno_ ); }

[ * Packet header access functions */

static int offset_;

inline static int& offset() { return offset_; }

inline static hdr_rtp* access(const Packet* p) {
return (hdr_rtp*) p->access(offset );

}
s

From rtp.cc:

cl ass RTPHeader Cl ass : public Packet Header d ass {
publi c:
RTPHeader Cl ass() : Packet Header Cl ass( " Packet Header/ RTP",
sizeof (hdr_rtp)) {
bi nd_of fset (&dr _rtp::offset );

}
} class_rtphdr;

voi d RTPAgent : : sendpkt ()

{
Packet* p = all ocpkt();
hdr rtp *rh = hdr_rtp::access(p);
| astpkttime_ = Schedul er::instance().clock();
/* Fillinsrcid_and segno */
rh->segqno() = seqno_++;
rh->srcid() = session_->srcid();
target _->recv(p, 0);
}

RTPAgent : : RTPAgent ()
session_(0), lastpkttinme (-1e6)
{
type_ = PT_RTP;

bi nd("segno_", &seqno_);

The first structurehdr _rt p, defines the layout of the RTP packet header (in terms of words and their placement): which
fields are needed and how big they are. This structure definition is only used by the compiler to compute byte offsets of
fields; no objects of this structure type are ever directly allocated. The structure also provides member functions which in
turn provide a layer of data hiding for objects wishing to read or modify header fields of packets. Note that the static class
variableof f set _ is used to find the byte offset at which the rtp header is located in an arhiigpagket. Two methods

are provided to utilize this variable to access this header in any packétset () andaccess(). The latter is what

most users should choose to access this particular header in a packet; the former is used by the packet header managem
class and should seldom be used. For example, to access the RTP packet header in a packet pointeddmply says

hdr _rtp::access(p). The actual binding obf f set _ to the position of this header in a packet is done by routines
inside ng/tcl/lib/ns-packet.tcl and rs/packet.cc. Theonst in access() s argument provides (presumably) read-only
access to aonst Packet, Ithough read-only is enforced since the return pointer isargt . One correct way to do this is

to provide two methods, one for write access, the other for read-only access. However, this is not currently implemented.

IMPORTANT: Notice that this is completely different from tlogiginal (and obsolete) method to access a packet header,
which requires that an integer variabtd,f _(hdr nane)_, be defined for any packet header that one needs to access. This
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method is now obsolete; its usage is tricky and its misuse can be very difficult to detect.

The static object] ass_rt phdr ofcl ass RTPHeader Cl ass is used to provide linkage to OTcl when the RTP header

is enabled at configuration time. When the simulator executes, this static object cRésthet Header Cl ass constructor

with argument$ Packet Header / RTP" andsi zeof ( hdr _rt p) . This causes the size of the RTP header to be stored and
made available to the packet header manager at configuration time (see below, Section 11.2.4). Notioe thaftf set ()

MUST be called in the constructor of this class, so that the packet header manager knows where to store the offset for this
particular packet header.

The sample member functisendpkt () method ofRTPAgent creates a new packet to send by callalg ocpkt (),

which handles assignment of all the network-layer packet header fields (in this case, IP). Headers other than IP are handle
separately. In this case, the agent usesRhEeHeader defined above. ThPacket : : access(void) member function

returns the address of the first byte in a buffer used to hold header information (see below). Its return value is cast as a pointe
to the header of interest, after which member functions oRIfleHeader object are used to access individual fields.

11.1.1 Adding a New Packet Header Type

Assuming we wish to create a new header cafiedhdr the following steps are performed:

1. create a new structure defining the raw fields (cdlled_newhdr ), defineof f set _ and access methods.
2. define member functions for needed fields.

3. create a static class to perform OTcl linkage (deffPesket Header / Newhdr ), dobi nd_of f set () in its con-
structor.

4. edit -ng/tcl/lib/ns-packet.tcl to enable new packet format (see 11.2.2, 11.2.4).

This is the recommended way to add your packet headers. If you do not follow this method, your simulation may still work,
but it may behave in a unpredictable way when more protocols are added into your simulation. The reason is that the BOB
(Bag of Bits, Section 11.2.1) in ngpacket is a large sparse space, assigning one wrong packet header offset may not trigger
failure immediately.

11.1.2 Selectively Including Packet Headersin Your Simulation

By default, ns includesLL packet headers &LL protocols in ns irEVERY packet in your simulation. This is a LOT of

overhead, and will increase as more protocols are added into ns. For “packet-intensive” simulations, this could be a huge
overhead. For instance, as of now (Aug 30, 2000), the size of packet headers of all protocols in ns is about 1.9KB; however,
if you turn on only the common header, the IP header and the TCP header, they add up to about 100 bytes. If you are doinc
large-scale web traffic simulation with many big fat pipes, reducing unused packet headers can lead to major memory saving

To include only the packet headers that are of interest to you in your specific simulation, follow this pattern (e.g., you want to
remove AODV and ARP headers from your simulation):

renove- packet - header ACDV ARP

set ns [new Sinul at or]

Notice thatr enmove- packet - header MUST go before the simulator is created. All packet header names are in the forms
of Packet Header /[ hdr] . You only need to supply thehdr ] part, not the prefix. To find the names of packet headers,
you may either look them up inng/tcl/lib/ns-packet.tcl, or run the following simple commandsi&n
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foreach cl [Packet Header info subclass] {
puts $cl
}

To include only a specific set of headers in your simulation, e.g., IP and TCP, follow this pattern:

renove- al | - packet - header s
add- packet - header | P TCP

set ns [new Sinul ator]

IMPORTANT: You MUST never remove common header from your simulation. As you can se&/tnlflib/ns-packet.tcl,
this is enforced by these header manipulation procs.

Notice that by default, all packet headers are included.

11.2 Packet Classes

There are four C++ classes relevant to the handling of packets and packet headers inBaakel;, p_i nf o Packet Header ,
andPacket Header Manager . Thecl ass Packet defines the type for all packets in the simulation; it is a subclass of
Event so that packets may be scheduled (e.qg. for later arrival at some queue)! @abe packet i nf o holds all text
representations for packet names. Thass Packet Header provides a base class for any packet header configured into

the simulation. It essentially provides enough internal state to locate any particular packet header in the collection of packet
headers present in any given packet. Thess Packet Header Manager defines a class used to collect and manage
currently-configured headers. It is invoked by a method available to OTcl at simulation configuration time to enable some
subset of the compiled-in packet headers.

11.2.1 The Packet Class

The class Packet defines the structure of a packet and provides member functions to handle a free list for objects of this type
Itis illustrated in Figure 11.1 and defined as followgimcket . h:

cl ass Packet : public Event {

private:
friend class Packet Queue;
u _char* bits_;
u_char* data_; / * variable size buffer for "data’ */
u_int datalen_; / * length of variable size buffer * /
pr ot ect ed:
static Packet* free_;
public:

Packet * next_; [ * for queuesand thefreelist */
static int hdrlen_;

Packet () : bits (0), datalen_ (0), next (0) {}

u_char* const bits() { return (bits ); }

Packet * copy() const;

static Packet* alloc();
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Packet points to next packet in either
free list or in a PacketQueue

next_

hdrsize accessdata()

’ bits) >
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\ size determined
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Figure 11.1: A Packet Object

static Packet* alloc(int);
inline void all ocdata(int);
static void free(Packet*);
inline u_char* access(int off) {

if (off < 0)

abort ();

return (&its [off]);

}

inline u char* accessdata() { return data_; }

b

This class holds a pointer to a generic array of unsigned characters (commonly called the “bag of bits” or BOB for short) where
packet header fields are stored. It also holds a pointer to packet “data” (which is often not used in simulatiobs}.sThe
variable contains the address of the first byte of the BOB. Effectively BOB is (currently implemented as) a concatenation of
all the structures defined for each packet header (by convention, the structures with names bedinnisgnet hi ng))

that have been configured in. BOB generally remains a fixed size throughout a simulation, and the size is recorded in the
Packet : : hdr| en_ member variable. This size is updated during simulator configuration by*OTcl

The other methods of the class Packet are for creating new packets and storing old (unused) ones on a private free list. Suc
allocation and deallocation is performed by the following code (igpacket.h):

i nline Packet* Packet::alloc()

{

Packet* p = free_;

if (p'!'=0)
free_ = p->next_;

Litis not intended to be updated after configuration time. Doinghsald be possible, but is currently untested.
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el se {
p = new Packet;

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

}

/* allocate a packet with an n byte data buffer */
i nline Packet* Packet::alloc(int n)

{
Packet* p = alloc();
if (n >0
p->al | ocdat a(n) ;
return (p);
}

[ * allocate an n byte data buffer to an existing packet */
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_) {
del ete p->data_;
p- >dat al en_ = O;

}

i nline Packet* Packet::copy() const
{
Packet* p = alloc();
mencpy(p->bits(), bits_, hdrlen));
if (datalen ) {
p- >dat al en_ = datal en_;
p->data_ = new u_char[datal en_];
mencpy(p->data_, data_, datalen_);

}
return (p);

Theal | oc() method is a support function commonly used to create new packets. It is caliégiemy : : al | ocpkt ()

method on behalf of agents and is thus not normally invoked directly by most objects. It first attempts to locate an old packet
on the free list and if this fails allocates a new one using the @awoperator. Note tha®acket class objects and BOBs are
allocated separately. THie ee() method frees a packet by returning it to the free list. Note ppheltets are never returned to
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the system’smemory allocator. Instead, they are stored on a free list wiRartket : : f r ee() is called. Theeopy () member
creates a new, identical copy of a packet with the exception ofitlte _field, which is unique. This function is used by
Repl i cat or objects to support multicast distribution and LANSs.

11.2.2 p_infoClass

This class is used as a “glue” to bind numeric packet type values with their symbolic names. When a new packet type is
defined, its numeric code should be added to the enumeradioket _t (see ag/packet.h)? and its symbolic name should
be added to the constructorpfi nf o:

enum packet _t {

PT_TCP,

PT_NTYPE // This MUST be the LAST one
b
class p_info {
publi c:

p_info() {

nane_[ PT_TCP] = "tcp";

}

}

11.2.3 Thehdr_cmn Class
Every packet in the simulator has a “common” header which is defineddipacket.h as follows:

struct hdr_cmm {

doubl e ts_; [ * timestamp: for g-delay measurement * /
packet t ptype_; | * packet type (see above) * /
i nt uid_; / * uniqueid */
i nt si ze_; [ * simulated packet size* /
i nt i face_; [ * receiving interface (label) * /

/ *  Packet header accessfunctions */

static int offset_;

inline static int& offset() { return offset_; }

inline static hdr_cmm* access(Packet* p) {
return (hdr_cmm*) p->access(offset_ );

}

/* per-field member functions */

int& ptype() { return (ptype_); }
int& uid() { return (uid)); }
int& size() { return (size ); }
int& iface() { return (iface ); }

2Note: PT_NTYPE should remain the last element of this enumeration.
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doubl e& timestanp() { return (ts_ ); }
b

This structure primarily defines fields used for tracing the flow of packets or measuring other quantities. The time stamp field
is used to measure queuing delay at switch nodes.ptlype_ field is used to identify the type of packets, which makes
reading traces simpler. The d_ field is used by the scheduler in scheduling packet arrivals.sThe_ field is of general

use and gives the simulated packet’s size in bytes. Note that the actual number of bytes consumed in the simulation may nc
relate to the value of this field (i.esj ze_ hasno relationship tosi zeof (st ruct hdr _cnm) or other ns structures).
Rather, it is used most often in computing the time required for a packet to be delivered along a network link. As such it
should be set to the sum of the application data size and IP-, transport-, and application-level headers for the simulated packe
Thei f ace_ field is used by the simulator when performing multicast distribution tree computations. It is a label indicating
(typically) on which link a packet was received.

11.2.4 The PacketHeader Manager Class

An object of thecl ass Packet Header Manager is used to manage the set of currently-active packet header types and
assign each of them unique offsets in the BOB. It is defined in both the C++ and OTcl code:

From tcl/lib/ns-packet.tcl:
Packet Header Manager set hdrlen_ O
foreach prot ({
AOCDV
ARP
aSRM
Conmon
Cr Mcast
Di ffusion

HA
}

Si mul ator instproc create_packetformat {} {
Packet Header Manager instvar tab_
set pm [ new Packet Header Manager]
foreach cl [Packet Header info subclass] {
if [info exists tab_($cl)] {
set off [$pm al | ochdr $cl]
$cl of fset S$off

add- packet - header $pr ot

}
}
$sel f set packet Manager _ $pm
}
Packet Header Manager instproc allochdr cl {
set size [$cl set hdrlen_]
$sel f instvar hdrlen_
set NS _ALICGN 8 ; # round up to nearest NS_ALIGN bytes, (needed on sparc/solaris)
set incr [expr ($size + ($NS_ALIGN1)) & ~($NS_ALIGN-1)]
set base $hdrlen_
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incr hdrlen_ $incr
return $base

}

From packet.cc:
/* manages active packet header types */
cl ass Packet Header Manager : public Tcl Object {
public:
Packet Header Manager () {
bi nd("hdrlen_", &Packet::hdrlen_);
}

b

The code in ngtcl/lib/ns-packet.tcl is executed when the simulator initializes. Thusf tdreeach statement is executed
before the simulation begins, and initializes the OTcl class aredy to contain the mapping between class the name and

the names of the currently active packet header classes. As discussed above (11.1), packet headers should be accessed u
hdr _(hdr nane): : access().

Thecr eat e_packet f or mat {} instance procedure is part of the basic Simulator class and is called one time during sim-
ulator configuration. It first creates a singtacket Header Manager object. The C++ constructor links the OTcl instance
variablehdr | en_ (of classPacket Header Manager ) to the C++ variabléacket : : hdr | en_ (a static member of the
Packet class). This has the effect of settifgcket : : hdr | en_ to zero. Note that binding across class types in this
fashion is unusual.

After creating the packet manager, ther each loop enables each of the packet headers of interest. This loop iterates
through the list of defined packet headers of the fékm o;) whereh; is the name of théth header and,; is the name of the
variable containing the location of tlkg header in BOB. The placement of headers is performed balth@chdr instproc

of thePacket Header Manager OTcl class. The procedure keeps a running variablel en_ with the current length of

BOB as new packet headers are enabled. It also arranges for 8-byte alignment for any newly-enabled packet header. Thi
is needed to ensure that when double-world length quantities are used in packet headers on machines where double-wo
alignment is required, access faults are not prodifced.

11.3 Commandsat a glance

Following is a list of packet-header related procedures:

Si nul ator:: create_packetfornat

This is an internal simulator procedure and is called once during the simulator configuration to setup a
packetHeaderManager object.

Packet Header Manager : : al | ochdr

This is another internal procedure of Class PacketHeaderManager that keeps track of a varialiieichkéed as new
packet-headers are enabled. It also allows 8-byte allignment for any newly-enabled pkt header.

add- packet - header takes a list of arguments, each of which is a packet header name (Withoket Header /
prefix). This global proc will tell simulator to include the specified packet header(s) in your simulation.

3In some processer architectures, including the Sparc and HP-PA, double-word access must be performed on a double-word boundary (i.e. addres
ending in 0 mod 8). Attempting to perform unaligned accesses result in an abnormal program termination.
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r enove- packet - header operates in the same syntax, but it removes the specified headers from your simulation; notice
that it does not remove the common header even it is instructed to do so.

renove- al | - packet - header s is a global Tcl proc. It takes no argument and removes all packet headers, except the
common header, from your simulatioamdd- al | - packet - header s is its counterpart.
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Chapter 12

Error Modd

This chapter describes the implementation and configuration of error models, which introduces packet losses into a simulation

12.1 Implementation

The procedures and functions described in this section can be found/@rrmodel.{cc, h}.

