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ABSTRACT~

The problem of obtaining efficient routing algorithms for the
fast delivery of messagas to thelr destinations iz of the
utmost importance in the design af modern digital networks.
The research project deals with the investigation of various

typas of routing algorithme and the technigues available for

avaluating the performance of these aigorithms. A minimum

delay adaptive routing algorithm, deve.aped by R € fallager
15 melected. The overall performance of a particular network
coneisting of randomly distributed nodes is optimized using
the algorithm. The performance of the network is optimized by
minimizing the average packet delays. A slmulation program is
used to detarmins the perfarmance of the network. The minimum
delay routing algorithm provides a 30 to 40 percent
improvement on the mvarage packet deiays compared to a static
least cost algorithm. The improvement is obtained once the
adaptive routing algorithm has been carefully adapted to the
netwark in which it is implemented.
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INTRCDUCTION

During the past decade the key tochnology has baen
information gathering, proceseing and distribution. This hag
led to the design and implementation of large complex digital
computer networks.

A natwork consists of a sat of nodes which are interconnacted
by a esysteam of 1links. Data 4s traneferrad from one node to
another in the network via the 3links. In modern natworke it
i{s necessary to minimize average packet delay and to maximize
the throughput. The project invelves +tha study of routing
slgorithme which determine +the path taken by the data
travelling through the nestwork. The particular routing
algorithm studied minimizes the total sverage packet delay in
the network.

1.1 Project demeription

The project examinas the various typas of naetwork topologies

which are most efficient with respact to the routing of
traffic. R fixed network topolegy is selected. Various types

of routing algorithms are studied in order to establish an
algorithm best sulted for the type of notwork topology
selacted. Methods for predicting the parformsnce of the

routing algorithms are examined. A suitable method im then
chosen and uised to prediet the performance of the network.
The adaptabllity of the minimum delay routing algorithm ig
aptimized and the parformance Oof the network under rapidly
varylng input traffic laads 1s studied.




1.2 Layout of the repart

The report is divided into two par’ . The first part, Part I,
deala with the actual research ., oject and includes the
follovwing chapters: Chapter 2, intsinuces the theory used to

describe and analyse digital networks. Chapter 3 iz devoted

to a litarature survey on routing algorithme. The features of
the more important routing slgerithme are described in this
chapter. Chapter 4 describes the techniquas available far

analysing and predicting the performance of large digital

networks. Chapter 5 deals with the type and specification of

the network and routing algorithm to be tested and optimized.

The subsequent chapter, Chapter 6, describes the development

of the network routing simulation package.

The last two chapters,' Chaptars 7 and 8, evaluate the

results obtained from the rimulation program and the
optimlzation of the network. Chapter B concludes the report
with the dedustions made from the research project, the

limitations of the project as wall ae recammendations for
possible further investigation.

Part II of the report deals axclusively with the network
routing simuiation program developed in the research

project. Psrt II includes the user's manual and design
specitication of the program. The entire program listing is
also provided in part II of the repart.




BACKGROUND THEORY

Tha hasic concepts and thaory tised tc dafine and evaluate the
pecformance of a notwork are iptroduced. The 08I model of a
notwork is defined. The definition, types and proparties of
routing algorithme are stated. A list and deacription of tha
tarminology used in the raport is given in Appendix A.

2.1 Digital networks

A digital network conslsts of & &et of nodes which sra
interconnacted by links. Informatien or data ig transferred
betwean ths noda® in the hatwork via the links. Nodes which
genarater date ta ba transferred to other nodes ers known as
the mource or tranamittar nodes. Nodes which congzume data
from othar nodee ara referrad ta as Eink or receiver nodes.
The manner in which the links intarconnect tha nodes in the
natwerk 1& known as the topclogy of the network. Typical
network topologles are illustrated helow.

O %

a) Ring typs network b) Star natwork

) Hiararchical natwork d) Irragular network

Figure 2.1 Disgram illustrating various network topalogies.
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2.2.1 Uses and advantages of digital networks

The uses and benefits of networks are numerous., The main
advantage of a network is that it allows meparate independent
nodes to communicate with each other. This leads to several

tmportant uses:

- Information gathering: A network allows tnformatien te be
gathered over large areas and relayed to a central polnt
pernitting large amounts of valuable Information to be

extracted and correlated.

Increased reliability: Networks provide aiternative
sources of supply. The 1ass of a single node or computer
in @ network is usuvally less serious than {f all the
terminals were connected to a single computer. In
applications such as military, industrial process control
and banking the less of computing power, even for a short

perfad of time, can be catastrophic.

Resource sharing: A network allows a number of users or
nodes to share expensive or valuable resources guch as

data bases and printers.

Cost of computing: Due to the decreasing cost of
computers in general it has become more feasible to
process the data whera it 4is collected, rather than

transferving the data to a central computer to be

processed. This naturally leads to the implementation of

a network.

Rapid communication: Networks allow nodes that may be
physically distant from each other to rapidly exchange
information. If a node gathers information that is
valusble to another node the data can be transferred

immediately to that node.




Simple design of complex systems: Finally, in a network
it is possible to dedicate some (or all) of the processes
to specialized functions. This leads to the natural
decomposition of large compiex systems into smaller more
managesble aystems. Each node in the network can be
programmed to perform a single function at any one time,
A network allows a system to expanded in small incresmants
and procasses may be added to the network as they are

réquired.

The requirements of a network may vary according to the
application. In general a network must be able to transfer
information from one node to another as guickly and cheaply
as poseible. Often an additional requirement is that of
security where one user may prevent the other users in the
network from obtaining privileged information.

There exigts an abundant number of possible applications for
computer networks which extends from education, industrial
process control, banking, automated newspapers and military
applications to fully automated libraries and softwake
distribution. The advantages, wuses and applieation
possibilities of networks and the: need for rallable and
efficient networks are escalating extremely rapidly.

2.3 Tha OSI raference modal

To reduce the complexity of designing networks and ta allow
networks to be demigned in a structured manner, the network
may be divided into ‘'layere'. Bach layer performs a well
defined funetion and 1is built upon its predacessor. The
purposa of each layer ix to provide cartain functions to the

higher levels. Each layer may be described as a 'black bow'
with the interface to the adjacent levals clearly defined but




the functions performed within the 'black box' hidden from
the higher layers.

The Internc:ional Systems Organization (IS0} have defined a

et of layers which has became widely racognized as a
standard to which networks are designed. The set of layers is
known as the Reference Model of Open Systems Interconnectian
(0SI). The OSI model s divided into seven layers as
1llustrated below.

Application -- Protocol Application |Heseags
- Interface
Pragentation -~ Protocol Presentation |Mescage

Bemgion Protocol Session Measage

Teansport Protocol Transport Heseage -

Network Protocol Network Packet

Data Link Protocol Data link Frame

Physical Protocol Physical Bit

Figura 2.2 Schematic representation of the OSI reference
model. (Courtesy, A & Tanenbaum [431).

The project 1ie concerned with the third layer the ‘Network
layer'. For completeness a brief description of the functiong
of each of the layers is provided.

2.3.1 The Physical layer

The physical layer is concernsd with the transmission of riw
bits over a communication channel ([431. The layer ig
concernad with aspects guch as the voltage lavels that
represent a one and a zere &and whether dsta tranamission is
aliowsd in both directions. A mimplex channel is one that
allows data to travel in one diraction only. A channel that

&




allows data to travel in both directions but not
simuitaneously is knawn as a half-dupiex channel. A full-
duplex channel 4s one that allows data to be transmitted in
both directions simultanecusly. The capacity of the link from
node 1 to node k is represented as Ciw and defines the
maximum number of bits per secend that may be transmitted
over the Link.

2.2.2 The Data link layer

The funcfion of the data link layer iz ta transform tha
physical layer into a channel that appears fres of
transmission errors. This is accomplished by braaking up the
data dinto packets or frames which are transmittea
sequentially across the network. The data link layer is also

concerned with the transmission of acknowledgement frames

which are transmitted to the source node by the raceiver. The

project is concerned with the next layer, the network layer
It {& assumed that the ‘Data link' layer has been implementaed
and provides a perfect physical layer which is free of
transmission errors. It is howaver not possible to isolate
all of the functions of the data link layer from the network
layer. Protesols used by the data link layer may effect the
efficiency of the routing algorithm found 4n the network

layer.

2.3.3 Tha Netwerk layer

The network layer is respansible for determining how packets
are routed within a network. The project is devoted to this
layer. Congestion control 18 also handled by the network
layer. Accounting functions, such as calculating the cost of
_raneferring a message across the network are performed by

this layer.




Two bamic modelis of how packets are routed across the network
exist. These include the virtual circuit nodel and datagrem
circuit model. 1In the virtusl circuit model a fixed path is
sat up ta a particular destination when the user entars the
network. The path then remains fixsd for the entire pariod
the user is connected to the network. A singla path is
available and packets sre always received by the destination
in the same order they were tranemitted. In a datagram
natwork the netwark layor &lmply accepts packets from the
transport layer and a hest nttempt i made to transfer the
packet to the destination. Diffarent packets for the same
destination may take different paths. No guarantes is made
that packets arrive st the destination in the correct order
ar even at alli When designing a netwark it is Lmportant to
select the type of nodel used. This is depandent on the typs
and properties of the required network.

The type of routing algorithm, congesti.n pratocol and medel
needed by the network requires careful selsction. This aspect
of the praject is described in chapter &. A brief description
of the functions of the next layers is given in corder to
verify gomz of the assumptions made in the report.

2.3.4 The Transport layer

The function of the transport layer is to split tha dats inta
smaller packets or frames and to pass these to the network
iayer. It also ensures that all the packets arrive at the
destination in the corract order.




2.3.5 The Sesslon layer

Tha session layer providas tha user interfacs to the natwork.
A connectlon batwean users i often called & massion. The
satting up of a session ls & complicated procadure vhich ts
not considersd here. In some natworks the sassion and

transport layars are mirgad Into a singla layar.

2.3.6 ‘The Presentatlon layer

Tha presentrtion layar performs functicns such as filing and
tha transiation of ASCII characters to bits that may be
transmittad. Tha layer may ba used to  translate differant
fila formate to & format understandabla by the particular

tarminal. B
«

2.3.7 The Application layer

Thie is the uppermost layer in 'tha 0SI modal. The purpose of
this 1layer i® to pravide transpatency &nd to hide tha
physical distribution of the rasourcas from the usar. Tha
axact content of the applicatlon layer is dependant on tha

actual usar.