Error model simulates link-level errors or loss by either marking the packet’s error flag or dumping the packet to a drop
target. In simulations, errors can be generated from a simple model such as the packet error rate, or from more complicate
statistical and empirical models. To support a wide variety of models, the unit of error can be specified in term of packet, bits,
or time-based.

TheEr r or Mbdel class is derived from th€onnect or base class. As the result, it inherits some methods for hooking up
objects such asar get anddr op-t ar get . If the drop target exists, it will received corrupted packets fEsmor Model .
Otherwise Er r or Model just marks theer r or _ flag of the packet's common header, thereby, allowing agents to handle
the loss. Thér r or Model also defines additional Tcl methaoahi t to specify the unit of error andanvar to specify the
random variable for generating errors. If not specified, the unit of error will be in packets, and the random variable will be
uniform distributed from O to 1. Below is a simple example of creating an error model with the packet error rate of 1 percent
(0.01):

# create a |l oss_nodul e and set its packet error rate to 1 percent
set | oss_nodul e [ new ErrorMdel ]
$l oss_nodul e set rate_ 0.01

# optional: set the unit and random variable
$l oss_nodul e unit pkt ; # error unit: packets (the default)
$l oss_nodul e ranvar [ new RandonVari abl e/ Uni form

# et target for dropped packets
$l oss_nodul e drop-target [new Agent/Null]

In C++, theEr r or Model contains both the mechanism and policy for dropping packets. The packet dropping mechanism
is handled by the ecv method, and packet corrupting policy is handled bydber upt method.
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enum ErrorUnit { EU PKT=0, EU BIT, EU TIME };

cl ass ErrorMdel : public Connector {
publi c:
Err or Model () ;
voi d recv(Packet*, Handl er*);
virtual int corrupt(Packet*);
inline double rate() { return rate_; }
pr ot ect ed:
int command(int argc, const char*const* argv);
ErrorUnit eu_; / * error unit in pkt, bit, or time*/
RandonVari abl e* ranvar _;
doubl e rate_;

}s

TheEr r or Mbdel only implements a simple policy based on a single error rate, either in packets of bits. More sophisticated
dropping policy can be implemented in C++ by deriving fr&nr or Model and redefining itgor r upt method.

12.2 Configuration

The previous section talked about error model, in this section we discuss how to use error models in ns.

To use an error model, it has to be inserted into a SimpleLink object. Because a SimpleLink is a composite object (Chaptel
6), an error model can be inserted to many places. Currently we provide the following methods to insert an error module into
three different places.

e Insert an error module in a SimpleLink BEFORE the queue module. This is provided by the following two OTcl
methods:

SimpleLink::errormodule args  When an error model is given as a parameter, it inserts the error module i
the simple link, right after the queue module, and set the drop-target of the el
ror model to be the drop trace object of the simple link. Note that this requires
the following configuration ordems namt race- al | followed by link con-
figurations, followed by error model insertion. When no argument is given, it
returns the current error model in the link, if there’s any. This method is definec
in ng/tcl/lib/ns-link.tcl

Simulator::lossmodelem) (srg (dsy Call SimpleLink::errormodule to insert the given error module into the simple
link (src, dst). It's simply a wrapper for the above method. This method is definec
in ns/tcl/lib/ns-lib.tcl.

e Insertan error module in a SimpleLink AFTER the queue but BEFORE the delay link. This is provided by the following
two methods:

SimpleLink::insert-linkloss args ~ This method’s behavior is identical to that of
Si mpl eLi nk: : error nodul e, except that it inserts an error mod-
ule immediately after the queue object. It's defineddficl/lib/ns-link.tcl
Simulator::link-lossmodelem) (sr¢) (dst  This is a wrapper foSi npl eLi nk: :i nsert-1i nkl oss. It's defined
in ng/tcl/lib/ns-lib.tcl
The nam traces generated by error models inserted using these two methods do not require special treatment and ce
be visualized using an older version of nam.
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e Insert an error module in a Link AFTER the delay link module. This can be dord bk: : i nstal | -error.
Currently this API doesn’t produce any trace. It only serves as a placeholder for possible future extensions.

12.3 Multi-state error model

Contributed by Jianping Pan (jpan@bbcr.uwaterloo.ca).

The multi-state error model implements time-based error state transitions. Transitions to the next error state occur at the en
of the duration of the current state. The next error state is then selected using the transition state matrix.

To create a multi-state error model, the following parameters should be supplied (as defigiedl/lib/ns-errmodel.tcl):

e st at es: an array of states (error models).

peri ods: an array of state durations.

t r ans: the transition state model matrix.

transuni t: one of[ pkt| byte|ti ne].

stt ype: type of state transitions to use: eitherme or pkt .

nst at es: number of states.

st ar t : the start state.

Here is a simple example script to create a multi-state error model:

set tnp [new ErrorMdel/UniformO pkt]
set tnpl [new ErrorMdel /Uniform.9 pkt]
set tnp2 [new ErrorMdel/Uniform.5 pkt]

# Array of states (error models)
set mstates [list $tnmp $tnpl $tnp2]
# Durationsfor each of the states, tmp, tmpl and tmp2, respectively
set mperiods [list O .0075 .00375]
# Transition state model matrix
set mtransnx { {0.95 0.05 0}
{0 O 1}
{r o 0} }
set mtrunit pkt
# Usetime-based transition
set msttype tine
set mnstates 3
set mnstart [lindex $m states 0]

set em [new ErrorMdel/MiltiState $m states $m peri ods $m transnx

$mtrunit $msttype $mnstates $mnstart]
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12.4 Commandsat a glance
The following is a list of error-model related commands commonly used in simulation scripts:

set em [ new ErrorMdel]

$em unit pkt

$em set rate_ 0.02

$em ranvar [ new RandonVari abl e/ Uni f orm
$em drop-target [new Agent/ Nul I]

This is a simple example of how to create and configure an error model. The commands to place the error-model in a simple
link will be shown next.

$si npl el i nk errornmodul e <args>
This commands inserts the error-model before the queue object in simple link. However in this case the error-model’'s
drop-target points to the linkdr ophead_ element.

$ns_ | ossnodel <enr <src> <dst>
This command places the error-model before the queue in a simplelink defined by the <src> and <dst> nodes. This is
basically a wrapper for the above method.

$sinplelink insert-Ilinkloss <args>

This inserts a loss-module after the queue, but right before the Helaly _ element in the simple link. This is because nam
can visualize a packet drop only if the packet is on the link or in the queue. The error-module’s drop-target points to the
link’s dr ophead_ element.

$ns_ link-1ossnodel <enr <src> <dst>
This too is a wrapper method for insert-linkloss method described above. That is this inserts the error-module right after the
queue element in a simple link (src-dst).

In addition to the methods described above for the class ErrorModel, there are several other types of error modules derived

from this base class like SRMErrorModel, ErrorModel/Trace, ErrorModel/Periodic etc. These definitions can be found in
ng/tcl/lib/(ns-errmodel.tcl and ns-default.tcl).
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Chapter 13

L ocal Area Networks

The characteristics of the wireless and local area networks (LAN) are inherently different from those of point-to-point links.
A network consisting of multiple point-to-point links cannot capture the sharing and contention properties of a LAN. To
simulate these properties, we created a new type of a Node, taleNode. The OTcl configurations and interfaces for
LanNode reside in the following two files in the maims directory:

tcl/lan/vlan.tcl
tcl/lan/ns-11.tcl
tcl/lan/ ns-mac. tcl

13.1 Tcl configuration

The interface for creating and configuring a LAN slightly differs from those of point-to-point link. At the top level, the
OTcl classSi mul at or exports a new method calledike- | an. The parameters to this method are similar to the method
dupl ex- I i nk, except thatrake- | an only accepts a list of nodes as a single parameter instead of 2 parameters as in
dupl ex- I i nk:

Si mul at or i nstproc make-1an {nodes bw delay Iltype ifqtype mactype chantype}

The optional parameters ttake- | an specify the type of objects to be created for the link laydr)( the interface queue,
the MAC layer (Vac), and the physical layeChannel ). Below is an example of how a new CSMA/CD (Ethernet) LAN is
created.

Example:
$ns make-lan "$nl $n2" $bw $del ay LL Queue/ DropTail Mac/ Csnma/ Cd

creates a LAN with basic link-layer, drop-tail queue, and CSMA/CD MAC.
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Figure 13.1: Connectivity within a LAN

13.2 Componentsof aLAN

LanLink captures the functionality of the three lowest layers in the network stack:

1. Link Layer (LL)
2. Medium Access Control (MAC) Layer
3. Physical (PHY) Layer

Figure 13.1 illustrates the extended network stack that makes simulations of local area network possil#ieacket sent
down the stack flows through the link lay&p eue andLL), the MAC layer {ac), and the physical layeGhannel to
Cl assi fi er/ Mac). The packet then makes its way up the stack througiviite and thel L.

At the bottom of the stack, the physical layer is composed of two simulation objecGh#mnel andC assi fi er/ Mac.
TheChannel object simulates the shared medium and supports the medium access mechanisms of the MAC objects on the
sending side of the transmission. On the receiving sideCltlas si f i er / Mac is responsible for delivering and optionally
replicating packets to the receiving MAC objects.

Depending on the type of physical layer, the MAC layer must contain a certain set of functionalities such as: carrier sense,
collision detection, collision avoidance, etc. Since these functionalities affect both the sending and receiving sides, they are
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implemented in a singl&kac object. For sending, thbhc object must follow a certain medium access protocol before
transmitting the packet on the channel. For receiving, the MAC layer is responsible for delivering the packet to the link layer.

Above the MAC layer, the link layer can potentially have many functionalities such as queuing and link-level retransmission.
The need of having a wide variety of link-level schemes leads to the division of functionality into two compdpesis

andLL (link-layer). TheQueue object, simulating the interface queue, belongs to the Sameeie class that is described

in Chapter 7. Thé.L object implements a particular data link protocol, such as ARQ. By combining both the sending and
receiving functionalities into one module, the object can also support other mechanisms such as piggybacking.

13.3 Channe Class

The Channel class simulates the actual transmission of the packet at the physical layer. Th€msitel implements

a shared medium with support for contention mechanisms. It allows the MAC to carry out carrier sense, contention, and
collision detection. If more than one transmissions overlaps in time, a channel raises the collision flag. By checking this flag,
the MAC object can implement collision detection and handling.

Since the transmission time is a function of the number of bits in the packet and the modulation speed of each individual

interface (MAC), theChannel object only sets its busy signal for the duration requested by the MAC object. It also
schedules the packets to be delivered to the destination MAC objects after the transmission time plus the propagation delay.

13.3.1 Chann€ State

The C++cl ass Channel includes enough internal state to schedule packet delivery and detect collisions. It exports the
following OTcl configuration parameter:

del ay_ propagation delay on the channel

13.3.2 Example: Channel and classifier of the physical layer

set channel _ [ new Channel ]
$channel _ set delay_ 4us # propagation del ay

set ntl _ [new O assifier/ Mc]

$channel _ target $ncl _
$nmcl _ install $mac_DA $recv_iface

13.3.3 Channed Classin C++

In C++, the class Channel extends the Connector object with several new methods to support a variety of MAC protocols.
The class is defined as follow ims/channel.h:

cl ass Channel : public Connector ({
publi c:
Channel () ;
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voi d recv(Packet* p, Handl er*);

virtual int send(Packet* p, double txtine);
virtual void contention(Packet*, Handler*);

i nt hol d(doubl e txtine);

virtual int collision() { return numx_ > 1; }
virtual double txstop() { return txstop_; }

H
The important methods of the claGkannel are:

e t Xxst op() method returns the time when the channel will become idle, which can be used by the MAC to implement
carrier sense.

e contention() method allows the MAC to contend for the channel before sending a packet. The channel then use
this packet to signal the correspondiMgc object at the end of each contention period.

e col | i si on() method indicates whether a collision occurs during the contention period. Wh€hdmmel signal
the end of the contention period, the MAC can usedbekl i si on() method to detect collision.

e send() method allows the MAC object to transmit a packet on the channel for a specified duration of time.

e hol d() method allows the MAC object to hold the channel for a specified duration of time without actually transmit-
ting any packets. This is useful in simulating the jamming mechanism of some MAC protocols.

13.4 MacClassifier Class

TheMacd assi fi er class extends thél assi fi er class to implement a simple broadcasting mechanism. It modifies
ther ecv() method in the following way: since the replication of a packet is expensive, normally a unicast packet will
be classified by the MAC destination addressc DA and delivered directly to the MAC object with such an address.
However, if the destination object cannot be found or if the MAC destination address is explicitly set to the broadcast address
BCAST_ADDR, the packet will be replicated and sent to all MACs on the lan excluding the one that is the source of the packet.
Finally, by setting the bound variabMacCl assi fi er: : bcast _ to a non-zero value, will cauddacd assi fi er

always to replicate packets.

class MacC assifier : public dassifier {
publi c:
voi d recv(Packet*, Handler*);

i
voi d Macd assifier::recv(Packet* p, Handl er*)
{
Mac* mac;
hdr_mac* mh = hdr_nmmac: : access(p);
if (bcast_ || mh->macDA() == BCAST_ADDR || (mac = (Mac *)find(p)) == 0) {
/1l Replicate packets to all slots (broadcast)
return;
}
nmac- >recv(p);
}
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13.5 MAC Class

The Mac object simulates the medium access protocols that are necessary in the shared medium environment such as tt
wireless and local area networks. Since the sending and receiving mechanisms are tightly coupled in most types of MAC
layers, it is essential for tHéac object to be duplex.

On the sending side, théac object is responsible for adding the MAC header and transmitting the packet onto the channel.
On the receiving side, thgac object asynchronously receives packets from the classifier of the physical layer. After MAC
protocol processing, it passes the data packet to the link layer.

1351 Mac State

The C++cl ass Mac class contains enough internal state to simulate the particular MAC protocol. It also exports the
following OTcl configuration parameter:

bandw dt h_  modulation rate of the MAC
hl en_ additional bytes added to packet for MAC header
| abel _ MAC address

13.5.2 Mac Methods

Thecl ass Mac class added several Tcl methods for configuration, in particular, linking with other simulation objects:

channel specify the channel for transmission
cl assifier the classifier that deliver packets to receiving MAC
macl i st alink list of MAC interfaces on the same node

13.5.3 MacClassin C++

In C++, theMac class derives fronConnect or . When ther ecv() method gets a packet, it identifies the direction of
the packet based on the presence of a callback handler. If there is a callback handler, the packet is outgoing, otherwise, it i
incoming.

class Mac : public Connector {
publi c:
Mac() ;
virtual void recv(Packet* p, Handl er* h);
virtual void send(Packet* p);
virtual void resune(Packet* p = 0);

H

When aMac object receives a packet via itecv() method, it checks whether the packet is outgoing or incoming. For
an outgoing packet, it assumes that the link-layer of the sender has obtained the destination MAC address and filled in the
mac DA _field of the MAC headehdr _mac. TheMac objectfills in the rest of the MAC header with the source MAC address
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and the frame type. It then passes the packet todtsd() method, which carries out the medium access protocol. For the
basicMac object, thesend method callg xt i me() to compute the transmission time, then invokbsannel : : send to
transmit the packet. Finally, it schedules itself to resume after the transmission time has elapsed.

For an incoming packet, the MAC object does its protocol processing and passes the packet to the link-layer.