2.4 Coneclusioni Netwerk Definition

Although the description given ik briaf, it is clear that a
network is a combination of numerous {ntarrelated functions
making up a bighly complex system. The project focusses on
only a emall part of tha system, and includes tha rasaareh
into routing algorithme and other ralated topics such as

congestion control protocols.




2.6 Queuing theory

The digital network satudfied in the project 1is basad on
queuing network principles. Thersfore it is necessary to have
a basic undarstanding of gueuing theory. The theory required
for the understanding of the report is provided. A more
detsiled explanstion on queuing theory is given in references
124,251

2.5.1 Introduction to queuing theory

Queuing theory is u. .d to model processes in which packets
arrive, walt their turn for service, are serviced and then

depart. Queuing gystems are characterized by the following:-

The interarrival-time probability demsity function. The
interarrival-time probability density functson represents
the distribution of the time delay betwasn £wo successive
arrivals st a gueue.

The service-time probability density function. The
service time probability density function representa the
distribution of the time period required to service a
packet.

The number of servers. The number of servars present to
service the packets from the same input gueve.

The gueulng discipline. The gueuing discipline specifies
how incoming packets are inserted into the input queua,
The amount of buffer space in the guaues.

The theory required to analyse s queuing system is dependent

on the type of gystem used, It ls necessary to acqurately
define the systam that will be used in this project in order
to derive the theory directly applicable to the project.




2.5.2 Queuing systems in digital networks

In order to simplify the theory a node is assumed to have a
buffer of infinite length. The theory 1is limited to what is
noun as a M/H/i queue. a M/M/i queue is defined am follows:-

- An exponential probability density for the interarrival
tima,

- An exponential probability density for the service time,
and

- a mingle server system.

A typical M/M/i gueuing system is illustrated below,

Queue Server

Hean arrival rate Mean service rate
¢ packets/sec. u packets/eec.

Figure 2.3 Diagrsm of a simple H/M/1 queuing syetem.

The incoming packets at & node are served on a first come
first serve basie. Graphically a node appears as follows:

SERVER

QUTPUT QUEVE

INPUT QUEUI

¥igure 2.4 Diagrsm of a typleal noda in a network.




Asmuming the mean arrival rate of packets to the quaue to he
¢ packets per eecond, then the probability of exactly n
packets arriving in a time interval of t s given by thas
Polsson law:

Pn(t) = (gi)ne-ce
ol

and the probability density function can easily be derived
as:

a(t) = ge-es

Thn advantage of using Poisson probability density is that
the probability of an arrival during time t is independent of
the number of packets already in ths gueue. Assuming a mean
packet length to be 1/u bits per packet and the channel
capacity to be ¢ bits per second then the average packet
delay T i may be written ast

T = 1/{ue - ¢}
T inclufes both the transmission time and queuing time.

Thie result leads to some important con¢lusions. The most
important conclusien baing that as the avarage packet arrival
rate ¢ tends to the average channel packet rate uC then the
delay tends to infinity. That is 1if éne assumes an infinite
input buffer langth. TI: average delay experienced by packets
tranemitted acrose the network iz eme of the wost important
aspects to considar in the design of a digital netwark.




2.5.3 Conciusion: Queuing theory

Many of the important aspects ragarding the guauing systems
amployed in digital natworks may be darived from the simple
faormula given abova. Some of thesa conclugionz are datalied
in chaptar 4 whara the theory iz applied to a particular

natwork.

2.6  Routing algorithme

Before demigning & digital network tha typas, propertias,
advantages and limitations of routing slgorithms wmust be
dafinad.

2.6.1 Proparties of routing algorithma

The task of a routing algorithm {s to decida on which output
path or pathas an incoming packet should be tranemitted.

Routing algbrithms are implemanted in digital networks in

arder to achiave ena or more of tha following:

to minimize tha total average packet dalay,
to reduca the cost Oof transferring a packet across the
network from a source to a dastination node,

to minimize the numbar of blacked packets in the natwork,
to reduce tha affect of link and noda fallures in the
natwark,

to maximize the total natwork throughput, that is to
maximize the numbar of packets that can be transferred
across the network in a given time intarval, and

to minimiza the numbar of nedas passed (numbar of hops)
by a packat in moving from a source node to a dastination
node in the natwork.




In addition to the ahove features routing algorithme should
algo posses the following properiies:

be robust; a system wide fsilure should not be allowed,
be able to cope with changes in the topolegy of the
network,
be simple and stable,
be able to provide fairness to all the nodes in the
netwark,
have a fast response; the Epeed at which the algorithm
adapts to changes in traffic must be faster than the
average rate at which the traffic changes in the network
if the routing algorithm Lu to be useful,
Number of control packets transmitted; the amount of
routing information exchanged between nodes must be
sufficient to indicate changes in traffic and network
topology, but if too much information is exchanged then
the nverhead and bandwidth required to transmit tha data
may be too large,
Buffer space required; the amount of storage space
required to update and ¢ontain the routing tables in &
node must not be largé, but sufficient to route packets
efficiently around the network and,
sheuld demenstrate loop free propertles. The couting
algorithm mhould ensure that packets do not return to
nodes alresdy visited in the netwark.
It is impossible to dasign =zn efficient algorithm that
simultaneously sutisfies all the advantages and pvoperties of
routing algorithms described above. It i however possible,
by considaring the type of network and it's application, to
optimize mome oOf the featuras at the expense of others until
a compromise ls reached. For example in military applications

it is important to have a robust system which minimizes the
probability of a packet not reaching it'e destination whilst
minimizing the cost of running the network may not he
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easential. In large glohal networks, it
reduce the cost of running the network at the expense of

may be necessary to

incraased delays. Soms networks may allow the user to selact
a minimum delay or least cost path or to send the packets via
a path that will guarantee the packet ta reach it's
destination.

2.6.2 Types of routing algorithms

The vartous basic types of routing algorithme and their
specific advantages and drawbacks are described.

Static routing algorithms

Static routing algorithms are implemented as fallows. Each
node contains a table listing the possible output path ar
paths for a particular destimation nads. The paths ars
usually listed iIn ordec of priority. One af the simplast way
to implement & static routing alyorithm iz each time & packet
is to be , the nods g a random number, and

aocording to the random number and destination node the
packat is sent along one of the output pathe. Static routing
aigorithms ars the eamiest typs to  implement and are
therefore the most widely used algorithms. The main problem
with gtatie¢ routing algorithms iz that they capnot adapt to
traftic changes in the network. Also {f the topology of the
network changes, or if a link or node fails the tables in all
the npdes must bo updated befors ths netwark can operate
affectively. Static routing algorithns may be used as a
backup algorithm ko & more compls. algorithm mince mtatic
algorithms wre eimple and robust,




Adaptive routing algorithmw

Adaptive routing algerithme attempt to route packets
according to the traffie in the network. For example if the
traffic in one part of the network increases dramatically the
algorithm attempts to route packets around that part of the
network. Adeptive algarithms may also be made to adjust to
changen in topology of the natwork and to react to nods and
Jirk failvres in such a way as to minimize the effect on the

traffic. Generally adaptive routing algorithms, sometimes

called dynamic routing algorithms, are designed to minimize
the average delay experienced by the packets. Adaptive
algarithme may however be designed to minimize the average
numbar of hops par packet or to maximize the throughput of
the netvark. The cost, ¢f utilizing an adaptive routing
algorithm in s network i the added complexity and overhead
raguired at each node. Although adaptive routing algorithms

are useful no routing algorithm can cope with a netwark where
the traffic at all the nodes increases simuitaneously.
Adaptive algorithms are mast useful in networks where the
traffic between two nodes suddenly increases for a short

period of time.

Cantralized routing systems

In this type of xystem each node contains a table of the
porsible pathe to each destination node. Thiw iz similar te a
statie routing algerithm. Periodically each node transmits
status information such as queue lengthe, amaunt of traffie
per line etc. to one node known as the routing contrel center
(RCC). The RCC uming the information obtained from all the
nodes calculates @ new routing tahle for each node. The RCC
then transmits the new table to each partlcular node and the
node then continues to raute the packets accerding to the new
routing table received from the RCC. The advantage of such a
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system im that the RCC containz information about the entire
network and can therafore make perfect decisions on how
packets are to be routed. Another advantage ig that it
relieves each node of the task of calculating the routing
tables, The disadvantages of such a system are unfortunately
guite mevere. If the system is to react rapldly to changes in
traffic the RCC must perform routing calculations fairly
often requiring a fast sephiszticated central processing unit
(CPU). Anothsr preblem is the heavy flow of traffic near the
RCC due to the large amount of data being transferred to and
from the RCC. The most serious problem suffered by a
centralized routing system is it's vulnerability, =ince if
the RCC fails the entire network fails.

Decentralized routing systems

The problems of centralized routing systems has led to the
development of decentralized or distributed routing systems.
In decentralized routing eystems gach nede is responsible for
calculating it's own routing tables. Information such as
guene lengths, packet delays etc, may be transferred between
the various nodes in the network, and based on  this
informetion each node cempute 1it's own routing tables. The
advantages of such a system {8 that it can be made extremely
reliable. For example, if a node fails the rest of the
network can continue to operate. The main disadvantage of a
distributed system iz the time taken for a change in traffic
patterns or a node failure to propagste through the network
50 that each node can alter it's routing tables aceardingly.
Another problem is that 1f routing information is exchanged
at regular intervalz between the nodes in the network &

significant amount of channel capacity may be taken up by the

routing packets. A large number of digital networke employing

a decentralized routing system have besn implemented. The
most fikting example im the ARPANET network.
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2.7  Conclusion: Background theory

The basic properties applicable to routing algorithms in
general was detailed in this chapter. The reader iz supplied
with the bafic information raguired to understand the

advantages, uses and drawbacks of the algorithms discissed in

the report.




LITERATURE SURVEY

Al survey wss un en to datermine the types of
routing slgorithms currently proposed or in use in large
natworks. A table, summacizing the characteriztics of each
algorithm is provided in Appendix B.

3.1 Routing algorithms

Routing algorithms are divided 1into twa categories, namely
the static and adaptive slgarithms. Static routing algorithme
include the flooding, random and least cost algorithms. The
flooding and random routing algoriihme are simple and reguire
minimsl intelligence. The flooding and random algorithme are
only effective in small networks with a very low conetant
traffic flow. Tha least cost routing algorithm minimizes the
©¢opt of transfsrring messages across a hatwork. Least cost or
shortest path algorithms may be used to minimize the average
packet delay. in a network.