1354 CSMA-based MAC

Thecl ass CsmaMac extends thévac class with new methods that implements carrier sense and backoff mechanisms.
The CsmaMac: : send() method detects when the channel becomes idle uSirannel : : t xti me(). If the chan-

nel is busy, the MAC schedules the next carrier sense at the moment the channel turns idle. Once the channel is idle
the CsmaMac object initiates the contention period wi@hannel : : cont enti on(). At the end of the contention pe-

riod, theendof Cont enti on() method is invoked. At this time, the badiismaMac just transmits the packet using
Channel : : send.

class CsmaMac : public Mac {
publi c:
CsmaMac() ;
voi d send(Packet* p);
voi d resunme(Packet* p = 0);
virtual void endof Contenti on(Packet* p);
virtual void backoff (Handl er* h, Packet* p, double del ay=0);

b
cl ass CsmaCdMac : public CsmaMac {
publi c:

CsmaCdMac() ;

voi d endof Cont enti on(Packet *);
b
cl ass CsmaCaMac : public CsmaMac {
publi c:

CsmaCaMac() ;

virtual void send(Packet*);
b

TheCsmaCdMac extend<CsmaMac to carry out collision detection procedure of the CSMA/CD (Ethernet) protocol. When
the channel signals the end of contention periodetieof Cont ent i on method checks for collision using t@hannel : : col | i si
method. If there is a collision, the MAC invokes limckof f method to schedule the next carrier sense to retransmit the
packet.

The CsnmaCalMac extends thesend method ofCsmaMac to carry out the collision avoidance (CSMA/CA) procedure. In-

stead of transmitting immediately when the channel is idleC8v@aCaMac object backs off a random number of slots, then
transmits if the channel remains idle until the end of the backoff period.
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13.6 LL (link-layer) Class

The link-layer object is responsible for simulating the data link protocols. Many protocols can be implemented within this
layer such as packet fragmentation and reassembly, and reliable link protocol.

Another important function of the link layer is setting the MAC destination address in the MAC header of the packet. In the
currentimplementation this task involves two separate issues: finding the next—hop—node’s IP address (routing) and resolvin
this IP address into the correct MAC address (ARP). For simplicity, the default mapping between MAC and IP addresses is
one—to—one, which means that IP addresses are re—used at the MAC layer.

13.6.1 LL Classin C++

The C++ clasd. L derives from theLi nkDel ay class. Since it is a duplex object, it keeps a separate pointer for the send
target,sendt ar get , and the receive targatecvt ar get . It also defines the methodecvf r om() andsendt o() to
handle the incoming and outgoing packets respectively.

class LL : public LinkDelay {
publi c:
LL();
virtual void recv(Packet* p, Handl er* h);
virtual Packet* sendto(Packet* p, Handler* h = 0);
virtual Packet* recvfrom Packet* p);

inline int seqno() return seqno_;
inline int ackno() return ackno_;
inline int macDA() return macDA ;
inline Queue *ifq() return ifqg_;
inline NsChject* sendtarget() return sendtarget_;
inline NsChject* recvtarget() return recvtarget_;
pr ot ect ed:
int command(int argc, const char*const* argv);
voi d handl e(Event* e) recv((Packet*)e, 0);
inline virtual int arp (int ip_addr) return ip_addr
int segqno_; // link-1ayer sequence number
int ackno_; // ACK received so far
int macDA_; // destination MAC address
Queue* ifq_; // interface queue
NsObj ect* sendtarget ; // for outgoing packet
NsObj ect* recvtarget _; // for incom ng packet

LanRouter* lanrouter_; // for |ookups of the next hop

H

13.6.2 Example: Link Layer configuration

set Il_ [new LL]
set ifq_ [new Queue/DropTail]
$I1_ lanrouter [new LanRouter $ns $l an] # LanRouter is one object
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# per LAN

$l 1 _ set delay_ $del ay # link-1evel overhead

$I1 _ set bandwi dth_ $bw # bandwi dth

$I1 _ sendtarget $nac # interface queue at the sender side
$I1 _ recvtarget $iif # input interface of the receiver

13.7 LanRout er class

By default, there is just oneanRout er object per LAN, which is created when a n&anNode is initialized. For every
node on the LAN, the link layer object L) has a pointer to theanRout er , so it is able to find the next hop for the packet
that is sent on the LAN:

Packet* LL::sendto(Packet* p, Handl er* h)
{

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

LanRout er is able to find the next hop by querying the currBaut eLogi c:

i nt LanRout er:: next hop(Packet *p) {
i nt next_hopl P;
if (enableHrouting_ ) {
rout el ogi c_- >l ookup_hi er (|1 anaddr _, adst, next_hopl P);
} else {
rout el ogi c_->l ookup_fl at (I anaddr _, adst, next_hopl P);
}

One limitation of this is thaRout eLogi ¢ may not be aware of dynamic changes to the routing. But it is always possible to
derive a new class fronanRout er so that to re—define itsext _hop method to handle dynamic changes appopriately.

13.8 Other Components

In addition to the C++ components described above, simulating local area networks also requires a number of existing com:
ponents imssuch all assi fi er, Queue, andTr ace, net wor ki nt er f ace, etc. Configuring these objects requires
knowledge of what the user wants to simulate. The default configuration is implemented in the two Tcl files mentioned at the
beginning of this chapter. To obtain more realistic simulations of wireless networks, one canbisedhdé/bdel described

in Chapter 12.

13.9 LANsand nsrouting

When a LAN is created using eitheake- | an or newlLan, a “virtual LAN node” LanNode is created LanNode keeps
together all shared objects on the LAGhannel ,Cl assi fi er/ Mac,andLanRout er . Then for each node on the LAN,
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alLanl f ace objectis created.anl f ace contains all other objects that are needed on the per—node b&sisua, a link
layer (L), Mac, etc. It should be emphasized thaanNode is a node only for routing algorithmddode andLanNode
have very little in common. One of few things that they share is an identifier taken froNothee ID—space. Itierarchical
routing is usedLanNode has to be assigned a hierarchical address just like any other node. From the point of view rof
(static) routinglLanNode is just another node connected to every node on the LAN. Links connectingtiidode with

65 ars
NS

Figure 13.2: Actual LAN configuration (left) and as seemiyouting (right)

the nodes on the LAN are also “virtualV i nk). The default routing cost of such a linkig2, so the cost of traversing two
VI i nks (e.g.n1 — LAN — n2) is counted as just one hop.

Most important method 0¥l i nk is the one that gives the head of the link:

VIink instproc head {} {

$sel f instvar lan_ dst_ src_

if {$src_ == [$lan_ set id_ ]} {
#if this is a link FROM the |an vnode,
# it doesn't matter what we return, because
# it’s only used by $l an add-route (enpty)
return ""

} else {
#if this is alink TOthe |an vnode,
# return the entry to the | anlface object
set src_lif [$lan_ set lanlface_($src_)]
return [$src_|if entry]

This method is used by static (default) routing to install correct routes at a nodsi (saé at or methods
comput e-fl at-routes andconpute-hier-routesintcl/Iib/ns-route.tcl, as well asNode methods
add- r out e andadd- hrouteintcl/Ili b/ ns-node.tcl).

From the code fragment above it can be seen that it returns LAN interface of the node as a head of the link to be installed in
the appropriate classifier.

Thus,VI i nk does not impose any delay on the packet and serves the only purpose to install LAN interfaces instead of normal
links at nodes’ classifiers.

Note, that this design allows to have nodes connected by parallel LANs, while in the current implementation it is impossible

to have nodes connected by parallel simple links and use them both (theSamay at or i nstvar |ink_ holds the
link object for each connected pair of source and destination, and it can be only one object per source/destination pair).
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13.10 Commandsat a glance

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

$ns_ make-l an <nodel i st > <bw> <del ay> <LL> <i fg> <MAC> <channel > <phy>

Creates a lan from a set of nodes given by <nodelist>. Bandwidth, delay characteristics along with the link-layer, Interface
queue, Mac layer and channel type for the lan also needs to be defined. Default values used are as follows:

<LL>..LL

<ifg>.. Queue/DropTail

<MAC>.. Mac

<channel>.. Channel and

<phy>.. Phy/WiredPhy

$ns_ newLan <nodel i st> <BW- <del ay> <args>

This command creates a lan similar to make-lan described above. But this command can be used for finer control whereas
make-lan is a more convinient and easier command. For example newLan maybe used to create a lan with hierarchical
addresses. Sew/tcl/ex/vlantest-hier.tcl, vlantest-mcst.tcl, lantest.tcl, mac-test.tcl for usage of newLan. The possible
argument types that can be passed are LL, ifq, MAC, channel, phy and address.

$l annode cost <c>
This assigns a cost of ¢/2 to each of the (uni-directional) links in the lan.

$l annode cost ?
Returns the cost of (bi-directional) links in the lan, i.e c.

Internal procedures :

$l annode addNode <nodes> <bw> <del ay> <LL> <ifqg> <MAC> <phy>

Lan is implemented as a virtual node. The LanNode mimics a real node and uses an address (id) from node’s address spact
This command adds a list of <nodes> to the lan represented by lannode. The bandwidth, delay and network characteristics c
nodes are given by the above arguments. This is an internal command used by make-lan and newLan.

$l annode i d
Returns the virtual node’s id.

$l annode node- addr
Returns virtual nodes’s address.

$l annode dunp-nantonfig
This command creates a given lan layout in nam. This function may be changed to redefine the lan layout in a different way.

$l annode i s-1an?

This command always returns 1, since the node here is a virtual node representing a lan. The corresponding command for
base class Nodgnode i s- | an? always returns a 0.
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Chapter 14

The (Revised) Addressing Structurein NS

This chapter describes the internals of the revised addressing format implemeamge@he chapter consists of five sections.

We describe the APIs that can be used for allocating bits to the ns addressing structure. The address space as describ
in chapter 3, can be thought of a contiguous fielchdfits, where n may vary as per the address requirement of the sim-
ulation. The default value af is 16 (as defined bMAXADDRSZE ). The maximum value of is set to 32 (defined as
MAXADDRSZE ). These default and maximum address sizes are definawsifict/lib/ns-default.tcl.

The address space consists of 2 parts, the node-id and the port-id. The higher bits are assigned as the node’s address or |
and remaining lower bits are assigned to form port-id or the identification of the agent attached to the node. Of the higher
bits, 1 bit is assigned for multicast. The default settings allow 7 higher bits for node-id, the MSB for multicast and the
lower remaining 8 bits for port-id. Naturally this limits the simulation to 128 nodes. This address space may be expanded to
accomodate larger number of nodes in the simulation. The port-id may also be expanded to suppprt higher number of agents
Additionally, the address space may also be set in hierarchical format, consisting of multiple levels of addressing hierarchy.
We shall be describing the APIs for setting address structure in different formats as described above as well as expanding th
address space. The procedures and functions described in this chapter can be fowftdiflib/ins-address.tcl, address.cc

and address.h.

14.1 The Default Address Format

The default settings allocates 8 lower bits for port-id, 1 higher bit for mcast and the rest 7 higher bits for node-id. The
procedure to set the address format in default mode is called during initialisation of the simulator as:

# The preamble
set ns [new Simul ator] ; # initialise the simulation

It can also be called explicitly set as:

$ns set-address-format def
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14.2 TheHierarchical Address Format

There are two options for setting an address to hierarchical format, the default and the specified.

14.2.1 Default Hierarchical Setting

The default hierarchical node-id consists of 3 levels with 8 bits assigned to each level. The hierarchical configuration may be
invoked as follows:

$ns set-address-format hierarchical

This sets :

* 8 bits for port-id, * 24 bits for node-id assigned i 3 levels ofhierarchy - 8 bits for each level - looks like 8 8
8 -or 7 88, ifmulticast is enabled.

14.2.2 Specific Hierarchical Setting

The second option allows a hierarchical address to be set with specified number of levels with number of bits assigned for
each level. The API would be as the following:

$ns set-address-format hierarchical <#n hierarchy levels> <#bits for levell> <#bits for level 2> ....<#bits for nth level>
An example configuration would be:
$ns set-address-format hierarchical 2 8 15

where 2 levels of hierarchy is specified, assigning 8 bits for the 1st level and 15 bits for the second.

14.3 The Expanded Node-Address For mat

On the event of requirement of more bits to the address space, the expanded address APl may be used as:
$ns set-address-format expanded

This expands the address space to 30 bits, allocating 22 higher bits to node-id and lower 8 bits to port-id.

14.4 Expanding port-id field

This primitive may be used in case of need to expand portid in the event of requirement to attach a large number of agents
to the nodes. This may be used in conjunction with set-addres-format command (with different options) explained above.
Synopsis for this command shall be:

expand-port-field-bits <#bits for portid>
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expand-port-field-bits checks and raises error in the following if the requested portsize cannot be accomodated (i.e if sufficient
num.of free bits are not available) or if requested portsize is less than or equal to the existing portsize.

14.5 Errorsin setting address for mat

Errors are returned for bo#et-address-format andexpand-port-field-bits primitives in the following cases:

* if number of bits specified is less than 0. * if bit positions clash (contiguous humber of requested free bits not *
found). * if total number of bits exceed MAXADDRSIZE . * if expand-port-field-bits is attempted with portbits
less than or * equal to the existing portsize. * if number of hierarchy levels donot match with number of bits *
specified (for each level).

14.6 Commandsat a glance

The following is a list of address-format related commands used in simulation scripts:

$ns_ set-address-format def

This command is used internally to set the address format to its default value of 8 lower bits for port-id, 1 higher bit for
mcast and the rest 7 higher bits for port-id. However this API has been replaced by the new node API

$ns_ node-config -addressType fl at.

$ns_ set-address-format hierarchical

This command is used to set the address format to the hierarchical configuration that consists of 3 levels with 8bits assigned
to each level and 8 lower bits for port-id. However this API has been replaced by the new node API

$ns_ node-confi g -addressType hierarchical.

$ns_ set-address-format hierarchical <level s> <args>

This command is used to set the address format to a specific hierarchical setting. The <levels> indicate the number of levels
of hierarchy in the addressing structure, while the args define number of bits for each level. An example viaosgd be

set - address-format hierachical 3 4 4 16, where 4,4 and 16 defines the number of bits to be used for the
address space in levk, 2 and 3respectively.

$ns_ set-address-format expanded
This command was used to expand the address space to 30 bits, allocating 22 higher bits for node-id and lower 8 bits for
port-id. However this command is obsoleted now by 32 bit addressing, i.e node-id field is 32 bit wide.

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

Similar to the command above, this was used to expand the address space for the port-id field to <bits-for-portid> number of
bits. However this command is obsolete now that the ports are 32 bit wide.
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Chapter 15

Mobile Networking in ns

This chapter describes the wireless model that was originally ported as CMU’s Monarch group’s mobility extension to
This chapter consists of two sections and several subsections. The first section covers the original mobility model ported fron
CMU/Monarch group. In this section, we cover the internals of a mobilenode, routing mechanisms and network components
that are used to construct the network stack for a mobilenode. The components that are covered briefly are Channel, Network
interface, Radio propagation model, MAC protocols, Interface Queue, Link layer and Address resolution protocol model
(ARP). CMU trace support and Generation of node movement and traffic scenario files are also covered in this section. The
original CMU model allows simulation of pure wireless LANs or multihop ad-hoc networks. Further extensions were made to
this model to allow combined simulation of wired and wireless networks. MobilelP was also extended to the wireless model.
These are discussed in the second section of this chapter.

15.1 Thebasicwirelessmodel in ns

The wireless model essentially consists of the MobileNode at the core,with additional supporting features that allows sim-
ulations of multi-hop ad-hoc networks, wireless LANs etc. The MobileNode object is a split object. ThelGxsis

Mobi | eNode is derived from parentl ass Node. Refer to Chapter 5 for details dtode. A Mobi | eNode thus is the
basicNode object with added functionalities of a wireless and mobile node like ability to move within a given topology,
ability to receive and transmit signals to and from a wireless channel etc. A major difference between them, though, is that
aMobi | eNode is not connected by means bof nks to other nodes or mobilenodes. In this section we shall describe the
internals of\vbbi | eNode, its routing mechanisms, the routing protocols dsdv, aodyv, tora and dsr, creation of network stack
allowing channel access bbi | eNode, brief description of each stack component, trace support and movement/traffic
scenario generation for wireless simulations.