Adsptive routing algorithms are more suited to networks with
a varying input traffic load. Adaptive routing algorithms
attempt to minimize the average packet delay. Minimizing thz
dalay is accomplished by reuting packets around congssted
regions in the natwork. Numerous adaptive routing algerithms
have been deveioped. Each algorithm suited to a partiguiar
type of network. The characteristics snd properties of each
algorithm is pravided in Appendix B.

Saveral slgorithms appear to be suited ta a network
conelsting of randemly intercennected nodes. These algorithms
include:
- The delta routing slgerithw proposed by H Rudin (373,
- The minimum delay routing algorithm developed by R @
Gallager {111, .
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- The extramal flows algarithm proposed by D C Canter and ¥
Garla [B], and

- The second derivative routing algorithm by D P Bertsekas
{53.

All thesa adaptive routing algerithms minimize the packet
delay in the network. The minimum delay routing algorithm,
developed by R G Gailager appeark to a sultable algorithm for
several reasons:
- It may be adapted to any type or size of natwork,
- simpla,
- requires & wminimum amount of routing information to be
exchanged betwsen nodes,
minimizes the +total average packet delay in the network,

and
may bs used in ‘'guasi-static’' netwerks. The performance
of the algorithm in dynamic natworks requires more study.

3.2 Networks

Some of the networks currently in use are alse summarized in
Appendizx B. The networks studied include tha ARPANET,
TRANSPAC, TIDAS, TYMNBT and DECNET networke. The survey
indicates that the size of modern networke extends from §
nodes to as many as 300 nodes. From the survey it i{s aevident
that the most important propsrties reguired by a routlng
algorithm are:

robustness

loop freedom,

be sble to cope with high traffic situations,
ba abkle to cope with link failures, and

must allew for future axpansian of the network.




3.3 Conelusion: Tha literature survay

In the 1literature survey, numerous types of routing
algorithms have been identified. Only a few of these
algorithms have been fully tested and the performance of the
algorithm in various typee of networks established. Various
existing networks have been sxamined and the basic problams
experienced by these networks have been identified. Briefly
the major problems identified are:

poor responsa af the routing algorithm to changes in
traffic patterns in the netwerk,

poor response i@ link ar node fallures in the netwark,
large memory required hy the routing algorithms,

the large amount of routing infarmation that must be
exchanged between the nodes in order for the routing
algoritham to operate aeffectively cned efficlently, and
poor performance of the routing algorithm in extramely
high traffic load s{tustions.

In seme of the networke examined some these problems have
been alleviated. This has bsen done by examining the overall
perfarmance of the network. The routing algorithm and
protocols in the network are sltered in order to optimize the
parformance of the network. Such a technigue i often
extramely comtly.

It is evident, from the literature survey, that an

inesxpeneive  technigue for  accurataly predicting the

performance of a routing algorithm for a particular network
is required. The overall parformance of a network must be
determinaed hefore the network 4s implemented, due to the
large costs invoived in implementing and altering large
digital networks.




EVALDATION

Bvaluating the performance of & nhetwork iz important for

several reasonz [22]1:

- Detarmines the performance of the network against the
overhead introduced in improving tha network performance,

- Amsiste in tuning of the network parameters in order to
obtain an optimum in the performance of the natwark,

- Helps in comparing the performance of twe or mors

networks.

Several techniques exist for evaluating the parformance of a
network and thesa include:

- Analytical technigues,
- Experimental technigues, and
- 8imulation technigues.

The methods used in evaluating the ,arformance and efficiency
of a netwerk iz are described in detail in this chapter.

4.1 Performance avaluation c¢ritaria

The performanca of & network depends not anly on the exact
implemantation, but also on the individual awsocisted with
tha network. M Iiyas and H ¢ Houftah [22] have divided the
performance criteria of a natwork into thrae categories, tha

user~orientatsd, manager-orientated and designer-orientated

eritecia.




¢.1.1 User-Orientated critaria

A user ix usually concernaed with the ‘'friandliness' of a
network. A umer raguires a network that provides short dalays
in transferring messagas across the network at a minioun
cost. In addition a user may reguira sacurity and privacy of
data.

4.1.2 Manager-Orientated eriteris

A managar of a natwork is concerned with the cost-performance
tradeoff of tha natwork, and likes tc =ea tha bast
utilization possible of the network raesources. A manager
wants a reliabla natwork with a high throughput and i
interestad in the +&ype and adaptability of the routing
algorithm used in the natwork.

4.1.3 Designer-Orientatad criteria

A designar is mainly coneerned with how sccurately the
parformance of the natwerk can bs predicted and the design
wpecifications met. The deslgnar 1s aleo concarnad with
aspects such as flow control protocels, buffer utilization
and the efficlancy of tha routing procadure used.

4.2 Parformance measurements

To detarmine the parformance of a natwork several
measurements must bs obtained from the natwork.




4.2.1 Time delays

One of tha most important aspects to considar when evaluating
tha parformance of the network {s tha time taken for a packat
to meve from a sourca to destination node in the netwaork,
This critaria is dependent on the amount of traffic in the
network. Henca the tima delays for various traffic loads must
obtained bafore s useful deduction can be made about the
effectivensss of tha natwork. Measurement of the time delays
often gives a good indicatisn of the afficlency of the
routing slgorithm used in the network.

4.2.2 Throughput

The throughput of, the netwerk indicatas the number of packats
per sacond moving through tha network with respact to the
total eapacity of the natwork. It iz often desirable to
maximize tha throughput of tha network. High throughput ara
obtainable by the usa of high capacity links, effici{ant nodes
and highly affective routing algorithas.

4.2.3 Cost

Tha cost of running the network and the cost invelvsd in
transferring a data packet acrass tha network is-an importsnt
aspect to consider when evsluating tha parformance of tha
network., Other cost that may ba considersd ara maintenance
costs and tha costs involved in adding a naw node or link to
the network.




4.2.4 Parcentage use of tha network capacity

The parcentaga use of tha links in the network undar various
traffic loads need also be considerad. At high traffic loads
it is demirable to have all or most of tha links oparating at
or near maximum capacity. A measure of the avarage percentage
use of each link reveals tha particular link that bacomes
saturated under hesvy load conditions, and by incraasing tha
capacity of this link the throughput of the network may be
ineressed. Often it is nacessary to predict exactly how much
traffic the netvork is able to handle in order to plan for
passible future expansions of the natwork.

4.2.5 Numbar of blockad packets

In some applications, much as banking a blocked packat may
hava a disastrous effect on the network and it 1s nacessery
to be abla to detarmine the pogsibility of & packet being
blocked under various lead situations. Determining the number
of packets blocked ovar & particular time interval is an
indication of the buffer =slzas reguired at tha nodes. A
natwerk should alsa ba able to detect blocked packats and to

take appropriate action 1f necessary.

4.2.6 Usa of buffars

The avarage percantage use of the buffers at sach node
provides an indication of the buffer size reguired at each
node and may also indicate If the node is capable af handling
all the input traffic to the node. Under-utilization of
buffars at heavy loads indicates that an excess number of
buffers have been provided or that the node is particularly
efficient. Over-utilization af tha buffers indleates that teo




few buffers have bean allocated and that blockaed packets or
daadlock may occur.

4.2.7 Averaga number of hops

The numbsr of hops represents the number of nodes crossed by
a packet travelling from a source to a destination node.
Minimizing the number of hops usually, but not always,
minimizes the delay and cost involved in transferring the
packet. The number of hops may indicate the presance of
'looping' or circulating packets in the network.

4.2.8 Othsr parformance measuraments snd conclusiong

Other purformance measurements may be directly related to the
actual implementation of the network. ¥or example if a
network employs a dimtributed adaptive routing algorithm it
ig naceseary to measure or calculate the ratio of routing
packets to dats packeta in the network. If the ratio is too
high 1t indicates that too many routing packets are
circulating around the network and  consuming valuable
bandwidth.

There axists numerous measurements that can ke made to
determina the overall performance af a network and the
routing algerithm used. Usually the overall performance is
established by coneidering all of the maasuremsnts °
simultaneocusly. Por sxample it iz not much use minimizing the
delays if the numbar of blocked packets incresses. Obtzining
a gquantitative measure of the efficiency of a routing

algorithm and computer nestwork a= a whole is a difficult and

complex task.




4.3 ferformance evaluation: Analytical techniques

For this method mathematical modols are used to determine the
performance of the network. The iodels are usually based on
several aswumptions, and the more the assumptions made the
easier the method, but the results obtalned are less
accurate. Highly ac.uate results require sophisticated and
complex models of the mystem and the accuracy obtained does
not umually compensats far the efforts and complaxity
involved.

Evaluating the perform.... of a single node employing a
single server aystem is wimple snd accurate results can be
obtsined using anaiytical methods, however the evaluation of
multi-nsde systems hecomes extremely difficult if not
impossible to anslyse. In fact in nmulti-node systems it iu
only possible to accurately predict the performance of
networks employing a static routing convention.

4.3.1 Queuing theory analysis

hmsuming & static routing algorithm valusble insight ahout
delays, costs, percentage use and buffer allocation can be

gained wueing simple gqueuing thecry. Bamic link capacity

requirement® can usually be determined from simple analytical
methods, assuming constant traffic and a static routing
algorithm.

In a simple network assuming infinite buffer lengthe and an
M/M/4 queuing principle as discussed in chapter 2 the delay
can ba eetimated from the simple formula:

Ts = /(002 = 64)
T, is the delay in ink 4, Ci is the capacity of link i and
1/u iz the average service rate of node i and
¢, 1s the average arcival rate of iink i.
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Summing over all the links the total avarage delay T, can be

exprossed as:
T = GI(da/d)/ (ks - 0u)
where & i3 expressed as ¢/¢ and
¢ is D¢c the sum of the individual arrival rates and
@ 1s XG4 where Ois is the total traffic from source i to
the destination node J.

The formula wes used on a simple network illustratsd below.

Capacity of all }iuka = 20kbps
All links bis.irectional

Figure 4.1 A simple digital network under test.