15.1.1 Mobilenode: creating wirelesstopology

Mobi | eNode is the basicsNode object with added functionalities like movement, ability to transmit and receive on a chan-
nel that allows it to be used to create mobile, wireless simulation environments. The class MobileNode is derived from the
base class Nod&bbi | eNode is a split object. The mobility features including node movement, periodic position updates,
maintaining topology boundary etc are implemented in C++ while plumbing of network componentsMittiih eNode

itself (like classifiers, dmux , LL, Mac, Channel etc) have been implemented in Otcl. The functions and procedures de-
scribed in this subsection can be found insfmobilenode.{cc,h}, ng/tcl/lib/ns-mobilenode.tcl, rg/tcl/mobility/dsdv.tcl,
~ng/tcl/mobility/dsr.tcl, -ns/tcl/mobility/tora.tcl. Example scripts can be found insftcl/ex/wireless-test.tcl anchs/tcl/ex/wireless.tcl
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While the first example uses a small topology of 3 nodes, the second example runs over a topology of 50 nodes. These script
can be run simply by typing

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

The four ad-hoc routing protocols that are currently supported are Destination Sequence Distance Vector (DSDV), Dynamic
Source Routing (DSR), Temporally ordered Routing Algorithm (TORA) and Adhoc On-demand Distance Vector (AODV).
The APIs for creating a mobilenode depends on which routing protocol it would be using. Hence the primitive to create a
mobilenode is

set mmode [ $opt (rp)-create-nobile-node $id]

where $opt(rp) defines "dsdv", "aodv", "tora" or "dsr" and id is the index for the mobilenode.

The above procedure creates a mobilenode (split)object, creates a routing agent as specified, creates the network stack cc
sisting of a link layer, interface queue, mac layer, and a network interface with an antenna, interconnects these component
and con nects the stack to the channel. The mobilenode now looks like the schematic in Figure 15.1.

The mobilenode structure used for DSR routing is slightly different from the mobilenode described above. The class SRNode
is derived from class MobileNode. SRNode doesnot use address demux or classifiers and all packets received by the noc
are handed dow n to the DSR routing agent by default. The DSR routing agent either receives pkts for itself by handing it
over to the port dmux or forwards pkts as per source routes in the pkt hdr or sends out route requests and route replies fo
fresh packets. Details on DSR routing agent may be found in section 15.1.4. The schematic model for a SRNode is shown ir
Figure 15.2.

15.1.2 Creating Node movements

The mobilenode is designed to move in a three dimensional topology. However the third dimension (Z) is not used. That is
the mobilenode is assumed to move always on a flat terrain with Z always equal to 0. Thus the mobilenode has X, Y, Z(=0)
co-ordinates that is continually adjusted as the node moves. There are two mechanisms to induce movement in mobilenode
In the first method, starting position of the node and its future destinations may be set explicitly. These directives are normally
included in a separate movement scenario file.

The start-position and future destinations for a mobilenode may be set by using the following APIs:

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

$ns at $tine $node setdest <x2> <y2> <speed>

At $time sec, the node would start moving from its initial position of (x1,y1) towards a destination (x2,y2) at the defined
speed.

In this method the node-movement-updates are triggered whenever the position of the node at a given time is required to b

known. This may be triggered by a query from a neighbouring node seeking to know the distance between them, or the setdes
directive described above that changes the direction and speed of the node.
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port

IP address
de/mf —

defaulttarget_

target_
arptable_
uptarget_ LL ARP
downtarget_
IFq
downtarget_
mac_ MAC uptarget_

downtarget_ uptarget_
Radio propagation_
Propagation NetlF
Model

channel_ i uptarget_
Channel

Figure 15.1: Schematic of a mobilenode under the CMU monarch’s wireless extensisns to

An example of a movement scenario file using the above APIs, can be foundicl/mobility/scene/scen-670x670-50-600-

20-0. Here 670x670 defines the length and width of the topology with 50 nodes moving at a maximum speed of 20m/s with
average pause time of 600s. These node movement files may be generated using CMU'’s scenario generator to be found und
~ns/indep-utils/cmu-scen-gen/setdest. See subsection 15.1.7 for details on generation of node movement scenarios.
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port

dey/

=
entr J
67\ Y- DSR target_
v
I_ l_(0)
arptable_
uptarget_ LL ARP
downtarget_
IFq
downtarget_
MAC uptarget_
downtarget_ uptarget_
Radio propagation_
Propagation NetlE
Model

channel_ uptarget
Channel

Figure 15.2: Schematic of a SRNode under the CMU monarch’s wireless extensiens to
The second method employs random movement of the node. The primitive to be used is:

$nobi | enode start
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which starts the mobilenode with a random position and have routined updates to change the direction and speed of the nod
The destination and speed values are generated in a random fashion. We have not used the second method and leave it to
user to explore the details. The mobilenode movement is implemented in C++. See methaesiswobitenode.{cc.h} for

the implementational details.

Irrespective of the methods used to generate node movement, the topography for mobilenodes needs to be defined. It should |
defined before creating mobilenodes. Normally flat topology is created by specifying the length and width of the topography
using the following primitive:

set topo [ new Topogr aphy]
$topo load flatgrid $opt(x) $opt(y)

where opt(x) and opt(y) are the boundaries used in simulation.

The movement of mobilenodes may be logged by using a procedure like the following:

proc | og-movenent {} {
gl obal logtiner ns_ ns

set ns $ns_
source ../mobility/timer.tc
Class LogTi mer -superclass Tiner
LogTi ner instproc timeout {} {
gl obal opt node_;
for {set i 0} {$i < $opt(nn)} {incr i} {
$node_($i) | og- novenent
}

$sel f sched 0.1
}

set |logtimer [new LogTi mer]
$l ogtimer sched 0.1

In this case, mobilenode positions would be logged every 0.1 sec.

15.1.3 Network Componentsin a mobilenode

The network stack for a mobilenode consists of a link layer(LL), an ARP module connected to LL, an interface priority
queue(lFq), a mac layer(MAC), a network interface(netlF), all connected to the channel. These network components are
created and plumbed together in OTcl. The relevant MobileNode method add-interfacegjtatrlib/ns-mobilenode.tcl is

shown below:

The following setups up link layer, mac | ayer, network interface
and physical layer structures for the nobile node.

HHHH

Node/ Mobi | eNode i nstproc add-interface { channel pnodel
Il1type mactype qtype qlen iftype anttype } {
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$sel f instvar arptable_ nifs_
$self instvar netif_ mac_ ifq_ II_

gl obal ns_ MacTrace opt

set t $nifs_

incr nifs_

set netif_($t) [new $iftype] ;# net-interface
set mac_($t) [ new $mact ype] ;# mac | ayer

set ifq ($t) [ new $qtype] ;# interface queue
set Il _($t) [new $I | type] i # link |ayer

set ant _($t) [ new $antt ype]

#

# Local Variables

#

set null Agent _ [$ns_ set null Agent _]
set netif $netif_($t)

set mac $mac_($t)

set ifq $ifo_($t)

set |l $I1_($t)

#

# Initialize ARP table only once.

#

if { $arptable == "" } {
set arptable_[new ARPTabl e $sel f $nac]
set drpT [cnu-trace Drop "I FQ' $sel f]
$arptabl e_ drop-target $drpT

}

#

# Link Layer

#

$I 1 arptable $arptable_

$I1 mac $mac

$I I up-target [$self entry]
$I1 down-target $ifq

#

# Interface Queue

#

$ifq target $nmc

$ifq set glim $qlen

set drpT [cnu-trace Drop "I FQ $sel f]
$ifq drop-target $drpT

#

# Mac Layer

#

$mac netif $netif
$mac up-target $l
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$mac down-target S$netif
$mac nodes $opt (nn)

#

# Network Interface

#

$neti f channel $channel
$netif up-target $nmac

$netif propagation $pnodel ; # Propagati on Model
$netif node S$self ;# Bind node <---> interface
$netif antenna $ant ($t) ; # attach antenna
#
# Physi cal Channe
#
$channel addif $netif ;# add to list of interfaces
# S S S S ., . T, T, - . - . . . . . . . . . . . S . . . . . . . . . . . =
# Setting up trace objects
if { $MacTrace == "ON' } {
#
# Trace RTS/ CTS/ ACK Packets
#

set rcvT [cnu-trace Recv "MAC' $sel f]
$mac | og-target $rcvT

#

# Trace Sent Packets

#

set sndT [cnu-trace Send "MAC' $sel f]
$sndT target [$mac sendtarget]

$mac sendtarget $sndT

#

# Trace Received Packets

#

set rcvT [cnu-trace Recv "MAC' $sel f]
$rcvT target [$mac recvtarget]

$mac recvtarget $rcvT

#
# Trace Dropped Packets
#
set drpT [cnu-trace Drop "MAC' $sel f]
$mac drop-target $drpT
} else {
$mac | og-target [$ns_ set nul |l Agent _]
$mac drop-target [$ns_ set nul | Agent ]
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$sel f addif $netif

The plumbing in the above method creates the network stack we see in Figure 15.1.

Each component is briefly described here. Hopefully more detailed docuentation from CMU shall be available in the future.

Link Layer ThelLL used by mobilenode is same as described in Chapter 13. The only difference being the link layer for
mobilenode, has an ARP module connected to it which resolves all IP to hardware (Mac) address conversions. Normally
for all outgoing (into the channel) packets, the packets are handed dowrltb thethe Routing Agent. TheL hands
down packets to the interface queue. For all incoming packets (out of the channel), the mac layer hands up packets tc
the LL which is then handed off at theode_ent ry_ point. Thecl ass LL is implemented in rs/ll.{cc,h} and
~ng/tcl/lan/ns-Il.tcl.

ARP The Address Resolution Protocol (implemented in BSD style) module receives queries from Link layer. If ARP has
the hardware address for destination, it writes it into the mac header of the packet. Otherwise it broadcasts an ARF
query, and caches the packet temporarily. For each unknown destination hardware address, there is a buffer for a singl
packet. Incase additional packets to the same destination is sent to ARP, the earlier buffered packet is dropped. Onc
the hardware address of a packet"s next hop is known, the packet is inserted into the interface queleasshe
ARPTabl e is implemented in rs/arp.{cc,h} and -ng/tcl/lib/ns-mobilenode.tcl.

Interface Queue Thecl ass Pri Queue isimplemented as a priority queue which gives priority to routing rotocol packets,
inserting them at the head of the queue. It supports running a filter over all packets in the queue and removes those witt
a specified destination address. Sagpriqueue.{cc,h}for interface queue implementation.

Mac Layer The IEEE 802.11 distributed coordination function (DCF) Mac protocol has been implemented by CMU. It uses
a RTS/CTS/DATA/ACK pattern for all unicast packets and simply sends out DATA for all broadcast packets. The
implementation uses both physical and virtual carrier sense.cThes Mac802_11 is implemented in R¥mac-
802_11.{cc,h}.

Tap Agents Agent s that subclass themselvesadsass Tap defined in mac.h can register themselves with the mac object
using method installTap(). If the particular Mac protocol permits it, the tap will promiscuously be given all packets
received by the mac layer, before address filtering is done. B@mac.{cc,h} forcl ass Tapmplementation.

Network Interfaces The Network Interphase layer serves as a hardware interface which is used by mobilenode to access the
channel. The wireless shared media interface is implementeldass Phy/ W r el essPhy. This interface subject
to collisions and the radio propagation model receives packets transmitted by other node interfaces to the channel. The
interface stamps each transmitted packet with the meta-data related to the transmitting interface like the transmissior
power, wavelength etc. This meta-data in pkt header is used by the propagation model in receiving network interface
to determine if the packet has minimum power to be received and/or captured and/or detected (carrier sense) by the
receiving node. The model approximates the DSSS radio interface (Lucent WavelLan direct-sequence spread-spectrum
See ng/phy.{cc.h} and wswireless-phy.{cc,h} for network interface implementations.

Radio Propagation Model It uses Friss-space attenuatidriA?) at near distances and an approximation to Two ray Ground
(1/r*) at far distances. The approximation assumes specular reflection off a flat ground planes/t8&eayground.{cc,h}
for implementation.

Antenna An omni-directional antenna having unity gain is used by mobilenodes. i&&ntenna.{cc,h} for implementation
details.

15.1.4 Different types of Routing Agentsin mobile networking

The four different ad-hoc routing protocols currently implemented for mobile networkinggire dsdv, dsr, aodv and tora.
In this section we shall briefly discuss each of them.
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DSbv

In this routing protocol routing messages are exchanged between neighbouring mobilenodes (i.e mobilenodes that are withi
range of one another). Routing updates may be triggered or routine. Updates are triggered in case a routing information fron
one of t he neighbours forces a change in the routing table. A packet for which the route to its destination is not known is

cached while routing queries are sent out. The pkts are cached until route-replies are received from the destination. There i
a maximum buffer size for caching the pkts waiting for routing information beyond which pkts are dropped.

All packets destined for the mobilenode are routed directly by the address dmux to its port dmux. The port dmux hands
the packets to the respective destination agents. A port number of 255 is used to attach routing agent in mobilenodes. Th
mobilenodes al so use a default-targetin their classifier (or address demux). In the event a target is not found for the destinatio
in the classifier (which happens when the destination of the packet is not the mobilenode itself), the pkts are handed to the
default-ta rget which is the routing agent. The routing agent assigns the next hop for the packet and sends it down to the link
layer.

The routing protocol is mainly implemented in C++. Sew/dsdv directory and as/tcl/mobility/dsdv.tcl for all procedures
related to DSDV protocol implementation.

DSR

This section briefly describes the functionality of the dynamic source routing protocol. As mentioned eaBigNtte is

different from theMbbi | eNode. TheSRNode's ent ry_ points to the DSR routing agent, thus forcing all packets received

by the node to be handed down to the routing agent. This model is required for future implementation of piggy-backed routing
information on data packets which otherwise would not flow through the routing agent.

The DSR agent checks every data packet for source-route information. It forwards the packet as per the routing information.
Incase it doesnot find routing information in the packet, it provides the source route, if route is known, or caches the packet
and sends out route queries if route to destination is not known. Routing queries, always triggered by a data packet with nc
route to its destination, are initially broadcast to all neighbours. Route-replies are send back either by intermediate nodes o
the destination node, to the source, if it can find routing info for the destination in the route-query. It hands over all packets
destined to itself to the port dmux. BRNode the port number 255 points to a null agent since the packet has already been
processed by the routing agent.

See ngdsr directory and rs/tcl/mobility/dsr.tcl for implementation of DSR protocol.

TORA

Tora is a distributed routing protocol based on "link reversal" algorithm. At every node a separate copy of TORA is run for
every destination. When a node needs a route to a given destination it broadcasts a QUERY message containing the addre
of the destination for which it requires a route. This packet travels through the network until it reaches the destination or
an intermediate node that has a route to the destination node. This recepient node node then broadcasts an UPDATE pack
listing its height wrt the destination. As this node propagates through the network each node updates its height to a value
greater than the height of the neighbour from which it receives the UPDATE. This results in a series of directed links from the
node that originated the QUERY to the destination node. If a node discovers a particular destination to be unreachable it set
a local maximum value of height for that destination. Incase the node cannot find any neighbour having finite height wrt this
destination it attempts to find a new route. In case of network partition, the node broadcasts a CLEAR message that resets a
routing states and removes invalid routes from the network.