The performance of ths network was analytieal)iy deldrmined as

follows:

The.input to the network is the average traffic rate for all
the wsourcs démtination node pairs in the network. In this
exsmple the total traffic is assumed to be 40 packets pav
second. The totsl traffic is then wmultiplied by & scale
factor which varies from O to 2. That is the input traffic to
the network 15 varied between 0 and 80 packets per mecond.
The average packet delay 1is then calculated. The averags
percentage use of the network is also determined. The
percentage use of the network s defined gz the tols) numhey
of packets travelling through thas network per second divided
by the total capacity of the network. The effect of the
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packet length, input traffic loads and link capacity values
on the average packet welay is ahgerved. In the analysis a
simple least cost routing algorithm is assumed, Packet
arrival times to the network are calculated using a Poisson

probability density function.

Packet bit lengthe

The everage packet delay as well as the percentage
atilization of tha links 1in the natwork for various packet
lengths are studied.

it {s important to note that the infinite delays illustrated
in the graphs below are a result of assuming infinlte buffer
lengths at the nodes. It (s assumed that no packets are
blocked and that all packets eventually reach their
destination, even if it takes foraver!
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Graph 4.1 The average packet delay as a function of the
input traffic to the network for varlous packet
lengths.
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Graph 4.2 The percentage use of the network as a functian
of tha ipput traffic to the network for various
packet langtha.

From the graphs it ig evident that the shorter packets have a

shorter average delay. It «an aslso be noted that the delay

increages rapidiy at some criti{cal valua. This gccurs when
one of the links becomes sgaturatsd. The link that becomes
saturated iz krown as the satucation link. For smaller
packets the ‘eff;ut of the saturatien link on the delay i
less critical compared with that of large packets. Allewing
the flow te increass close to the capacity of any link
dramatically increases the delay illustrating that high
thraughput &nd low delsys are difficult to achiave
simultanecusly. In all casas the peak utilization of the
network is uimately 50% and is an the capacity

of the saturation link.




Teaffic rate results

Increasing the traffic has the result of increasing the
average packaet delay in the network. For all traffic rates
the maximum percentage utilization of tha network is 50%. The
results obtained ure illustrated in the graphs below. The
graphs are obtalned using a packet length of B0 bits.

Daley.
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Graph 4.3 ' The packet delay for various input traffic losds.

Poroantage Use
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Graph 4.4 The percentage use of the network for various
input traffic loads.
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Varicus link capacity results

The capacity of the saturation link (link (2,3)) was
graphs shown
The packet length is assumed to he 800 bits.

o‘.hlAv

increased and the results are portrayed in the
below.
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Increasing the ecapacity of the saturation link (link (2,3))
decreases the average packet delays. The decrease in averaga
packet delays becomes less wignificant as unother link
hecomes saturated. Increasing the capacity of the saturatien
1ink also inereases the percentage uttlization of the
network. The problem of & highly satursted Link can be solved
by increasing the capacity of the ink but this selution
suffers from catastrophic results if the link £ails. A mora
sppropriate selution is to provide several links parallel to

the saturation link. In an tdeal network it is desirabla: for

all the links to have the same percentage utilizatian: in a
static network with constant traffic flows this can be
accompliched by correctly assigning capacities to the various
1inks in the network. For dynamic networks were traffic ratas
vary the only solution iz to employ a soplisticated routing
algorithm to ‘dimtribute the traffic asm evenly as possihle
sekoss all <1inks in the network. Such a routfng algerithm im
‘ay ‘uesful in networks where alternate links to the

saturation iinks are available.

4.3.2 Bingle nods analysis

Analytical technigues are sxtremely useful in dasigning and
predicting the performance of individual nodes in the
network. Anslytical mathode are umeful for determining butfer
length requirements, buffer allocation techniques and sarvice
rates required by tha node.

6 B Agnew and J W Mark [1] have developed a model for
determining the performance of individusl nodes in & netwerk.
A -certain buffer length, huffsr allocation technigue and
servics rate of +the node under test 1is stipulated. The
performance of the noda is datermined by caleulating the
blocking probabilities and delays of the packets at tha node.
7he percentage buffar utilization may alee be calculated. Tha
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model applies to static and adaptive routing algarithms. The
modal ik ueeful in detarmining the stability and convergence
of a particular routing algerithm: The overall performance of
large complex networks cannot be mccurately predicted uaing
this mathod.

4.3.3 Electrical analog analysisz

The method of using an elactrical cireuit analog for
determining the parformance of a network was first proposed
by J B Dennis and is described by T E Stern in reference
[41]. The liinks in the natwork sre repreiented aB
resigtances, tha traffic flow in the links a8 current and the
each node is given a potential. The nathod 1is nse?
obtaining 2n optimal rputing stratagy for the i,
gaveral assunpticns do bowevar have to be made in orde.

able tb analyse larga multi-deatination natworks. The mathau
requires further smtudy befors it may be applied to large
dynamic digital networkk.

4.3.4 Analysis of quasi-static natwerks

A Segall [3§] states that the problem v’th analysing a
dynamic syst m using analytical techniques is the number of
states reguited to obtained accurate results. A network
consisting of N nedss, « outgoing links par node and maximum
buffer length of n packets requires approxivately (olNm)¥-*
states. 7aking a emall network of 40 nodes with 2 autgoing
1irke per node and a huffer length of 10 the number of states
caquired i greater than 8 x 102°. Segell ha& proposed a
model for the analysis of guasi-static networks which reduces
the number of states required. The proposed algorithm im
however limlted and requiras further {investiyation and

improvemant.




4.3.5 Conclusion, analytical methods

Various analytical technigues for evaluating the performance
of a digital network have been considersd. A static network
coneirting of four nodes, each node modelled by a M/M/1
queuing system was analysed using simple gqueuing theory. The
results obtained indicate that the packet delay is dependent
on the input traffic to the network and tha total capacity of
the netwark.

3imple analytical methods c¢an be used as 8 first ghep in the
design of a digital network. The main problem being that for
large networks the complexity incresses dpastically,
Analysing s netvork employing a dynamic routing algorithm la
difffeult. In conolusion analytical techniques are limited to
determining the performance of Simple static networke.

44 Performancé evaluationt Experimental technigues

A network or prototype network is first implemented.
Heasurements are then takea from the network. Varieus
parameters are now vatkied in order to otain the optimum
performance of the network.

4.4.1 Measurement tuchniques

Befora any adjustments can be made to improve the performance
of tha network varioue measuremante must be made euch as the
measuremant of the input traffic, qusue lengths and link
utilization. The measurements ecan be <¢laswed into three

types, namely long tarm me mnte, trace and

the mnapshot meamurements.




- Long tarm measurements ara abtainad by recording varicus
network gtatistics such &5 gqueue lengths for & fixaed
pertod of tima, and uming this racorded {nformation leng
term averasge statistics are compiled.

Trace measurements are made by observing & packat ar it
travals through the network from the mourca node to tha
destination noda. This rethod of measurement 4is used to
detarmine if sny deadlocks or loope exist in tha netwerk,

the number hops, and packet delay.

5 give an instant state of tha
network. These ara prafarable to long term meaturement
techniques dua to the reduced overhead. Snapshot
mesguremant techniques ars used to determine gqueua

lengths at the nodes.

4.4.2 Conclusion, Experimental techniques

This mathod, although the most sceurate mathod suffers from
many disadvantages.

the network must ba sgsemblad bafore maagurekents can ba
mada. Drastically altaring the network after {t has besn
assenbled may be costly.

tha time tasken for maasurenents to be made, the data to
be analysed and network parameters altered may take
several wesks during which tha network may not be
operating at an optimum.

it may ba difficilt to know axactly which parsnetars must
ba varied and how thesa parameters shuuld be alterad to
imprave the performance of the natwork. Many of the
parsmeters are usually depandent on esch other and one
paranatar cannot ba replaced without effecting othar
paramaters in the natwork.

neasurements must be made constantly requiring a let of
averhead,




A good exsmple of the usas of ekxperimental techniguas is tha
ARPANET natwork where twa hours a week are resavved for
softuare maintensnce. This was used ko cenduct expsriments on
the nstwork. The experiments were successfully used to
‘debug’ and optimize the new routing algorithm. In large
netuorks such as the ARPANET network such experiments are
however ¢ostly and time consuming.

Expevimentation technigues are only practical for the fine
tuning of the network parameters, The method may also he
useful 1f & network iz expanded or altered te such an extent
that the performance of the network drops noticeably. The
oxperimental technigue is tha nost costly ©of the three
methods discussed, but is the most accurate method available
particularly for largs dynsmic and complex natwarka.

4.5 Parformance evaluation: Sigulation techniques

Simulatione are performed with the aid of a computer and can
be made extremsly flesibla. Simulation 1ia often the only
feaEible mathod of predicting the performance of a natwork.
Aa the complexity of a netwark increases the number of
amer--tionz that nust be made in order to analytically
predict the parfarmance of the netwerk may render tha rasults
uselass. Simulations are normally time consuming, but the
results obtained are usually far more aceurata than those of
analytical mathads due to the fewer ascumptions that have to
be made. '

The computer mimics the events +that occur in 8 network.
Static networks as well ax complex dynamic eystems may be
gimuleted. The advantage of computer simulations i that it
is relatively inexpaneive, @8Ry to modify and adaptable. R
minulation can be made aw accurate ss demired at the expense

of an increase in gimulation time.
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4.6 Conelusiont Performance evaluation techniques

It 45 impessible +to single out cne performance avaluation
technique as being the best. Some of the aspects that must be
considared when selecting a performance evaluation technique

arae:

- Type of network: The type of network, number of nodes,
topology of the network and routing algorithm.

Accuracy: the accuracy ef the delays, blocking
probabilities and throughput of ihe network.

Flexibility: Allowing the performance e¢f a network using
various topologias, routing algorithme end protecols to
ba evaluatad.

Turparound time: The time taken to obtain measurements
from the netwark, to anaiyse the resulte sand to
successfully improve the performance of the network is
often of vital importanca.

Costs Cost always plays a vital role in the design,
improvement and implementation of any system. Often a
compramise batween cost, accuracy and flexibility must ba
obtained.

Analytical methods are mest usmeful in wemall static networke
or in the first stags design of a netwerk. Experimentation

techpigues are often espensive and most useful in the final
tuning and optimization of a network. Simulstien is the most
accurata, flexibla and cost efficiant method of analysing

fairly large dynamic networks.