TORA operates on top of IMEP (Internet MANET Encapsulation Protocol) that provides reliable delivery of route-messages
and informs the routing protocol of any changes of the links to its neighbours. IMEP tries to aggregate IMEP and TORA
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messages into a single packet (called block) in order to reduce overhead. For link-status sensing and maintaining a list o
neighbour nodes, IMEP sends out periodic BEACON messages which is answered by each node that hears it by a HELLC
reply message. Sew/tora directory anahs/tcl/mobility/tora.tcl for implementation of tora ins.

AODV

AODV is a combination of both DSR and DSDV protocols. It has the basic route-discovery and route-maintenance of DSR
and uses the hop-by-hop routing, sequence numbers and beacons of DSDV. The node that wants to know a route to a give
destination generates a ROUTE REQUEST. The route request is forwarded by intermediate nodes that also creates a rever
route for itself from the destination. When the request reaches a node with route to destination it generates a ROUTE REPLY
containing the number of hops requires to reach destination. All nodes that participates in forwarding this reply to the source
node creates a forward route to destination. This state created from each node from source to destination is a hop-by-hop sta
and not the entire route as is done in source routingnSeaedv anchs/tcl/lib/ns-lib.tcl for implementational details of aodv.

15.1.5 Trace Support

The trace support for wireless simulations currently use cmu-trace objects. In the future this shall be extended to merge witt
trace and monitoring support available in ns, which would also include nam support for wireless modules. For now we will
explain briefly with cmu-trace objects and how they may be used to trace packets for wireless scenarios.

The cmu-trace objects are of three typ&AJTr ace/ Dr op, CMUTr ace/ Recv andCMUJTr ace/ Send. These are used for

tracing packets that are dropped, received and sent by agents, routers, mac layers or interface ngiéitres imethods and
procedures used for implementing wireless trace support can be found unseace.{cc,h} and ng/tcl/lib/ns-cmutrace.tcl.

A cmu-trace object may be created by the following API:
set sndT [cnu-trace Send "RTR' $sel f]

which creates a trace object, sndT, of the tgb&JTr ace/ Send for tracing all packets that are sent out in a router. The trace
objects may be used to trace packets in MAC, agents (routing or others), routers or any other NsObject.

The cmu-trace objedc®MJTr ace is derived from the base cla3s ace. See Chapter 21 for details on clagsace. The
classCMUJTr ace is defined as the following:

class CMJTrace : public Trace {

publi c:

CMUTrace(const char *s, char t);

voi d recv(Packet *p, Handler *h);

voi d recv(Packet *p, const char* why);
private:

int off_arp_;
int off _nmac_;
int off_sr_;

char tracename[ MAX I D LEN + 1];

i nt tracetype;
Mobi | eNode *node_;
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int initialized() { return node_ && 1; }

i nt comand(int argc, const char*const* argv);

voi d format (Packet *p, const char *why);

voi d format _mac(Packet *p, const char *why, int offset);
voi d format i p(Packet *p, int offset);

voi d format _arp(Packet *p, int offset);

voi d format _dsr(Packet *p, int offset);

voi d format _neg(Packet *p, int offset);

voi d format _tcp(Packet *p, int offset);

voi d format _rtp(Packet *p, int offset);

H

The type field (described ifir ace class definition) is used to differentiate among different types of traces. For cmu-trace
this can bes for sendingy for receiving orD for dropping a packet. A fourth tygeis used to denote forwarding of a packet
(When the node is not the originator of the packet). Similar to the method Trace::format(), the CMUTrace::format() defines
and dictates the trace file format. The method is shown below:

void CMJTrace: : format (Packet* p, const char *why)

{
hdr _cnmm *ch = HDR _CWN(p) ;
int offset = O;

/*

* Log the MAC Header

*/

format _mac(p, why, offset);
offset = strlen(wk_);

swi tch(ch->ptype()) {

case PT_MAC
br eak;

case PT_ARP:
format _arp(p, offset);
br eak;

defaul t:
format _i p(p, offset);
offset = strlen(wk_);
swi tch(ch->ptype()) {
case PT_DSR:
format _dsr(p, offset);
br eak;

case PT_MESSAGE:
case PT_UDP:
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format _nsg(p, offset);
br eak;

case PT_TCP:

case PT_ACK:
format _tcp(p, offset);
br eak;

case PT_CBR
format _rtp(p, offset);
br eak;

The above function calls different format functions depending on the type of the packet being traced. All traces are written to
the buffer wrk_. A count of the offset for the buffer is kept and is passed along the different trace functions. The most basic
format is defined by format_mac() and is used to trace all pkt types. The other format functions print additional information
as defined by the packet types. The mac format prints the following:

#i fdef LOG_PCSI TI ON
double x = 0.0, y = 0.0, z = 0.0;
node ->getlLoc(&x, &y, &z);

#endi f

sprintf(wk_ + offset,
#i fdef LOG_PCSI TI ON
"% % 9f % (96.2f 96.2f) UBs %s %d % % [ W & WX W] "

#el se
"% %9f % %8s %s % % % [ WX & W W] ",
#endi f
op, /[l s, r, Dor f
Schedul er::instance().clock(), // tine stanp
src_, /1 the nodeid for this node
#i f def LOG _POSI TI ON
X, /1l x co-ord
Yy, /1l y co-ord
#endi f
tracenane, /1 nanme of object type tracing
why, /1 reason, if any
ch->ui d(), /1 identifier for this event
packet i nfo. name(ch->ptype()), // packet type
ch->si ze(), /1 size of cmm header
nmh- >dh_durati on, /1 expected tine to send data
ETHER _ADDR( mh- >dh_da), // nmac_destination address
ETHER_ADDR( mh- >dh_sa) , /'l mac_sender address

GET_ETHER TYPE(nh- >dh_body)); // type - arp or IP

If the LOG_POSITION is defined the x and y co-ordinates for the mobilenode is also printed. The descriptions for different
fields in the mac trace are given in the comments above. For all IP packets additional IP header fields are also added to th
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above trace. The IP trace is described below:

sprintf(wk_ + offset, "------- [%: %d %d: %d %d %] ",
src, /1 1P src address
i h->sport _, /1 src port nunber
dst, /1 1P dest address
i h->dport _, /1 dest port nunber
ih->ttl _, /1 TTL val ue

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

An example of a trace for a tcp packet is as follows:

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

Here we see a TCP data packet being received by a node with id of 6. UID of this pkt is 5 with a cmn hdr size of 1492. The
mac details shows an IP pkt (ETHERTYPE_IP is defined as 0x0800, ETHERTYPE_IP is 0x0806 ), mac-id of this receiving
node is 6. That of the sending node is 4 and expected time to send this data pkt over the wireless channel is a2 (hex2de
conversion: 160+2 sec). Additionally, IP traces information about IP src and destination addresses. The src translates (usin
a 3 level hier-address of 8/8/8) to a address string of 0.1.0 with port of 0. The dest address is 1.0.3 with port address of 0.
The TTL value is 31 and the destination was a hop away from the src. Additionally TCP format prints information about tcp
seqno of 1, ackno of 0. See other formats describech&emu-trace.cc for DSR, UDP/MESSAGE, TCP/ACK and CBR
packet types.

Other trace formats are also used by the routing agents (TORA and DSR) to log certain special routing events like "originating"
(adding a SR header to a packet) or "ran off the end of a source route" indicating some sort of routing problem with the source

route etc. These special event traces begin with "S" for DSR and "T" for Tora and may be founsldnattora.cc for TORA
and -ng/dsr/dsrgent.cc for DSR routing agent.

15.1.6 Revised format for wirelesstraces

In an effort to merge wireless trace, using cmu-trace objects, with ns tracing, a new, inproved trace format has been intro-
duced. This revised trace support is backwards compatible with the old trace formatting and can be enabled by the following
command:

$ns use-newtrace

This command should be called before the universal trace com$ivend r ace- al | <trace-f d>. Primitiveuse- newt r ace
sets up new format for wireless tracing by setting a simulator variable caledr aceFor mat . Currently this new trace
support is available for wireless simulations only and shall be extended to resih ¢ifie near future.

An example of the new trace format is shown below:

s -t 0.267662078 -Hs O -Hd -1 -N O -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne

-1.000000 -Nl RTR-Nw --- -Ma O -Md O -Ms O -M O -Is 0.255 -1d -1.255 -1t
message -1l 32 -1f 0 -1i 0 -1v 32

s -t 1.511681090 -Hs 1 -Hd -1 -Ni 1 -Nx 390.00 -Ny 385.00 -Nz 0.00 -Ne
-1.000000 -Nl RTR-Nw --- -Ma O -Md O -Ms O -M O -Is 1.255 -1d -1.255 -1t
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message -1l 32 -1f 0 -1i 1 -1v 32
s -t 10.000000000 -Hs O -Hd -2 -Ni O -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne

-1.000000 -NI AGT -Nw --- -Ma O -Md O -Ms 0O-M O0-1s 0.0 -1d 1.0 -1t tcp -1l 1000 -If
2 -li 2 -1v 32 -Pntcp -Ps 0 -Pa 0 -Pf 0 -Po O

r -t 10.000000000 -Hs O -Hd -2 -Ni O -Nx 5.00 -Ny 2.00 -Nz 0.00 -Ne

-1.000000 -NN RTR-Nw --- -Ma O -MI O -Ms 0O -M O -1s 0.0 -1d 1.0 -1t tcp -1l 1000 -If
2 -1i 2 -lv 32 -Pntcp -Ps 0 -Pa 0 -Pf 0 -Po

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-M 800 -1s 0.0 -1d 1.0 -1t

tcp -1l 1020 -1f 2 -1i 21 -lv 32 -Pn tcp -Ps 0 -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 -N AGT -Nw --- -Ma O -MI O -Ms O-M O0-1s 1.0 -1d 0.0 -1t ack -II 40

-1f 2 -1i 22 -1lv 32 -Pn tcp -Ps 0 -Pa 0 -Pf 0 -Po O

Explanation of new trace format

The new trace format as seen above can be can be divided into the following fields :

Event type In the traces above, the first field (as in the older trace format) describes the type of event taking place at the node
and can be one of the four types:
s send
r receive Jitem[d] drop
f forward

General tag The second field starting with "-t" may stand for time or global setting

-t time
-t * (global setting)
Node property tags This field denotes the node properties like node-id, the level at which tracing is being done like agent,
router or MAC. The tags start with a leading "-N" and are listed as below:
-Ni: node id
-Nx: node’s x-coordinate
-Ny: node’s y-coordinate
-Nz: node’s z-coordinate
-Ne: node energy level
-NI: trace level, such as AGT, RTR, MAC
-Nw: reason for the event. The different reasons for dropping a packet are given below:

"END" DROP_END_OF_SIMULATION

"COL" DROP_MAC_COLLISION

"DUP" DROP_MAC _ DUPLICATE

"ERR" DROP_MAC_PACKET_ERROR

"RET" DROP_MAC_RETRY_COUNT_EXCEEDED

"STA" DROP_MAC_INVALID_STATE

"BSY" DROP_MAC_BUSY

"NRTE" DROP_RTR_NO_ROUTE i.e no route is available.
"LOOP" DROP_RTR_ROUTE_LOORP i.e there is a routing loop
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"TTL" DROP_RTR_TTLi.e TTL has reached zero.
"TOUT" DROP_RTR_QTIMEOUT i.e packet has expired.
"CBK" DROP_RTR_MAC_CALLBACK

"IFQ" DROP_IFQ_QFULL i.e no buffer space in IFQ.
"ARP" DROP_IFQ_ARP_FULL i.e dropped by ARP

"OUT" DROP_OUTSIDE_SUBNET i.e dropped by base stations on receiving routing updates from nodes out-
side its domain.

Packet information at | P level The tags for this field start with a leading "-I" and are listed along with their explanations as
following:
-Is: source address.source port number
-1d: dest address.dest port number
-It: packet type
-1I: packet size
-If: flowid
-li: uniqueid
-lv: ttlvalue
Next hop info This field provides next hop info and the tag starts with a leading "-H".

-Hs: id for this node
-Hd: id for next hop towards the destination.

Packet infoat MAC level This field gives MAC layer information and starts with a leading "-M" as shown below:

-Ma: duration

-Md: dst's ethernet address
-Ms: src’s ethernet address
-Mt: ethernet type

Packet info at " Application level" The packet information at application level consists of the type of application like ARP,
TCP, the type of adhoc routing protocol like DSDV, DSR, AODV etc being traced. This field consists of a leading "-P"
and list of tags for different application is listed as below:

-P arp Address Resolution Protocol. Details for ARP is given by the following tags:

-Po: ARP Request/Reply
-Pm: src mac address
-Ps. src address
-Pa: dst mac address
-Pd: dst address
-P dsr This denotes the adhoc routing protocol called Dynamic source routing. Information on DSR is represented by
the following tags:
-Pn: how many nodes traversed
-Pg: routing request flag
-Pi: route request sequence number
-Pp: routing reply flag
-PI: reply length
-Pe: src of srcrouting->dst of the source routing
-Pw: error report flag ?
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-Pm: number of errors
-Pc: report to whom
-Pb: link error from linka->linkb

-P cbr Constant bit rate. Information about the CBR application is represented by the following tags:

-Pi: sequence number
-Pf: how many times this pkt was forwarded
-Po: optimal number of forwards

-Ptcp Information about TCP flow is given by the following subtags:

-Ps. seq number

-Pa: ack number

-Pf: how many times this pkt was forwarded
-Po: optimal number of forwards

This field is still under development and new tags shall be added for other applications as they get included along the
way.

15.1.7 Generation of node-movement and tr affic-connection for wireless scenarios

Normally for large topologies, the node movement and traffic connection patterns are defined in separate files for convinience
These movement and traffic files may be generated using CMU’s movement- and connection-generators. In this section wi
shall describe both separately.

M obileNode M ovement

Some examples of node movement files may be foundnsitet/mobility/scene/scen-670x670-50-600-20-*. These files
define a topology of 670 by 670m where 50 nodes move with a speed of 20m/s with pause time of 600s. each node is assigne
a starting position. The information regarding number of hops between the nodes is fed to the central object "GOD" (XXX
but why/where is this information used??-answer awaited from CMU.) Next each node is a speed and a direction to move to.

The generator for creating node movement files are to be found und@rdep-utils/cmu-scen-gen/setdest/ directory. Com-
pile the files under setdest to create an executable. run setdest with arguments in the following way:

./ setdest -n <num of nodes> -p <pausetinme> -s <naxspeed> -t <simine>
-X <maxx> -y <maxy> > <outdir>/<scenario-file>

Note that the index used for nodes now start from O instead of 1 as was in the original CMU version, to matsswith
tradition of assigning node indices from O.

Generating traffic pattern files

The examples for traffic patterns may be found n#/tel/mobility/scene/cbr-50-{10-4-512, 20-4-512}.

The traffic generator is located undersfindep-utils/cmu-scen-gen/ and are called cbrgen.tcl and tcpgen.tcl. They may be
used for generating CBR and TCP connections respectively.

To create CBR connecions, run
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ns chrgen.tcl [-type cbr|tcp] [-nn nodes] [-seed seed]
[-nt connections] [-rate rate]

To create TCP connections, run
ns tcpgen.tcl [-nn nodes] [-seed seed]

You will need to pipe the outputs from above to a cbr-* or a tcp-* file.

15.2 Extensionsmadeto CMU’swireless model

As mentioned earlier, the original CMU wireless model allows simulation of wireless LANs and ad-hoc networks. However
in order to use the wireless model for simulations using both wired and wireless nodes we had to add certain extensions tc
cmu model. We call this wired-cum-wireless feature. Also SUN’s MobilelP (implemented for wired nodes) was integrated
into the wireless model allowing mobilelP to run over wireless mobilenodes. The following two subsections describe these
two extensions to the wireless modelis

15.2.1 wired-cum-wireless scenarios

The mobilenodes described so far mainly supports simulation of multi-hop ad-hoc networks or wireless LANs. But what if
we need to simulate a topology of multiple wireless LANs connected through wired nodes, or may need to run mobilelP on
top of these wireless nodes? The extensions made to the CMU wireless model allows us to do that.