NETWORK SELECTION

The purpese of the project 1 to examine various routing
gtrategies and protocals in a digital network and o optimize
the algorithm for the particular network. Befora a routing
algarithm can be gelected a sultable network must be chaosen
and the specifications and requirements ouf the network
properly defined.

6.1  Network requiremants

The netwoerk 1is to be a digital computer based network.
Digital netwerka are extremely important due to the increase
in the use of computers throughout the world. The axchange of
digital information between computers ix becoming a
necessity. The network is used to interconnect eeveral nodes
or users. The network must allow any user in the network te
transfer digital data to any other user connected to the same
network. The network must be efficient and reliable under all
traffic load sitnations. The routing algorithm must be mble
to cope  with bursty traffic cituations. Bursty traffic is a
characteristic of digital networks. The routing algoerithm
used must bhe stable, display loop £ree character)etice and
minimize the delay and possibly the cost of transferring a
merzeage betwean two nodes. The network must be free of
deadlocks and be able to support broadeasting. Changes o the
topology ©f the netwerk should be possible without having te
physically update the routing tables of all of the nodes in

the netwoerk.

The specifications of the natwork are typical requirements
neaded in wodern digital networke. The mpecifications 'may he
mlightly idealigtic and an optimum network meeting as many of
the abave requirements is being smought.




B.2 Selected netwark

Using the network specifications described in the above
paragraph a suitable network topology i welected and some of
its features are described.

5.2.1 Netwsrk topology

The first step in designing a network is tr select an
appropriate topology. The type of network topology is
dependent on several factors:

the gtysical -distribution and location of the nodes in
¥he netvork,
the type of network and ha services supplied by the
network,

reliability required,

type of traffic,

number of nodes in the network,

number of usecs to node ratic, and

cost of connecting a palr of nodes in the hetwork.

1f the network is to support numereus users distributed over
a large ares, a hierarchical natwork topology is the best
suited. If the number of nodes in the network is small then a
ring topology or broadeast channel topology may be adequate.

If the number of usere to node ratio i high then the use of

concentrators in the network may be nacaseary to accommodate

all the users.

In our network we will assume that the users, or group of
users are distributed randomly over the area spanned by the
network. The network is a multi-commedity network consisting
of numerous source destination node pairs. This lesds to a
acymmetrical distributed network with randomly distributed
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nodes and ware linke connect directly adjacent nodes. Links
are also . provided between nodes that freguently exchenge
traffic. Distributed networks allow links and nodes to be
easily added or removed from the network compared to
hiersrchical and ring type netwarks.

To increase the reliability of the network at least two paths
must be made available to most of the nodes. The network will
employ a decentralized routing strategy in order to eliminate
the vulnerability of a.centralized system. R hierarchical
network 1is unsuitable =ince it is vulnerable to & natwork
failure if a node or link at tha top of the hierarchy fails.

The figure below indicates an example of a distributed
network topology that will be used in the project.

Figure 5.1 Diagram of a typlcal distributed network.

6.2.2 Network protocols

Now that the topology of the network has been defined it is
necessary to decide the type of service that is to be
provided by the network. The basic protocol used in
transferring data to a destination node need also be

considered.




Type of service

In & virtual circult network the path from the source to
destination node remains constant for the period tha user im
connected to the network. In a datagram network each packet
is treated us a separate entity and packets balonging to the

same message or user may be routed along different paths to

the destination node. In the network selectad a datagram
clrcuit will be sssumed. A datagram circuit allows a graater
adaptability to changes in troffic in the network. This
allows for a mare efficlent uge of the bandwidth of the
network and permits the user +to rapidly transfer data to
differing destinations in the network.

Circuit, packet or messege switched network

Thres techniques exist in transferring messsges from a source

node to a destination node.

A circuit switched network 48 a network where a physicsl
connaction is made between the source and destination nodes.
Circuit switching 18 most useful 4n analog circuits and
networks wers delays hetween mesgages are intolerable such as

the telephone mervice.

An alternative to circuit switching is message switching. No
physical connisction iz made in advance between the source and
destination nodes. The datsa is stored at each node along the
path and forwarded to the next node after the data has
arrived at the node. There i5 no limit on the size of the
data that may be transferred. Each node must have digk
storage facilities if the messages are extremaly long. A
dizadvantage of such a system is that if transmission errors

occur then the whole message must be retransmitted. Aleo a




long packet may block up a particular link for a long period
of time, rendering the line uselese to other traffie.

The last method is packet switching. In packet switching long
messages are broken up into Emallar packets. This method has

several advantages:

Each packet because of it’'s small size may be stored in
the random access memory of sach node along the path,
the packets are small and therefore nn single user can
monopolize a iink for more than a few milliseconds,
Packete can be individually reuted to the destinatien
node, independent of the other packets increasing the
throughput of the network, and

If & packet contains transnission errors only the single

packet, and not the whole message i& retransmitted.

The basic dizadvantage of a packet switched network is that
the packets may arcive out of order at the destination nede.
The problem may be rectified by reordering the packets at the
destination node. The network used in the project iz aszumed
to be a packet switched network.

6.2.3 Node specifications

Having defined the natwork tapology and type of service
provided by the network the structure of a node in the
network is now defined. The node consists of a single server
system. The server is a dedicated processor devoted te the
routing of packete around the network. Arriving packets are
sarviced on a first come first serve basis. Arriving packets
are insarted into an input gueus, the buffers being obtained
from a commen input buffer pool. After a packst has been
serviced the buffer is returned tu the common buffer peal.

Routing information is stored internally at each node in the
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network. All the nodes in the natwork are identical except
that differing nodes 4in the network may have differing
service rates snd a differing number of available buffers.

A schematic representation of a typical node in the netwark
ig L1llustrated below.

OUTPUT QUEUE

INPUT QUEU

Figure 5.2 Schepatic representation of a node.

5.2.4 Link specifications

Full duplex links of typleally 9,6 kilo bits per secand
(kbps) to d4Bkbps cspacity is used in the netwerk. Various
links in the network may have varying capacities. Allocsting
capacities to the various linkg in the network i{s impartant

if a large maximum throughput is regquired. If the average
traffic tlow rate between asch commodity, seurce destination
pair, in the network is known then various algorithms can be
used to assign the capacity values to the links in the
network. If a rmilable high ¢apacity link iw required betyean
two noday it may ba prefersble to insert two or mere parallel

links between the nodes.




In order to.accurately predict the required capacities of
each 1ink it e necesmary to deternine the actual average
traffic dn each link. This may depend on ths routing
algorithm used. In a dynamic algerithm this may be a
difficult task. Often a static least cost algorithm is used
ta predict the average expected traffic in each link of tha
network. Methods to predict the traffic in each link in the
network under dynamic conditions inelude experimental and
simulation methods. The experimental tashnigue is expengive
since changing the capacity of a link =fter the link has been
instalied iz usually costly. Simulatfon techniques are useful
in asaigning capacities to the links in the network, since
the capacities of the links can easily be altered until an
optimim soiution is found.

The 1inks 4n the network are full duplex channels and of

fixed capacity. The copacity of & 1link may be different in
each direction. Thai is the vapacity of link (i,k} does not
bave to equal the capacity of link (k,i}.

5.2.5 Packet specifications

Typically a packet or frame consists of several fislde,

namely:

a start flag deplcting the start of a packet,

a destination sddress,

cantrol data containing sequence numbecs, acknowledge-
ma-ik, routing informatlon and perhaps other informatien,
data to be tranamitted to the destination node,

a checkounm usad by the destinatlon node to detect any
errors that may have eccurred during the transmission of
the wassage snd,

a stop #lag depicting the end of the packet.




Start Destination Control Data Checksum Stop
flag addrass field field £lag

Figure 6.3 Typical packet or frame format.

Por the profect tha packet ix assumed to have a similar

format to that shown above. The length of the packet may be a
constant, but usuaily a maximum length iz stipulated. Tha
maximum length allowed is  dependent on a number of factors
such ar the average size of the nessages or data to he
transmitted, the size of the buffers at the nodes and the
capacity of the links. Short packets are desirable since the
packet delay is directly proportional to the packet le: sth.
If packets are made too short then too much overhead iz
required to transfer the mmall portion of the data. In the
project the average data packet lengths vary batwean 800 bits
per packet to 2000 bits per packet.

5.3  Routing requirements

The routing algorithm is reguired to be efficient, reliable
and to minimize the average packet delay. The reuting
strategy is to he employed in a decentralized manner. The
algorithm must be able to adapt to changex in the tepology of
the network. The algorithm must minimize the cost in
transferring a nassage across the network if necessary. The
algorithm is tharaefare divided into twe meparate algorithas,
a least cost algorithm an a adsptive minimum delay algorithm.

B.3.1 The lesst cost routing algerithm

The least cost algorithm must ninimize the cost in
transferring a message across the network. A congtant cost
par link is to be used to calculate the cost in transferring
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a packet to the destination node. Therefors a static least
cost algorithm is reguired. The iost of a link may depend on
the physical langth of the iink, the capaciiy of the link or
the average percentage utilization of the link. Several
efficlent least cost algorithms exist and a typical least
cost (shortest path) algeritnm is given in [43]. The least
cost algorithm may be used as a back up algorithm to a more
complex adaptive routing algorithm.

E.3.2 Adaptive routing algorithm

The adaptive routing algarithm must be Eimple and robust.
Packets must be transferré#d to the destination node as
guie¢kly as pozsible. The algorithm to be tested is based sn R
@ Gallager’s minimum delay routing algorithm ginece it is
simple, easy to modify and may be adapted to any particular
type of network. More elegant algorithme have been proposad
guch ak. B G Cantoor's and M Gerla's zecond derivative routing
algorithm [8)]. These algorithms are however complex and
computationally {ntensive. A derivation and eyplanation of R
 Gallager's routing algorithm iz previded in Appendix C. The
slgorithn is only intended for 'guasi-statie’ networks, but
the performance of the algorithm under dynamic conditions
will also be +tested. Improvements will be made to the
algorithm and the performance of the algorithm is to be
optinized.

6.3.3 Conclusion! Routing algarithms

The requiremants of tha static and adaptive routing

algorithme €0 he used in the network have been spedified.

The performance of R @ Galiager's adaptive routing algorithm
compared to a static least coet algerithm is investigated.
The Llimitations of tha algorithmse are investigated and
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decisiona are made as to which type of network each aljorithm
is hest Buited.