The main problem facing the wired-cum-wireless scenario was the issue of routing. In ns, routing information is generated
based on the connectivity of the topology, i.e how nodes are connected to one another thnokgh Mobilenodes on the

other hand have no concept of links. They route packets among themselves, within the wireless topology, using their routing
protocol. so how would packets be exchanged between these two types of nodes?

So a node calle@aseSt at i onNode is created which plays the role of a gateway for the wired and wireless domains.
The BaseSt at i onNode is essentially a hybrid between a Hierarchical nb¢ldéi er Node) and aMbbi | eNode. The
basestation node is responsible for delivering packets into and out of the wireless domain. In order to achieve this we nee
Hierarchical routing.

Each wireless domain along with its base-station would have an unique domain address assigned to them. All packets destine
to a wireless node would reach the base-station attached to the domain of that wireless node, who would eventually hand th
packet over to the destination (mobilenode). And mobilenodes route packets, destined to outside their (wireless) domain, tc
their base-station node. The base-station knows how to forward these packets towards the (wired) destination. The schemat
of aBaseSt at i onNode is shown in Figure 15.3.

The mobilenodes in wired-cum-wireless scenario are required to support hierarchical addressing/routing Mihid tadlode
looks exactly like thdBase St at i onNode. The SRNode, however, simply needs to have its own hier-address since it does
not require any address demuxes and thus is not required to support hier fouting

The DSDV agent on having to forward a packet checks to see if the destination is outside its (wireless) subnet. If so, it tries
to forward the packet to its base-station node. In case no route to base-station is found the packet is dropped. Otherwis

1Refer to Chapter 26 for details on hierarchical routing and internaté ef Node.
2|n order to do away with all these different variations of the definition of a node, we are planning to revise the node architecture that would allow a more
flexible and modularised construction of a node without the necessity of having to define and be limited to certain Class definitions only.
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Figure 15.3: Schematic of a baseStationNode

the packet is forwarded to the next_hop towards the base-station. Which is then routed towards the wired network by base

station’s classifiers.

The DSR agent, on receiving a pkt destined outside its subnet, sends out a route-query for its base-station in case the route
base-station is not known. The data pkt is temporarily cached while it waits to hear route replies from base-station. On getting

143



a reply the packet is provided with routing information in its header and send away towards the base-station. The base-statiol
address demuxes routes it correctly toward the wired network.

The example script for a wired-cum-wireless simulation can be foundsiict/ex/wired-cum-wireless-sim.tcl. The methods
for wired-cum-wireless implementations are defined ms/tel/lib/ns-bsnode.tcl, rg/tcl/mobility/{com.tcl,dsr.tcl, dsdv.tcl},
~ng/dsdv/dsdv.{cc,h} and rs/dsr/dsragent.{cc,h}.

15.2.2 MobilelP

The wired-cum-wireless extensions for the wireless model paved the path for supporting wireless Mobiig!PSian
Microsystem’s (Charlie Perking al) MobilelP model was based on ns’s wired model (consistinjjade’s andLi nk’s)
and thus didnot use CMU’s mobility model.

Here we briefly describe the wireless MobilelP implementation. We hope that Sun would provide the detailed version of the
documentation in the future.

The mobilelP scenario consists of Home-Agents(HA) and Foreign-Agents(FA) and have Mobile-Hosts(MH) moving be-
tween their HA and FAs. The HA and FA are essentially base-station nodes we have described earlier. While MHs are
basically the mobileNodes described in section 15.1.1. The methods and procedures for MobilelP extensions are described i
~ns/mip.{cc,h}, ~ng/mip-reg.cc, ng/tcl/lib/ns-mip.tcl and xs/tcl/lib/ns-wireless-mip.tcl.

The HA and FA nodes are definedidsbi | eNode/ M PBS having a registering agent (regagent_) that sends beacon out to
the mobilenodes, sets up encapsulator and decapsulator, as required and replies to solicitations from MHs. The MH node
are defined abbbi | eNode/ M PMHwhich too have a regagent_that receives and responds to beacons and sends out solic-
itations to HA or FAs. Figure 15.4 illustrates the schematic vbai | eNode/ M PBS node. Thevbbi | eNode/ M PMH

node is very similar to this except for the fact that it doesnot have any encapsulator or decapsulator. As for the SRNode versiot
of a MH, it doesnot have the hierarchical classifiers and the RA agent forms the entry point of the node. See Figure 15.2 for
model of a SRNode.

TheMbi | eNode/ M PBS node routinely broadcasts beacon or advertisement messages out to MHs. A solicitation from a
mobilenode generates an ad that is send directly to the requesting MH. The address of the base-station sending out beacon
heard by MH and is used as the COA (care-of-address) of the MH. Thus as the MH moves from its native to foreign domains,
its COA changes. Upon receiving reg_request (as reply to ads) from a mobilehost the base-station checks to see if it is th
HA for the MH. If not, it sets up its decapsulator and forwards the reg_request towards the HA of the MH.

In case the base-statienthe HA for the requesting MH but the COA doesnot match its own, it sets up an encapsulator and
sends reg-request-reply back to the COA (address of the FA) who has forwarded the reg_request to it. so now all packet:
destined to the MH reaching the HA would be tunneled through the encapsulator which encapsulates the IP pkthdr with a
IPinIP hdr, now destined to the COA instead of MH. The FA's decapsulator recives this packet, removes the encapsulation
and sends it to the MH.

If the COA matches that of the HA, it just removes the encapsulator it might have set up (when its mobilehost was roaming
into foreign networks) and sends the reply directly back to the MH, as the MH have now returned to its native domain.

The mobilehost sends out solicitations if it doesnot hear any ads from the base-stations. Upon receiving ads, it changes it
COA to the address of the HA/FA it has heard the ad from, and replies back to the COA with a request for registration
(r eg- r equest). Initially the MH maybe in the range of the HA and receives all pkts directly from its COA which is HA in

this case. Eventually as the MH moves out of range of its HA and into the a foreign domain of a FA, the MH’s COA changes
from its HA to that of the FA. The HA now sets up an encapsulator and tunnels all pkts destined for MH towards the FA.
The FA decapsulates the pkts and hands them over to the MH. The data from MH destined for the wired world is always
routed towards its current COA. An example script for wireless mobilelP can be foundttifex/wireless-mip-test.tcl. The
simulation consists of a MH moving between its HA and a FA. The HA and FA are each connected to a wired domain on one
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Figure 15.4: Schematic of a Wireless MobilelP BaseStation Node

side and to their wireless domains on the other. TCP flows are set up between the MH and a wired node.

15.3 Commandsat a glance

Following is a list of commands used in wireless simulations:

$ns_ node-confi g -addressi ngType <usually flat or hierarchical used for
Wi rel ess topol ogi es>
-adhocRout i ng <adhoc rotuing protocol |ike DSDV, DSR,
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TORA, AODV etc>

-1l Type <Li nkLayer >
-macType <MAC type |ike Mac/802_11>
-propType <Pr opagati on nodel |ike
Pr opagat i on/ TwoRayG ound>
-i fqType <interface queue type |ike
Queue/ DropTai | / Pri Queue>
-ifglLen <interface queue length |ike 50>
- phyType <network inteface type like
Phy/ W r el essPhy>
-ant Type <antenna type |i ke Antenna/ Omi Ant enna>
- channel Type <Channel type like Channel/Wrel essChannel >

-topol nstance <t he t opography instance>
-w redRout i ng <turning wired routing ON or OFF>

-mobil el P <setting the flag for nobilel P ON or OFF>
- ener gyModel <Ener gyMbdel type>
-initial Energy <specified in Joul es>
- r xPower <specified in W
- t xPower <specified in W
-agent Trace <tracing at agent |evel turned ON or OFF>
-routerTrace <tracing at router level turned ON or OFF>
-macTrace <tracing at mac | evel turned ON or OFF>
-nmovenent Trace <nobil enode nmovenent | oggi ng turned

ON or OFF>

This command is used typically to configure for a mobilenode. For more info about this command (part of new node APIs)
see chapter titled "Restructuring ns node and new Node APIs" in ns Notes and Documentation.

$ns_ node <optional: hier address>
This command is used to create a mobilenode after node configuration is done as shown in the node-config command. Incas
hierarchical addressing is being used, the hier address of the node needs to be passed as well.

$node | og- novenent
This command previously used to enable logging of mobilenode’s movement has now been reptesd by
node-config -novenent Trace <ON or OFF>.

creat e-god <num nodes>
This command is used to create a God instance. The number of mobilenodes is passed as argument which is used by God t
create a matrix to store connectivity information of the topology.

$topo load_flatgrid <X> <Y> <optional:res>
This initializes the grid for the topography object. <X> and <Y> are the x-y co-ordinates for the topology and are used for
sizing the grid. The grid resolution may be passed as <res>. A default value of 1 is normally used.

$topo | oad denfile <fil e-descrptor>
For loading DEMFile objects into topography. Seédem.cc,.h for details on DEMFiles.

$ns_ nantrace-all-wrel ess <namtrace> <X> <Y>
This command is used to initialize a namtrace file for logging node movements to be viewed in nam. The namtrace file
descriptor, the X and Y co-ordinates of the wireless topology is passed as parameters with this command.

$ns_ namend-wirel ess <stop-tinme>
This command is used to tell nam the simulation stop time given by <stop-time>.
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$ns_ initial_node_pos <node> <size>
This command defines the node initial position in nam. <size> denotes the size of node in nam. This function must be called
after mobility model has been defined.

$nobi | enode random notion <0 or 1>
Random-motion is used to turn on random movements for the mobilenode, in which case random destinations are assigned
to the node. 0 disables and 1 enables random-motion.

$nobi | enode setdest <X> <Y> <s>
This command is used to setup a destination for the mobilenode. The mobile node starts moving towards destination given
by <X> and <Y> at a speed of <s>m/s.

$nobi | enode reset
This command is used to reset all the objects in the nodes (network components like LL, MAC, phy etc).

Internal procedures
Following is a list of internal procedures used in wireless networking:

$obi | enode base- station <BSnode- hi er - addr >
This is used for wired-cum-wireless scenarios. Here the mobilenode is provided with the base-stationnode info for its
domain. The address is hierarchical since wired-cum-wireless scenarios typically use hierarchical addressing.

$nobi | enode | og-target <target-object>
The <target-object>, which is normally a trace object, is used to log mobilenode movements and their energy usage, if
energy model is provided.

$nobi | enode t opography <t opoi nstance>
This command is used to provide the node with a handle to the topography object.

$nmobi | enode addi f
A mobilenode may have more than one network interface. This command is used to pass handle for a network interface to
the node.

$nobi | enode namattach <nantracef d>
This command is used to attach the namtrace file descriptor <namtracefd> to the mobilenode. All nam traces for the node
are then written into this namtrace file.

$nobi | enode radi us <r>
The radius <r> denotes the node’s range. All mobilenodes that fall within the circle of radius <r> with the node at its center
are considered as neighbours. This info is typically used by the gridkeeper.

$nobi | enode start
This command is used to start off the movement of the mobilenode.
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Chapter 16

Satellite Networking in ns

This chapter describes extensions that enable the simulation of satellite netwaskiniparticular, these extensions enable

ns to model the following: i) traditional geostationary “bent-pipe” satellites with multiple users per uplink/downlink and
asymmetric links, ii) geostationary satellites with processing payloads (either regenerative payloads or full packet switching),
and iii) polar orbiting LEO constellations such as Iridium and Teledesic. These satellite models are principally aimed at using
nsto study networking aspects of satellite systems; in particular, MAC, link layer, routing, and transport protocols.

16.1 Overview of satellite models

Exact simulation of satellite networks requires a detailed modelling of radio frequency characteristics (interference, fading),

protocol interactions (e.g., interactions of residual burst errors on the link with error checking codes), and second-order orbital
effects (precession, gravitational anomalies, etc.). However, in order to study fundamental characteristics of satellite networks
from anetworking perspective, certain features may be abstracted out. For example, the performance of TCP over satellite
links is impacted little by using an approximate rather than detailed channel model- performance can be characterized to firs
order by the overall packet loss probability. This is the approach taken in this simulation model- to create a framework for

studying transport, routing, and MAC protocols in a satellite environment consisting of geostationary satellites or constella-

tions of polar-orbiting low-earth-orbit (LEO) satellites. Of course, users may extend these models to provide more detail at a
given layer.

16.1.1 Geostationary satellites

Geostationary satellites orbit the Earth at an altitude of 22,300 miles above the equator. The position of the satellites is
specified in terms of the longitude of the nadir point (subsatellite point on the Earth’s surface). In practice, geostationary
satellites can drift from their designated location due to gravitational perturbations— these effects are not mauelled in

Two kinds of geostationary satellites can be modelled. Traditional “bent-pipe” geostationary satellites are merely repeaters
in orbit— all packets received by such satellites on an uplink channel are piped through at RF frequencies to a correspondin
downlink, and the satellite node is not visible to routing protocols. Newer satellites will increasingly use baseband processing,
both to regenerate the digital signal and to perform fast packet switching on-board the spacecraft. In the simulations, thes
satellites can be modelled more like traditionahodes with classifiers and routing agents.

Previously, users could simulate geostationary satellite links by simply simulating a long delay link using trawtlohal
and nodes. The key enhancement of these satellite extensions with respect to geostationary satellites is the capability t
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Figure 16.1: Example of a polar-orbiting LEO constellation. This figure was generated using the SaVi software package from
the geometry center at the University of Minnesota.

simulate MAC protocols. Users can now define many terminals at different locations on the Earth’s surface and connect therr
to the same satellite uplink and downlink channels, and the propagation delays in the system (which are slightly different for
each user) are accurately modelled. In addition, the uplink and downlink channels can be defined differently (perhaps with
different bandwidths or error models).

16.1.2 Low-earth-orbiting satellites

Polar orbiting satellite systems, such as Iridium and the proposed Teledesic system, can be maullacharticular, the
simulator supports the specification of satellites that orbit in purely circular planes, for which the neighboring planes are co-
rotating. There are other non-geostationary constellation configurations possible (e.g., Walker constellations)— the intereste
user may develop new constellation classes to simulate these other constellation types. In particular, this would mainly require
defining new intersatellite link handoff procedures.

The following are the parameters of satellite constellations that can currently be simulated:

e Basic constellation definition Includes satellite altitude, number of satellites, number of planes, number of satellites
per plane.

¢ Orbits Orbit inclination can range continuously from 0 to 180 degrees (inclination greater than 90 degrees corresponds
to retrograde orbits). Orbit eccentricity is not modeled. Nodal precession is not modeled. Intersatellite spacing within a
given plane is fixed. Relative phasing between planes is fixed (although some systems may not control phasing betwee
planes).

e Intersatellite (ISL) links For polar orbiting constellations, intraplane, interplane, and crossseam ISLs can be defined.
Intraplane ISLs exist between satellites in the same plane and are never deactivated or handed off. Interplane ISLs exis
between satellites of neighboring co-rotating planes. These links are deactivated near the poles (above the “ISL latitude
threshold” in the table) because the antenna pointing mechanism cannot track these links in the polar regions. Like
intraplane ISLs, interplane ISLs are never handed off. Crossseam ISLs may exist in a constellation between satellite:
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in counter-rotating planes (where the planes form a so-called “seam” in the topology). GEO ISLs can also be defined
for constellations of geostationary satellites.

e Ground to satellite (GSL) links Multiple terminals can be connected to a single GSL satellite channel. GSL links for
GEO satellites are static, while GSL links for LEO channels are periodically handed off as described below.

e Elevation mask The elevation angle above which a GSL link can be operational. Currently, if the (LEO) satellite
serving a terminal drops below the elevation mask, the terminal searches for a new satellite above the elevation mask
Satellite terminals check for handoff opportunities according to a timeout interval specified by the user. Each ter-
minal initiates handoffs asynchronously; it would be possible also to define a system in which each handoff occurs

synchronously in the system.

The following table lists parameters used for example simulation scripts of the Iridimoh Teledesfkesystems.

H Iridium ‘ Teledesic‘

Altitude 780 km | 1375km
Planes 6 12
Satellites per plane 11 24
Inclination (deg) 86.4 84.7
I nter plane separ ation (deg) 31.6 15
Seam separ ation (deg) 22 15
Elevation mask (deg) 8.2 40
Intraplane phasing yes yes
Interplane phasing yes no
ISLs per satellite 4 8
ISL bandwidth 25 Mb/s | 155 Mb/s
Up/downlink bandwidth 1.5Mb/s| 1.5 Mbl/s
Cross-seam ISLs no yes
ISL latitudethreshold (deg) 60 60

Table 16.1: Simulation parameters used for modeling a broadband version of the Iridium system and the proposed 288-satellit
Teledesic system. Both systems are examples of polar orbiting constellations.

1Aside from the link bandwidths (Iridium is a narrowband system only), these parameters are very close to what a broadband version of the Iridiur

system might look like.
2These Teledesic constellation parameters are subject to change; thanks to Marie-Jose Montpetit of Teledesic for providing tentative pashmeters as

January 1999. The link bandwidths are not necessarily accurate.
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Figure 16.2: Spherical coordinate system used by satellite nodes

16.2 Usingthe satellite extensions

16.2.1 Nodesand node positions

There are two basic kinds of satellite hodgeostationary andnon-geostationary satellite nodes. In additioterminal nodes

can be placed on the Earth’s surface. As is explained later in Section 16.3, each of these three different types of node!
is actually implemented with the saneé ass Sat Node object, but with different position, handoff manager, and link
objects attached. The position object keeps track of the satellite node’s location in the coordinate system as a function of the
elapsed simulation time. This position information is used to determine link propagation delays and appropriate times for link
handoffs.

Figure 16.2 illustrates the spherical coordinate system, and the corresponding Cartesian coordinate system. The coord
nate system is centered at the Earth’s center, and: thris coincides with the Earth’s axis of rotation.R,0,¢) =
(6378km,90°,0°) corresponds t6° longitude (prime meridian) on the equator.

Specifically, there is one class of satellite n@lleass Node/ Sat Node, to which one of three types &0si t i on objects
may be attached. Ea®at Node andPosi ti on object is a split OTcl/C++ object, but most of the code resides in C++.
The following types of position objects exist:

e Position/ Sat/ Ter mA terminal is specified by its latitude and longitude. Latitude ranges fref, 90] and
longitude ranges frorf+180, 180], with negative values corresponding to south and west, respectively. As simulation
time evolves, the terminals move along with the Earth’s surface. The Simulator instateomde can be used to
create a terminal with an attached position object as follows:

$ns satnode terminal $lat $lon

e Position/ Sat/ Geo A geostationary satellite is specified by its longitude above the equator. As simulation time
evolves, the geostationary satellite moves through the coordinate system with the same orbital period as that of the
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Earth’s rotation. The longitude ranges frdm180, 180] degrees. The Simulator instpreat node can be used to
create a geostationary satellite with an attached position object as follows:

$ns sat node geo $lon

e Position/ Sat/ Pol ar A polar orbiting satellite has a purely circular orbit along a fixed plane in the coordinate
system; the Earth rotates underneath this orbital plane, so there is both an east-west and a north-south component |
the track of a polar satellite’s footprint on the Earth’s surface. Strictly speaking, the polar position object can be used
to model the movement of any circular orbit in a fixed plane; we use the term “polar” here because we later use such
satellites to model polar-orbiting constellations.

Satellite orbits are usually specified by six parametalstude, semi-major axis, eccentricity, right ascension of as-
cending node, inclination, andtime of perigee passage. The polar orbiting satellites ins have purely circular orbits, so

we simplify the specification of the orbits to include only three paramegdittide, inclination, andlongitude, with a
fourth parameteal pha specifying initial position of the satellite in the orbit, as described bekltitude is specified

in kilometers above the Earth’s surface, andination can range fronfl0, 180] degrees, wit90 corresponding to pure
polar orbits and angles greater tHthdegrees corresponding to “retrograde” orbits. abeending node refers to the
point where the footprint of the satellite orbital track crosses the equator moving from south to north. In this simulation
model, the parametéongitude of ascending node specifies the earth-centric longitude at which the satellite’s nadir
point crosses the equator moving south to ndrthongitude of ascending node can range froni—180, 180] degrees.

The fourth parametealpha, specifies the initial position of the satellite along this orbit, starting from the ascending
node. For example, aadpha of 180 degrees indicates that the satellite is initially above the equator moving from north
to south. Alpha can range fronf0, 360] degrees. Finally, a fifth parametgilane, is specified when creating polar
satellite nodes— all satellites in the same plane are given the same plane index. The Simulatorsastpoat= can

be used to create a polar satellite with an attached position object as follows:

$ns satnode polar $alt $inc $l on $al pha $pl ane

Note that the above methods use the atas@it node instproc. In Section 16.2.2, we introduce wrapper methods that
may be more convenient for generating various types of satellite nodes:

$ns sat node-term nal $l atitude $l ongitude
$ns sat node-pol ar $alt $inc $l on $al pha $pl ane $li nkargs $chan
$ns sat node-geo $l ongi tude $linkargs $chan
$ns sat node- geo-repeat er $l ongi tude $chan

16.2.2 Satdlitelinks

Satellite links resemble wireless links, which are described in Chapter 15. Each satellite node has one or more satellite
network interface stacks, to which channels are connected to the physical layer object in the stack. Figure 16.3 illustrates th
major components. Satellite links differ frons wireless links in two major respects: i) the transmit and receive interfaces
must be connected to different channels, and ii) there is no ARP implementation. Currerf@gdib&ropagation Model is

a placeholder for users to add more detailed error models if so desired; the current code does not use a propagation model.

Network interfaces can be added with the following instpro€lodiss Node/ Sat Node:
$node add-interface $type $I1 $qtype $qlim $mac $mac_bw $phy

Theadd- i nt er f ace instproc returns an index value that can be used to access the network interface stack later in the
simulation. By convention, the first interface created on a node is attached to the uplink and downlink channels of a satellite
or terminal. The following parameters must be provided:

3Traditionally, the “right ascension” of the ascending node is specified for satellite orbits— the right ascension correspomgtestiahingitude. In
our case, we do not care about the orientation in a celestial coordinate system, so we specify the earth-centric longitude instead.
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Figure 16.3: Main components of a satellite network interface

Channel

e type: The following link types can be indicatedeo or pol ar for links from a terminal to a geo or polar satellite,
respectivelygsl andgsl - r epeat er for links from a satellite to a terminal, aricht r apl ane, i nt er pl ane,
andcr ossseamlSLs. The type field is used internally in the simulator to identify the different types of links, but
structurally they are all very similar.

e II: Thelink layer type ¢l ass LL/ Sat is currently the only one defined).

e gtype: The queue type (e.gcl ass Queue/ DropTai | ). Any queue type may be used— however, if additional
parameters beyond the length of the queue are needed, then this instproc may need to be modified to include mor
arguments.

e glim: The length of the interface queue, in packets.

e mac. The MAC type. Currently, two types are defined ass Mac/ Sat — a basic MAC for links with only one
receiver (i.e., it does not do collision detection), &daiss Mac/ Sat / Unsl ot t edAl oha—an implementation of
unslotted Aloha.

e mac_bw: The bandwidth of the link is set by this parameter, which controls the transmission time how fast the MAC
sends. The packet size used to calculate the transmission time is the sum of thevaleé}y in the common packet
header andll NK_HDRSI ZE, which is the size of any link layer headers. The default valué FovK_HDRSI ZE is 16
bytes (settable isat | i nk. h). The transmission time is encoded in the packet header for use at the receive MAC (to
simulate waiting for a whole packet to arrive).

e phy: The physical layer— currently two Phy€l(ass Phy/ Sat andCl ass Phy/ Repeat er) are defined. The
classPhy/ Sat just pass the information up and down the stack— as in the wireless code described in Chapter 15, a
radio propagation model could be attached at this point. The BlagsRepeat er pipes any packets received on a
receive interface straight through to a transmit interface.

An ISL can be added between two nodes using the following instproc:

$ns add-isl $ltype $nodel $node2 $bw $qtype $qglim
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This creates two channels (of ty@mannel / Sat ), and appropriate network interfaces on both nodes, and attaches the
channels to the network interfaces. The bandwidth of the link is daitdrhe linktype ( t ype) must be specified as either
i ntrapl ane,i nterpl ane,orcrossseam

A GSL involves adding network interfaces and a channel on board the satellite (this is typically done using the wrapper
methods described in the next paragraph), and then defining the correct interfaces on the terrestrial node and attaching the
to the satellite link, as follows:

$node add-gsl $type $I1 $qtype $qlim $mac $bw_up $phy \
[$node_satellite set downlink ] [$node_satellite set uplink_]

Here, thet ype must be eithegeo or pol ar , and we make use of thbownl i nk__ andupl i nk__instvars of the satellite;
therefore, the satellite’s uplink and downlink must be created before this instproc is called.

Finally, the following wrapper methods can be used to create nodes of a given type and, in the case of satellite nodes, give
them an uplink and downlink interface as well as create and attach an uplink and downlink channel:

$ns satnode-termninal $latitude $longitude

$ns satnode-polar $alt $inc $lon $al pha $pl ane $linkargs $chan
$ns sat node-geo $l ongi tude $linkargs $chan

$ns sat node- geo-repeat er $l ongi tude $chan

wherel i nkar gs is alist of link argument options for the network interfaces (ff&l, $qt ype $qgl i m $nmac $mac_bw
$phy).

16.2.3 Handoffs

Satellite handoff modelling is a key component of LEO satellite network simulations. It is difficult to predict exactly how
handoffs will occur in future LEO systems because the subject is not well treated in the literature. In these satellite extensions
we establish certain criteria for handoffs, and allow nodes to independently monitor for situations that require a handoff. An
alternative would be to have all handoff events synchronized across the entire simulation— it would not be difficult to change
the simulator to work in such a manner.

There are no link handoffs involving geostationary satellites, but there are two types of links to polar orbiting satellites that
must be handed off: GSLs to polar satellites, and crossseam ISLs. A third type of link, interplane ISLs, are not handed off but
are deactivated at high latitudes as we describe below.

Each terminal connected to a polar orbiting satellite runs a timer that, upon expiry, causlas tied f Manager to check

whether the current satellite has fallen below the elevation mask of the terminal. If so, the handoff manager detaches the
terminal from that satellite’s up and down links, and searches through the linked list of satellite nodes for another possible
satellite. First, the “next” satellite in the current orbital plane is checked— a pointer to this satellite is stored in the Position
object of each polar satellite node and is set during simulation configuration usihpde# Sat Node instproc ‘$node

set _next $next_node.” If the next satellite is not suitable, the handoff manager searches through the remaining satel-
lites. If it finds a suitable polar satelite, it connects its network interfaces to that satellite’s uplink and downlink channels, and
restarts the handoff timer. If it does not find a suitable satellite, it restarts the timer and tries again later. If any link changes
occur, the routing agent is notified.

The elevation mask and handoff timer interval are settable via OTcl:
Handof f Manager/ Term set el evati on_mask_ 10; # degrees

154



Handof f Manager/ Term set term handoff _int_ 10; # seconds
In addition, handoffs may be randomized to avoid phase effects by setting the following variable:
Handof f Manager set handoff _random zation_0; # O is false, 1 is true

If handof f _r andomi zat i on_is true, then the next handoff interval is a random variate picked from a uniform distribu-
tion acrosq0.5 x term_handof f_int_, 1.5 = term_handof f _int_).

Crossseam ISLs are the only type of ISLs that are handed off. The criteria for handing off a crossseam ISL is whether
or not there exists a satellite in the neighboring plane that is closer to the given satellite than the one to which it is currently
connected. Again, a handoff timer running within the handoff manager on the polar satellite determines when the constellation
is checked for handoff opportunities. Crossseam ISL handoffs are initiated by satellites in the lower-numbered plane of the
two. It is therefore possible for a transient condition to arise in which a polar satellite has two crossseam ISLs (to different
satellites). The satellite handoff interval is again settable from OTcl and may also be randomized:

Handof f Manager/ Sat set sat _handoff _int_ 10; # seconds

Interplane and crossseam ISLs are deactivated near the poles, because the pointing requirements for the links are too seve
as the satellite draw close to one another. Shutdown of these links is governed by a parameter:

Handof f Manager/ Sat set | atitude_threshold_ 70; # degrees

The values for this parameter in the example scripts are speculative; the exact value is dependent upon the satellite hardwar
The handoff manager checks the latitude of itself and its peer satellite upon a handoff timeout; if either or both of the satellites
is abovd atitude t hreshol d_ degrees latitude (north or south), the link is deactivated until both satellites drop below
this threshold.

Finally, if crossseam ISLs exist, there are certain situations in which the satellites draw too close to one another in the mid-
latitudes (if the orbits are not close to being pure polar orbits). We check for the occurence of this orbital overlap with the
following parameter:

Handof f Manager/ Sat set |ongitude threshold_ 10; # degrees

Again, the values for this parameter in the example scripts are speculative. If the two satellites are closer together in longitude
thanl ongi t ude_t hr eshol d_ degrees, the link between them is deactivated. This parameter is disabled{gsét/to
default— all defaults for satellite-related bound variables can be founasitctlib/ns-sat.tcl.

16.2.4 Routing

The current status of routing is that it is incomplete. Ideally, one should be able to run all eristmgting protocols over
satellite links. However, many of the existing routing protocols implemented in OTcl require that the converslonal be

used. Thens developers are working to remedy this situation so that existing routing implementations are independent of the
underlying link objects.

With that being said, the current routing implementation is similar to Session routing described in Chapter 23, except that
it is implemented entirely in C++. Upon each topology change, a centralized routing genie determines the global network
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topology, computes new routes for all nodes, and uses the routes to build a forwarding table on each node. Currently, the
slot table is kept by a routing agent on each node, and packets not destined for agents on the node are sent by default to th
routing agent. For each destination for which the node has a route, the forwarding table contains a pointer to the head of the
corresponding outgoing link. As noted in Chapter 23, the user is cautioned that this type of centralized routing can lead to
minor causality violations.

The routing genie is al ass Sat Rout eCbj ect and is created and invoked with the following OTcl commands:

set satrouteobject [new Sat Rout eCbject]
$sat rout eobj ect _ conpute_routes

where the call taconput e_r out es is performed after all of the links and nodes in the simulator have been instantiated.
Like theSchedul er , there is one instance of a SatRouteObject in the simulation, and it is accessed by means of an instance
variable in C++. For example, the call to recompute routes after a topology change is:

Sat Rout ehj ect: :instance().reconpute();

Despite the current use of centralized routing, the design of having a routing agent on each node was mainly done with
distributed routing in mind. Routing packets can be sent to port 255 of each node. The key to distributed routing working
correctly is for the routing agent to be able to determine from which link a packet arrived. This is accomplished by the inclu-
sion of acl ass Net wor kI nt er f ace object in each link, which uniquely labels the link on which the packet arrived. A
helper functioNsCbj ect* intf _to target(int |abel) canbe used to returnthe head of the link corresponding

to a given label. The use of routing agents parallels that of the mobility extensions, and the interested reader can turn to thos
examples to see how to implement distributed routing protocols in this framework.