5.4 Cangestion protocels and buffer allocation technigues

Cangestion control protocels form an important part of the

network layer of the OS! reference model  The congestion
control protocols 4nd buffer aliocatlen technigues used have
a direct impact on the efficiency of the routing algorithm.
The main function of congestion centrol 1s for:

the prevention of throughput degradation and los& in
performance due to the overloading of the natwork,

the fair allocatien of resnurcea among competing usaers
and prevant the over allacation of the resources in the
network,

deadlock avoidance and, .
flow control, ensuring that the source node does not
provide data at a rate exceeding the input capabilities
of the degtination node.

b.d.) Congestion control

Congestion resuits from too many packets being prasent in the
network or part of the network. If the demands made on the
network excesd the capacity Of the network then congewiion
may occur. Tha diagram below illugtrates the typival
throughput for a network without the implamentatie- of
congastion control compared to a network with congestien

eontrol.




Offered Load
— Uncontrolles  — Kiasl

Graph 5.1  Throughput versus offered load for a uncentrolled
network P with the throughput of an ideal
natwork.

Congestion control is used to keep excess traffic out of the
network. Congec:ion control decides when to drop packets,
elther at the entrance of the natwork or within the network.
Congestion control is best pecvformed by preventing ne.
packets entering into the natwork at high loada and favouring
the packets already in transit in the network. In order for &
network to display good congestion control characteristics it
is essential that good flow contrel technigues are used. Flow
control technigues are divided inte four classes or levels (Y
Gerla [13)):

- Hap level fiow control,

- Entry-to-ewit level flow control,
« Network Access lavel and,

- Transport jevel flow control.

The definition and usex of each lavel of flow control ar-
explalnad:




Hop Lavel Flow Control

This level of flow caontrol sttempts to keep a smooth flow of
traffic betwaen two neighboring nodes. Hop level flew corcrol
ig ueed to increase throughput and eliminate deadlocks. The
type of flow control schema used hera is dependent on the
type of network used. Assuming two nodes i and k are directly
interconnectad by a link. Packets are transferred from nods i
ta node k ag illustrated below.

O——0

Figurae 6.4 Diagram of twe in‘er-connected nodes.

If nede 1 is able to provide packete at a rate fester than
the capacity of link i,k then packets wiil accumulate at the
optput gueue of node 1. If packets arrive at node k at & rate
faster than node k can eervice the packets then packets will
nocumulate at the input queue of node k. One method to
prevent congestion st the inpyt queus of node k, is to allow
node k to discard inceming packets at wili. hnother method iz
for node k to inform nede L that it must elow down the rate
at which packete are being sent to node k. Thie is fine if
node i is generating all the packets to node k. If node 1 is
raceiving packets from other nodes destined to node k, then
node { mugt in turn inform each of these nodes to decrease
the rate at which they are =ending the packets to node k.
This process is time consuming, espacially in the case of
unidirectional links. By this time congestion may have
alresdy occurred. Discarding packets at will has serious
conseguences 1f tha packets discarded contain impertant data
or vital routing infarmation.




Buffer allogstivn techniques piay an important role in hap~

level flow contral apd varlous buffsr allocation techniques
are provided in szectlen B.4.2.

Entry to Exit Lavel #flow Contial

The main objective of entry to exit flow control i to
prevent buffer congeation and deadlbeks at the destination
noda. If packets arcive out of order at the dewtination node
the destination nade must reastumbla the packets Iin tha
correct order. This may result in the destination node
waiting indefinitely for a miseing packet and deadlock
results. In the project we are only concerned with the
transfarring of individual packets and defining protecols
required for packet raordering s a complax task which im
beyand the scepa of the project.

Network Accasa Level Flow Contral

The objective of network access flow control is to prevent
external traffic from sntering the network during periods of
high traffic ¢low. The traffic in the npatwerk may be
determined from the number af buffars available at each node.
In a distributed natwork this means that nodes mugt
freguently axchange information about the etate of the

buffers at each noda. During congestion buffer information
must ba exchanged rapidly between the nodes in the natwork.
Thig takes up valuable network bandwidth.

One method of solving the problem ie to allocate a certain
pumber of permits to the network., A packet may only enter the
network onece it has obteined a parmit. The permit iz releaged
ta the network once the packet has arrived st the dsstinstion
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node. This method has its problems. Permits must be
distributed fairly to each node in the network and lost
permits must be detected. A certain overhead and bandwidth i
required te distributa the permits arsund the netwsrk.

Often 1t 1is sufficient to monitor the numbar 0f available
buffers at the entry node of the nstwork. Cangestion
conditiane created internally ln a network vsvally propagate
back to the entry nodes of the natwork due to the back
pressure effect., This allows eimple protocols to be used to

limit the number of packets entering the network.

Transport Level Flow Control

The main function of transport leval flow control is to
efficiently and rellably transmit messages across the
network. The protocol attempts +te transform a datagram
garvice into an apparent virtual circult between tha two
nodes and 15 also concerned with the reassembly of messages
at the destination node.

B.4.2 Buffer allocation techniques

Buffer allocation technigues are {mportant in the prevantion
of congestion {n a network. Numerous protagols exist for the

allacation of a buffer to an incoming packet at a node.

Ueually & noda consists of a large buffer pool contalning
available buffers. Buffers are removed from the buffer pooi
and used to store incoming or outgoing packets at a node.
Buffers are allocated as illustrated on the next page.




Output

Pueue Server

Buffer Pool

Figure 5.5 Typical buffer allocation at a node.

Various techniques exist to prevent a single input or output
quete from monopolizing all the buffers in the buffer pool.

The basic buffar allocation technigues are now discussed:

Completa partitiening

I1f N is the number of gueues (input or output) at a node, n.
the number of packets in the ith gueue and B the tatal number
of available buffers at the node then the follawing
constraint applies:

0 < n: § B/N for ail i

This 1:w1iss that the buffers are equally shared bhatween the
queuse at the node. The edvantage of such a mystem is that no
single quasue can obtaln all the available buffers. If a
single gueue requires more buffers than B/N then the queve ig
unable to obtain the buffers even if the other gqueues sre
ampty. This is a serious dicadvantage of this method.




Sharing with maximum quauss

Let bpmx be the maximum guede size aliowed where buam. > B/N
and the fallowing constraints hold.

0 € 0§ bpaw for all i and

In, $ B.

This method allows a maximum allowable buffer allocation for
esch agieus. Any one gueus 1z theérefora prevented from
obtaining all the available buffers in the buffe: pool. The
dizadvantage of the method 15 that since bmax > B/N it is
possible for -sn input gueus to be left withaut any huffers.

Sharing with minimum alloeatiocn

Let bmen be the minimum buffer allocation guarantsed to each
gueue, wheré bu.a ¢ B/N then we have,

Imax (0,1 - Bmin) € 8 - Nbain

This type of buffer allocation guarantees a minimum number of
buffers to each gueus. The problem remains that unused
buffers may remain in the buffer pool unobtainable by a queue
which may require the buffers.

Sharing with minimya allocation and maximum queue

This ig a combination haring with maximum queuss snd sharing
with minimum allocation and provides minimum huffer gusrantee
and maximum bhuffer allocation to each gqueue eimultanecusiy.

This may Eeem to be the best technique &ince no gueue an




obtain ali the available buffers from buffer pool and each
‘quedte ls guaranteed a minimum number of buffers.

§.4.3 Conclugion: congestion control and buffer allocation

In the project it ig amsumed that each node has the liberty
of discarding packets at will to prevent excess traffic from
entering the network. The probability of a packet being
discarded is carefully observed to determine 1if it is
necegsary to employ more mophisticated congestion control

techniques: Using a sinuiation to predict the performance af
the natwork it is easy to evaluate the performance of %he
network using various buffer allocation techniguer.

5.5 Conclugion: Network melectibn

In the chapter the basie network topology ta be tested has
been defined. The routing algerithme, protocols and buffer
sliocation technigues have been specifiad. The raguirements
of the network have been stated and the network will be
tested to see if the reguirements can be mat. Additiomal
protocais and routing strategies may be added to the network
to optimize the performance of the network.




NETWORK GIMULATION

A computer simulation program is used to prediect the
performance of the network defined in  chapter 5. The
computer zimulation program le used to simulate the network

and asmoclated routing algorithm. A simulation technique is

used Bince it i the nest accurcte, least expensive and

flexible methad available.

The chapter describes the .aguirements of the program and the
basic network operations nseded to accurately simulate &
digital netwsrk. A detall description of the routing
algorithms simulated in the zimulation program is provided. A
description of the development and implementation of the
program is given and thiz ls followed by a list of
assumptions and protocols used $n the program. A detall
description of the design of tha program ls provided in Part
I1 of the report.

6.1 Program requirements

Before defining the vperation of the program it is assantisl
to defina the propertles reguired by the simulation program.
It is necessary to specify the oparation of the software
package from a user's point of view. The software package
must be able to mimilate any type of network topology enterad
by the user. The program must be capabla of simulating more
than wne routing algorithm =o effective comparisona between
varions types or routing slgorithms may be made. The program
nust be able to simulate the response of a network to various
jnput traffic loads. A user's manual of the simulation
package is given in Part II, chapter 2 of the report. The
usAc'e manual provides the reguirements of the simulation

package from a user's point of view.




6.1.1 Pragraa inputs
The basle inputs to the program can be listed as follows:-
- the duratiun of the simulation,

- the network topology,
- cost and capacities of the links in the network,

- the service rate and buffer lengths of the nodes in the

network,

- the input traffic pattern to the network, and

- the type und mpecificatlons of the routing algorithm ta
be used in the network.

Using various combinstlons of inputs a large numbsr of
simulations may bhe performed. Numerous inputs makes the
simulation proyram more flexlble but more complex and
difficult to use. Hence a compromise between flexibility and
ease ©of use of the program must be found. The input
vequirements may slso he dependent on the user. For exsmple
i the user has a fixed network the user may not want to
enter the network topology. The usar may only want to alter
the parameters of the routing algorithm to optimize the
network. £f too many Iinput variables ace required by the
progras the probability of entering an incorrect variable
increases. The results obtained from the simulation may then

be incerrect.

1t is often necessary ta vary the average expacted traffic to
the network durithg a =imulation. Yo facilitate this
reguirament the durstion pf the simulation 1is divided into
regnlar time intervals. The expected traffic for each
commodity may be stipulated for each interval. This allaws
dynumic networks to he simulated. The program is designed to
provide maximum flexibility by allowing the user to enter the
large amount of input data reauired by the program via an
input £ile.