The shortest-path route computations use the current propagation delay of a link as the cost metric. It is possible to comput
routes using only the hop count and not the propagation delays; in order to do so, set the following default variable to "false":

Sat Rout ehj ect set netric_delay "true"

Finally, for very large topologies (such as the Teledesic example), the centralized routing code will produce a very slow
runtime because it executes an all-pairs shortest path algorithm upon each topology change even if there is no data current
being sent. To speed up simulations in which there is not much data transfer but there are lots of satellites and ISLs, one ca
disablehandoff-driven and enablelata-driven route computations. With data-driven computations, routes are computed only
when there is a packet to send, and furthermore, a single-source shortest-path algorithm (only for the node with a packet t
send) is executed instead of an all-pairs shortest path algorithm. The following OTcl variable can configure this option (which
is set to "false" by default):

Sat Rout eCbj ect set data_driven_conputation_ "fal se”

16.2.5 Trace support

Tracefiles using satellite nodes and links are very similar to conventistracing described in Chapter 21. Special SatTrace
objects €l ass Sat Tr ace derives froncl ass Tr ace) are used to log the geographic latitude and longitude of the node
logging the trace (in the case of a satellite node, the latitude and longitude correspond to the nadir point of the satellite).

For example, a packet on a link from node 66 to node 26 might normally be logged as:
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+ 1.0000 66 26 cbr 210 ------- 0 66.0 67.0 0 0O

but in the satellite simulation, the position information is appended:

+ 1.0000 66 26 cbr 210 ------- 0 66.0 67.0 0 0 37.90 -122.30 48.90 -120.94

In this case, node 66 is at latitude 37.90 degrees, longitude -122.30 degrees, while node 26 is a LEO satellite whose subsatelli
point is at 48.90 degrees latitude, -120.94 degrees longitude (negative latitude corresponds to south, while negative longitud
corresponds to west).

One addition is th&l ass Trace/ Sat/ Err or, which traces any packets that are errored by an error model. The error
trace logs packets dropped due to errors as follows, for example:

e 1.2404 12 13 cbr 210 ------- 0 12.0 13.0 0 0 -0.00 10.20 -0.00 -10.00

To enable tracing of all satellite links in the simulator, use the following commbefdee instantiating nodes and links:

set f [open out.tr w
$ns trace-all $f

Then use the following line after all node and link creation (and all error model insertion, if any) to enable tracing of all
satellite links:

$ns trace-all-satlinks $f

Specifically, this will put tracing around the link layer queues in all satellite links, and will put a receive trace between the
mac and the link layer for received packets. To enable tracing only on a specific link on a specific node, one may use the
command:

$node trace-inlink-queue $f $i
$node trace-outlink-queue $f $i

wherei is the index of the interface to be traced.

The implementations of the satellite trace objects can be founnditctlib/ns-sat.tcl and re/sattrace.{cc,h}.

16.2.6 Error models

nserror models are described in Chapter 12. These error models can be set to cause packets to be errored according to varic
probability distributions. These error models are simple and don't necessarily correspond to what would be experienced or
an actual satellite channel (particularly a LEO channel). Users are free to define more sophisticated error models that mor:
closely match a particular satellite environment.

The following code provides an example of how to add an error model to a link:
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set em_ [new ErrorMdel]

$em_ unit pkt

$em_ set rate_ 0.02

$em_ranvar [new RandonVari abl e/ Uni form
$node interface-errornodel $em_

This will add an error model to the receive path of the first interface created orthmadie (specifically, between the MAC
and link layer)- this first interface generally corresponds to the uplink and downlink interface for a satellite or a terminal (if
only one uplink and/or downlink exists). To add the error model to a different stack (indexgdisg the following code:

$node interface-errornodel $em $i

16.2.7 Other configuration options

Given an initial configuration of satellites specified for tithét is possible to start the satellite configuration from any arbi-
trary pointin time through the use of thé me_advance_ parameter (this is really only useful for LEO simulations). During
the simulation run, this will set the position of the object to the position at Saleedul er: : i nst ance() . cl ock +

ti me_advance_ seconds.

Position/ Sat set tine_advance_0; # seconds

16.2.8 nam support

nam is not currently supported. Addition oBm for GEO satellite topologies is an active work itenam support for LEO
constellations is not planned (interested users are encouraged to develop this component).

16.2.9 Integration with other modules

Currenty, these satellite extensions do not interoperate with the wireless code, mobile-IP code, and OTcl routing protocols (ir
particular, multicast). This is an active work item for thedevelopers and more support along these lines will be added later.

16.2.10 Examplescripts
Example scripts can be found in thasfcl/ex directory, including:

e sat-m xed. t cl A simulation with a mixture of polar and geostationary satellites.
e sat -repeat er. t cl Demonstrates the use of a simple bent-pipe geostationary satellite, and also error models.

e sat - al oha. t cl Simulates one hundred terminals in a mesh-VSAT configuration using an unslotted Aloha MAC
protocol with a “bent-pipe” geostationary satellite. Terminals listen to their own transmissions (after a delay), and if
they do not successfully receive their own packet within a timeout interval, they perform exponential backoff and then
retransmit the packet.
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“name” is the name of the structure containing the list head
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Figure 16.4: Linked list implementation is.

e sat-iridiumtcl Simulates a broadband LEO constellation with parameters similar to that of the Iridium con-
stellation (with supporting scriptsat -iri di umlinks.tcl,sat-iridiumlinksw thcross.tcl, and
sat-iridi umnodes.tcl).

e sat-tel edesic.tcl Simulates a broadband LEO constellation with parameters similar to those proposed for the
288 satellite Teledesic constellation (with supporting scgptis- t el edesi c- | i nks. t cl andsat -t el edesi c- nodes. |

In addition, there is a test suite script that tries to exercise a lot of features simultaneously, it can be fogtdAest/test-
suite-sat.tcl.

16.3 Implementation

The code for the implementation of satellite extensions can be foundsifsat.h, sathandoff.{cc,h}, satlink.{cc,h}, satn-
ode {cc,h}, satposition.{cc,h}, satroute.{cc,h}, sattrace.{cc,h}}, anaskcl/lib/ns-sat.tcl. Almost all of the mechanism is
implemented in C++.

In this section, we focus on some of the key components of the implementation; namely, the use of linked lists, the node
structure, and a detailed look at the satellite link structure.

16.3.1 Useof linked lists

There are a number of linked lists used heavily in the implementation:

e cl ass Node maintains a (static) list of all objects of classde in the simulator. The variablode: : nodehead_
stores the head of the list. The linked list of nodes is used for centralized routing, for finding satellites to hand off to,
and for tracing.

e cl ass Node maintains a list of all (satellite) links on the node. Specifically, the list is a list of objects of class
Li nkHead. The variabld i nkl i st head_ stores the head of the list. The linked list of LinkHeads is used for
checking whether or not to handoff links, and to discover topology adjacencies.

e cl ass Channel maintains a list of all objects of clagzhy on the channel. The head of the list is stored in the
variablei f _head_. This list is used to determine the set of interfaces on a channel that should receive a copy of a
packet.

Figure 16.4 provides a schematic of how the linked list is organized. Each objectin the listis linked through a “LINK_ENTRY”
that is a protected member of the class. This entry contains a pointer to the next item in the list and also a pointer to the addres

159



class SatNode : public Node

SatPositioy

ffMgri

List of pointers: /
node_head nodehead_ | |satLinkHead e SatLinkHead
linklist_head linklisthead_|

Channel* uplink_

Channel* downlink_
Other link Other link
objects objects

Figure 16.5: Structure afl ass Sat Node.

of the previous “next” pointer in the preceding object. Various macros foundsflist.h can be used to manipulate the list;
the implementation of linked-lists insis similar to thequeue implementation found in some variants of BSD UNIX.

16.3.2 Nodestructure

Figure 16.5 is a schematic of the main components@dtaNode. The structure bears resemblance toNbéi | eNode in

the wireless extensions, but there are several differences. Like atides, the SatNode has an “entry” point to a series of
classifiers. The address classifier contains a slot table for forwarding packets to foreign nodes, but since OTcl routing is nof
used, all packets not destined for this node (and hence forwarded to the port classifier), are sent to the default target, whic
points to a routing agent. Packets destined on the node for port 255 are classified as routing packets and are also forwarded
the routing agent.

Each node contains one or more “network stacks” that include a ge®erici nkHead at the entry point of the link. The

Sat Li nkHead is intended to serve as an API to get at other objects in the link structure, so it contains a number of pointers
(although the API here has not been finalized). Packets leaving the network stack are sent to the node’s entry. An importan
feature is that each packet leaving a network stack hag isce_ field in the common packet header coded with the unique

Net wor ki nt er f ace index corresponding to the link. This value can be used to support distributed routing as described
below.

The base class routing agentisass Sat Rout eAgent ; it can be used in conjunction with centralized routing. SatRouteAgents
contain a forwarding table that resolves a packet's address to a particular LinkHead target—it is the jSa bRiiet e Qbj ect

to populate this table correctly. The SatRouteAgent populates certain fields in the header and then sends the packet down
the approprate link. To implement a distributed routing protocol, a new SatRouteAgent could be defined- this would learn
about topology by noting the interface index marked in each packet as it came up the stack— a helper function in the node
intf_to_target() allows ittoresolve an index value to a particular LinkHead.

There are pointers to three additional objects in a SatNode. First, each SatNode contains a position object, discussed in tf

previous section. Second, each SatNode contadins&Handof f Myr that monitors for opportunities to hand links off and
coordinates the handoffs. Satellite nodes and terminal nodes each have their specialized version of a LinkHandoffMgr.
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Figure 16.6: Detailed look at network interface stack.

Finally, a number of pointers to objects are contained in a SatNode. We disdusskti st head_ andnodehead_ in
the previous subsection. Thpl i nk_ anddownl i nk__ pointers are used for convenience under the assumption that, in
most simulations, a satellite or a terminal has only one uplink and downlink channel.

16.3.3 Detailed look at satellitelinks

Figure 16.6 provides a more detailed look at how satellite links are composed. In this section, we describe how packets
move up and down the stack, and the key things to note at each layer. Thesfitd/lib/ns-sat.tcl contains the various OTcl
instprocs that assemble links according to Figure 16.6. We describe the composite structure herein as a “network stack.” Mos
of the code for the various link components is ims/satlink.{cc,h}.

The entry point to a network stack is tBat Li nkHead object. The SatLinkHead object derives fr@nass Li nkHead;

the aim of link head objects is to provide a uniform API for all network sta¢k¥he SatLinkHead object contains pointers

to the LL, Queue, MAC, Error model, and both Phy objects. The SatLinkHead object can also be queried as to what type of
network stack it is— e.g., GSL, interplane ISL, crossseam ISL, etc.. Valid codes foypee_field are currently found in
~ng/sat.h. Finally, the SatLinkHead stores a boolean varibblekup_ that indicates whether the link to at least one other
node on the channel is up. The C++ implementation of SatLinkHead is founwsisatlink.{cc,h}.

Packets leaving a node pass through the SatLinkHead transparentlyctiogdbe Sat LL object. The SatLL class derives

from LL (link layer). Link layer protocols (like ARQ protocols) can be defined here. The current SatLL assigns a MAC
address to the packet. Note that in the satellite case, we do not use an Address Resolution Protocol (ARP); instead, we simp
use the MACi ndex_ variable as its address, and we use a helper function to find the MAC address of the corresponding
interface of the next-hop node. Sinckass LL derives froncl ass Li nkDel ay, thedel ay_ parameter of LinkDelay

can be used to model any processing delay in the link layer; by default this delay is zero.

4In the author’s opinion, all network stacksria should eventually have a LinkHead object at the front— the class SatLinkHead would then disappear.
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The next object an outgoing packet encounters is the interface queue. However, if tracing is enabled, tracing elements ma
surround the queue, as shown in Figure 16.6. This part of a satellite link functions like a convergitinkl

The next layer down is the MAC layer. The MAC layer draws packets from the queue (or deque trace) object— a handshaking
between the MAC and the queue allows the MAC to draw packets out of the queue as it needs them. The transmission timg
of a packet is modelled in the MAC also— the MAC computes the transmission delay of the packet (based on the sum of the
LINK_HDRSIZE field defined irsat | i nk. h and thesi ze field in the common packet header), and does not call up for
another packet until the current one has been “sent” to the next layer down. Therefore, it is important to set the bandwidth of
the link correctly at this layer. For convenience, the transmit time is encodedimtheeader; this information can be used

at the receiving MAC to calculate how long it must wait to detect a collision on a packet, for example.

Next, the packet is sent to a transmitting interface (Phy_tx) of as$hy. This object just sends the packet to the attached
channel. We noted earlier in this chapter that all interfaces attached to a channel are part of the linked list for that channel
This is not true for transmit interfaces, however. Only receive interfaces attached to a channel comprise this linked list, since
only receive interfaces should get a copy of transmitted packets. The use of separate transmit and receive interfaces mirrol
the real world where full-duplex satellite links are made up of RF channels at different frequencies.

The outgoing packet is next sent t&at Channel , which copies the packet to every receiving interface (of ciagsPhy)

on the channel. The Phy_rx sends the packet to the MAC layer. At the MAC layer, the packet is held for the duration of its
transmission time (and any appropriate collision detection is performed if the MAC, such as the Aloha MAC, supports it).
If the packet is determined to have arrived safely at the MAC, it next passesHorar Mbdel object, if it exists. If not,

the packet moves through any receive tracing objects t&#td. L object. The SatLL object passes the packet up after a
processing delay (again, by default, the valuedet ay _is zero).

The final object that a received packet passes through is an objettasfs Net wor ki nt er f ace. This object stamps
thei f ace_ field in the common header with the network stack’s unique index value. This is used to keep track of which
network stack a packet arrived on. The packet then goes w@rithey of the SatNode (usually, an address classifier).

Finally, “geo-repeater” satellites exist, as described earlier in this chapter. Geo-repeater network stacks are very simple— the
only contain a Phy_tx and a Phy_rxof ass Repeat er Phy, and a SatLinkHead. Packets received by a Phy_rx are sent

to the Phy_tx without delay. The geo-repeater satellite is a degenerate satellite node, in that it does not contain things like
tracing elements, handoff managers, routing agents, or any other link interfaces other than repeater interfaces.

16.4 Commandsat a glance

Following is a list of commands related to satellite networking:

$ns_ satnode-pol ar <alt> <inc> <l on> <al pha> <pl ane> <l i nkargs> <chan>

This a simulator wrapper method for creating a polar satellite node. Two links, uplink and downlink, are created along with
two channels, uplink channel and downlink channel. <alt> is the polar satellite altitude, <inc> is orbit inclination w.r.t
equator, <lon> is the longitude of ascending node, <alpha> gives the initial position of the satellite along this orbit, <plane>
defines the plane of the polar satellite. <linkargs> is a list of link argument options that defines the network interface (like
LL, Qtype, Qlim, PHY, MAC etc).

$ns_ sat node-geo <l on> <linkargs> <chan>
This is a wrapper method for creating a geo satellite node that first creates a satnode plus two link interfaces (uplink and
downlink) plus two satellite channels (uplink and downlink). <chan> defines the type of channel.

$ns_ sat node- geo-repeater <l on> <chan>

This is a wrapper method for making a geo satellite repeater node that first creates a satnode plus two link interfaces (uplink
and downlink) plus two satellite channels (uplink and downlink).

162



$ns_ satnode-term nal <lat> <l on>
This is a wrapper method that simply creates a terminal node. The <lat> and <lon> defines the latitude and longitude
respectively of the terminal.

$ns_ satnode <type> <args>
This is a more primitive method for creating satnodes o