6.1.2 Program outputs

The outputs to the pregram provide the resuits of the
simulation. It i important that useful results are provided
by the program. The bazis outpits reguired fram the program

are:

average packet delay,

percentage utilization of the network,

number. of blocked packets during the simulation,

generated input traffic to the network,

average cost of transferring a packet acroes the
netwnrk and,

the number of routing packets generated.

Tha results 4re calculated &t regulsr intervals during the
simulation =0 that the dynamic behavior of the network may
be observed. At the end of the simulation long term averages
sueh as  the total avarage packet delay and total costs are
calculatad. The collaboration of all the outputs of the
program must be ' sufficlent as to provide An acecurate
pradiztion of the overall performance of the network.

6.2 Bimulatien of a digital network

A demcription of the pracesses in & digitsl network that mast
be simulated is provided. The problem of mapping a complex
syatem consisting 'of numercus  interrelated econcurrent
processes into a serialized single process by the use of an
event queue is axplaincd. The operation of a single typical
node in the netwark ie considered. Thiz is followad by a
discussion on how the operations of the nodes in the network
are interrelated.




6.2.3 The evant gusue

Bach node in the network consists of a single dedicated
P . Each node ops 1y with all the other
nedes in the network. The functions performed by the nodas
are intarrelated by the packets which are transferred between
the nodes. Himulsting a network on a single processor
computer requires the serializatien -of the processes

performed in thm network. The processes or taske performed at
& node can be agsumad to be initiated by a particular gvent
occurring at tha node. To accuratgly mimulate the performance
of a network it is sufficient to defins threa svents. These

avents occur at any node in the network. The events are:

~ The arrival of a packet at the node,
- the arrival of a packet at tha sarver of a noda and,
- the departure of & packet fram the node.

An avent occurs at a particular instant of time and has no
duration. An event may initlate a process or task which has &
f£inite duration. The avents occurring at each nede in the
network are #erialized by ingerting the events into a single
event gueue {n chronological order. During the simulstion af
tha network the events are extracted sequentislly from the
avent gueus., The processas sssocisted with each svent are
then executed +to completion before the naxt event is
axtracted from the event queue. The use of an evert guaue has
the that nout are
serialized. Thiz simplifies tha dasign of the simulation
program mince only a single avent is considered at a tiwe.
The disadvantage of such a system is that‘thﬂ time taken to

complete a simulation may be extremaly lengthy.




6.2.2 Operation of a natwork node

A node basically consists of an  input quéws, single server
and an output queue far each naighbouring noda. Tha bagic
oparations performed by a node aras

to generate traffic dastined for other nodes,

to update tha routing tables st the noda,

te calculate and tranemit routing information to othar
nodes,

to provide flow control and

to consume data packats or to route data packats to athar
nodas in tha network.

SERVER

UTPUT QUEUE

INPUT QUEU!

Arrival
Departura

Service

Figure 6.1 Diagram of a typicel node

The capacity of the 'server ig asesumad to be lase than tha
combined capacity of the input links. This implies that the
queues will accumulate at the input of the node rather than
at tha output. Each input limk is able to obtain a buffar
from & common input buffar pool. The packets arriving at a
node are inserted into the input gqueue on first come first
sarve basis. Each output gusue ig assumed to contain the esne

number of conmtant avallabla buffers.
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status of the node can be describaed by thet-

wervice rate,

number of bufferz in the buffer poel,

number of packets in the input gueue,

aumber of psckets in the output gueues, and

the status of the routing data atored at the node.

Tha routing data can be thought of as a resource on which two
basic operations can be performed. The routing dats may be

used to determine the path taken by & packet at the node or
tha routing data 4tmelf may be updsted. Thess two bamic
operations are Important in the design of the minmuiation

program.

The three events, namely the arrivai, service and departure

events are described.

Arrival process

When a packet arrlves at & node several operationa must be
performed. Piretly the input buffer pool iz checked to ses 1f
it s empty, if it is empty then tha incoming packet iz
simply discarded. If the buffer pool ia Mot empty and the
input queus for the link on which the packet arrived is not
full, a buffer is removed from the buffer pool for the
packet. The packet is then inserted into the lnput quava.

In the program the task of inserting a packet inte the gueus
is mimulated by calculating the time of service snd inserting
tha event into the evant queue. Newly genarated packets ars
coneiderad to ba arrivals to the mource nede.




Sarvi~ca procers

The service process is a complex op - lon. The sarver must
dacide whether the incoming pacwat contains routing
information and if so ihe appropriate onetion that must ba
taken to mervice the routing information. I nacessary the
routing tables at the node must be updated. If the packet
contains data the werver, must decide whether to consum# the
packet or to route the packet aloeng one or more outgoing
paths. If a packet is to bae routsd the sevver must decide
which output path the packet is to be sent on. If the packet
hag locped the server may dimcard the packet. If a packet is
to be sent on an output path, the output path 1is chacked tn
see if' it is not full, if it iz not full the departure time
is calculated and the event is insarted into the avent gqueua.

Departure procems

This procase reprezants the departure of a packet from a
node. The nrrival time to the next node is calculated from
the capacity of the output link and the langth of the packat.
The event representing the arrivai of & packet at the next
node is thet inserted into the avent gueue. It is assumed
that a packet leaving node i te a ndighbourins node Kk will
reach node k free of transmigsion errors.

By mimulating the three events deseribed above thae oparation

of a node may be accurately im{tsted in the simulation
pragrap. A flow chart of each of the procseses describad
above ig provided in Pert II, Appendis A of the report.




6.2.3 Natwork eperation

The operation of an entire network miy be simulated simply by
simulating each node in the network individually. The only
impact one node hae on another node in tha network is via .the
packets exchanged between the nodes. Once a packet has left a
node it no longer influences that node. Thir reduces the
complexity of designing & simulation program. The formulae
used o calculate the various times of the events 1in the
network is given in Appendix C.

6.3 Statie routing algorithms mimulated

In order ta tast the validity of the simulation program
simple statle routing algorithms were first tested. The two
static algorithms tested are the flooding routing algorithm
and the least cost routing =algerithm. The statie routing
algorithms form a standard to which other routing algorithms
may be compared. The implamentation of the algorithms in the
simulatisn program is desecribed in datall.

6.3.1 Flooding routing alyorithm

The flooding algorithm is implemented by sending the packet
on each link except the link on which the packet arrived. If
a packet has reached its destination it is consumed and not
retransmitted. This' method of routing leads to numerocus
packets looping around the netwark. To remove the circulating
packets the following policy has been adopted. Each packet,

in {ts header, storas the numbar of nodes the packet has
pasged (number of heps). If this number axceads the length of
the longest path in the nstwork than tha packet is dizcardsd.
Currantly the length of the longest path has been made equal
to the numbar of nodas in tha hetwork. This approach ensures
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that all circulating packets are eventually removed from the
network. Other more sophlsticated technigues for removing
circulating packets exist. For example each node may keep a
record of the identification numbar (ID) of the packets that
have bsen serviced and retransmitted by the node. If the ID
of a packet arriving at a node matches an ID from the record
at the node then the packet is discarded. This method
reguires largm tables that must be freguently bs modified and
updated.

The fleoding algorithm is the simplest of all routling
algorithms snd was therefore the first algorithm implemented
in the netwgrk simulation program.

6.3.2 Least cost routing slgorithm

The least cost routing algorithm iz used to route packets
along the cheapest path in the Letwerk. Two methods for
implementing the algorithm exist.

Por the first method each node storas only the cost of the
linke to the neighbouring nodes. Packets arz then sent along
the output link with the least cost. The advantags of thim
method is that each node only requires to know the cost af
the links directly connected to the node. The node must
however know which output links lead to which destination

node. The entire path taken by packe: may not be the least

cost path. Another problem with this method is that packets
may loop in the network. Looping of packetr occur since each
node makes 1its routing decisions independently of the other
nodes in the natwork.

In the second method each node stores the cost of ail the
1inks in tha natwork. Hence the cost of the entire path ta
each destination node may be minimized. The least cost
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routing algorithm used in the simulation is based on this
method. 'The actual least cast algorithm used in the
similation program s detailed in reference (431. The
algorithm ealculatew the least cost path for each destination

node in the network.

6.4 Adaptive routing algorithm

The main purpose of the simulation program is to evaluate the
perfarmance of an adaptive routing aigerithm. Tha adaptive
routing algorithm to be simulated is bazed on R G Gallager's
minimum delay routing algorithm {11]. The basic protocols,
estimations and formulae required to implement the algorlithm
are discussed. The perfarmance cf the algorithm is discussed
in the next chapter.

6.4.1  Algorithm protocol

The basic protocols used to implement the adaptive routing
algorithm are described. A nare detailed explanation of the
routing algorithm may be found in Appendix € and in reference
[11].

The algerithm attempts to minimize the average packat delay.
Bach node constructs its own routing tables based on the
informatian obtained from the neighbouring nodes. The
algorithm opsrates by assigning at each node a probability
@iwcs). This represents the probability that & packet at node
i destined for node 3 is routed via link (i,k). The sum of
the probabllities at each node i for a destination node J &
egual to 1. The algurithm operates as follows: Each node { in
the network waits until it has received all the routing
infarmation for destination node J from all its neighbours
for whieh @,,(s, > 0. The node then decreases the fraction of
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traffic sent on the 1inks with a high average packet delay
and incrasees the fraction of traffic wment on the link with
the lowest aversde packet delay.

In order for the algorithm to operate effectively valid

starting valoes for Oue¢s, aust be determined. It 1ie assumed

that initially all packets are zent via the least cost paths
which implies that @inc¢s» = 1 for the limk (i,k) which {s on
the least cost path and all other Osucs; = 0. Various
important aspects of the algorithm are discussed in the
following paragraphs.

6.4.2 Incremental delays

In R G Gallager's routing algorithm the incremental delays
rather than the actual delays are used to calculate the paths
alony which packets are ta be transmitted. The incremental
delay i ewpressed as dD/df.n where Dy i the average packet
delay of 1link (i,k) and fi. 1% the average traffic flow of
1ink (1,k). An efficiant recursive algorithm for calculating
the incremental delay has been developed by A Segall [38).
Tha algorithm ie provided in Appendix C and the protocsl used
to implement thé algorithm is brisfly discussed. Consider
node i in the network cannected to a neighbouring node k in

the same network as illustrated below.

Figure 6.2 Two neighbouring nodes in a network.

The valus of dD/df.. is calculatsd by considering the arrival
and departure times of a packet on iink (i,k). The arrivai
time of a packet on link (i,k) has been taken to be departure
time of a packet from node 1. Ta include the gueuing time at
node k, (which ususlly mxkes up a lsrge proportion of the
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dalay of 1ink (i,k)}, tha departura time of link (i,k) has
been taken to be the service time of the packet at node k.

The procedure for calculating dD/dfs. 1is therefore as
follows:

he a packet departs from node | the time is recorded and
inzerted into the header of the packet. This rapresents the
arrival time of the packat on link {l,k). When the packet is
serviced at node Kk the node calculatas the new value of
dD/d%4n. If necessary node k transmits this value to node i.
The valua of dD/dfiw 16 transmitted to node i after a certain
number of packets have baen transferred from node i to node k
or when the value of dD/df.. varies mignlficantly from the
value of dD/df.. last transmitted to node 1. However
tranemitting the value of dD/dfi. reguiarly to node i ensures
that the routing calculations performed at node 1 are always
based on the latest values of di/dfix. Transmitting the value
of dD/dfs. regularly uses up valuable channel bandwidth and
hence a optimum solution must be found. It is also necessary
to transmit the incremental delay 4f 1t changes above a
certain tolarance so that node i is made awara of the change
in delay along 1ink (i,k}. It is important +o note that to
impilament this protocol it is necessary for link (i,k) to be
a Pully bi-directional channel.

6.4.3 Calculation of blocked paths

One uf the most iuportant requirements of an adaptive routing
algopithm is that it must be loop frea. The routing algorithm
must ensure that a packet does not transvarse any nade in the

network more ‘than once while travalling from the source node
to the destinatien node. Consider the simple network
illustrated on the following page:




Figure 6.3 A simple natwark,

Assuming node 1 to he tha source node and node 3 to be the
destination node. Node 1 may route the packet to node 3 via
node 2. Node 2 knows that the packet ean he routaed to node 3
via node i and therefore if the packet is transferrad back to

node 1 looping eccurs.

R G Gallager [11] has developed an algorithm for detecting
the presence of potantial ioope in a network. Eech node 4 in
the network contains a blacked path sat B.(s, for each
destination node j. The set Bacy, then contains the set of
output pathe k for which the value of B:k¢s; may not be
increased from zero or else looping may occur. The method is
baged on the fact that the total marginal link delay
dacresses towards the destinstion nede. Any output path for
which the marginal link delay increases may cause a packet o
loop areund the nstwork. Any output path for which the
marginal link delay increases is added to tha blocked peth
set. A more dateilad explanation of the formula and protocols
used for determining the blocked path set for each node in
the network i given in raference [11] and Appendix C.

6.4.4 Estimation of traffic flow at each node

One of the requirements of the reuting algorithm is ths
estimstion of the traffic pasking through node i destined for
node j. The traffic t.(s) includes both the traffic generated




within the node destined to node j as wall as inconing
traffic from other nodes destined to node J-

The traffic flow may be estimated each time a packet destined
to node 3 48 Berviced by node 1 using the following

calculation:

ti(s) = lotal numbar ef packets destined for noda j

Total Time

The problem wii. the gimpla formula 1is that the traffic is
only updated cack time » packet is serviced by node L. If the
traffic paseing through node i destined for node J suddenly
decreases the value of ticsy will only be slowly updated.
Implementing the formula as it mtands determines only the
long term average of ti(s» from the heginning of the
simulation. This long term average value of tui¢sy may differ
graatly from tha instantaneous value of ti(s)s

For this reasen the following protocol has been used to
eptimate the value of ti(sy at each node in the network.

Bvary certain (fixed) numbar of packats the previous value of
ti¢s, ie discarded and a new value is calculated. This method
is ugeful for traffic rates that vary rapidly. If the numher
of packets betwsen updates iz emall & more accurate
estimation of the traffic is calculated. The value of t.(s,
is not updated if no packets arrive at node { destined for
node J, but then a value for tees, is not required. A parhaps
more accurate methed for estimating the traffic flow is te
estimate the traific flow at regular time intervals rathar
than on the cecurrence of a packet arriving at the node.




6.4.5 Conclusion: Adaptive routing algorithm

The basic protocols and procadures used for  the
implementation of the adaptive routing algarithm have been
discussed. R G Gallager's distributed adaptive routing
algorithm hae been selected since it is a fairly robust and

simple algorithm which doss not require large and complex

computations. The algorithm is used to determine the
efficiency of an adaptive routing algorithm comparad to a
static routing algorithm subject to various traffic
conditions. R G Gallager's routing algorithm is studied to
determine the fsllowing  1tures of the algorithm:

adaptability, of the algorithm to fluctuations in traffic
fiowe in the network,

convargence of the algorithm to a steady state solution,
the loop free, characteristic of the algorithm and,

the adaptability of the algorithm to various network
topologies.

Various parameters, and protocols used by the algorithm are
altered to find the optimum performance of the algorithwm. The
algorithm te& tested under wvarlous input traffic conditions.
The results obtained are discussed in chapter 7.

6.5 Program development

Using the protocols and aslgarithms defined above the
Bimulation pragram was demigned. The program wae developad
using a&n object-orientated design approach {(7]. In an object-
orientated design the or ‘'data objects' are first

defined and the operations on thesa resourcer then specified.

The and p! P on the are
then broken down into smaller resources and processetc. This
is repeated until each procems is wall defined and operates
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on a well defined set of resources. The program was developed
using as few askumptions as necevsary. This provides a close
one teo one correspondence  betwesn the network and
implementation -of the simulation package. The design details
of ths program as vall as a full program listing ig provided
in Purt II of the report.

6.5.1 Hardware and moftware requirements

The main problem with the simulation of large notworks 1& the
time required for the simulstion. A large number of variables
are required to stors the status of the network at any point
in time ‘during the simulatior. It is necessary to use a
powerful computer with a fast execution speed and s large
amount of available memory. For thess reasons it was falt
that an IBH PC or compatible was inadequate. The simulation
program was programmed on a APOLLO domain computer which has
a powerful, 32 hit (68020), central processing unit (CPU).

The simulation program 18 written 4in PASCAL due to the
availgbillty of the programming language an the RPOLLO Domain
computar. PASCAL i adequately guited for the development of
simulation programs. PASCAL, although not as fast &8 more
primitive programming languages allows the program to be
eagily read, understood and modified. A flexible medifiable
program is an sssential feature of any simulation software

package.

6.5.2 Program variables

The main prohlem in designing an accurate digital network
simulation program is the large amount of varisbles required.

The variables nesded in the program may be divided into three

categoriea:




Constants: These are the variables that remain constant
throughout the duration of the simulation and usually
inciude the input varlables wsuch ss network tepology,
nade service rates and total number of buffers.

State variahles: State variables define the complete
state of the network during the simulation. In order to
accurately describe the state of +the network at any
instant of time during the simuiation numerous variables
are reguired.

Statistics variables: Statistiec varishles are used to
caleulate the results of the simulation such as average
packet delay and cost of running the network.

A discussion of the variable types used in tha program ie
provided in Part II, Appendix B.

€.5.3 Program procedures

The program may be divided {nto four main sestions namely the
input routine, the initislization routine, the simalation
routine and the output routine. The principles and purpsses
of these routines are discussed.

Input routines

The input routines are used 4" ohtain information such ax the
network topology and traffic flow rates from the user. Thers
are tws basic input routines, the first is used to obtain the
data from the input file. The second i used to obtain the
data entered by the user via the kayboard. Variabies such az
the duration of the simulation and the names of the input and
output files are enterad interactively via the keyboard.




Initialization routines

The initislizatisn routines in the program are uxed to
initialize all the nodes in the network and the avent queue.
The network topology is made known to sll the nodes in the
natwork, The routing tables are initialized with the least
wost path to all the destination nodes in the natwork. Randem
arrivale simulating the generation of packets st the variaus

node& in the netwark are gensrated and inserted into the

event queue.

Simulation routines

These routines form the bamis of the simulation program.
Events are extracted seguentially from the event gueus and
processed. This portion of the program simulates tha routing
©f packets around the netwark. A detail emplanation of the
functions af the proceduces used in the simulation program is
given in Part 1I, Chapter 3. During the elmulation process
facts such s&p packet delays, number of blocked packets and
the percentage utilization of th: network are recorded. The
laast cost, flaoding or adaptive routing algorithms may be
uged to route the packets around the network. The simulation
nrocess continues until all the data packets have been
removed from the event gqueue or until the simulation is
intercupted by the user.

Output routines

The ‘function of the output routines 1im to process the data
recorded during the sipulstion. Long term averages and totals
are calculated and the raesults are sent to an output file.
The formulse used in calculating the rasults ars detailed in
Part II, Appendix C.




6.6

Assumptions made in the simulation program

It essential to describe
made in the implementation of the =simulation program. The
limitations of the program must be undarstood mo that

the protozols used and assumptionsz

authentic deductions may be mada from the results obtained

from the network routing simulation package. The following

assumpticns and protocales have been used in the eimulation

program:

at a node are inserted intc a eingle

Packete arriving
input queue at the node. Bufferz for the input queus are

obtained £rom a common input buffer poal.

- Each output queus at a node is assumed to contain the
of Thie
made mince the numbar of buffars

number butfars.

Eame constant avallable

baan

ssumption has

utilized at each output queue of a node {s usually small,
particularly {f the links have & high capacity, and hence
more sophigticated buffer aliocation technigues for the
output queues are not required.

- Bach nede in the network =may have diffaring sarvice

ratas.

A packet is considered blocked when no buffers sre

available for the incaming packet. Blocked packets are

simply disragarded and lost. The recovary of lost packets
has not been considared in the simulation program.

- Packets are initi{ally generated at aach noda {n the
network using e Polmson probability density function.

- The simulation program assumes that at the mtart of the
simulation all the gueues in the network are espty and
that esch node contains the correct information about the

topology of the network.
- Massages are sassumed to congigt of single packets enly.

This assumption may seew savara but multi-packet massages
may be &imulated by increasing tha number of packets or




messages inttially generated. All packete in the network

are aspumed to contsin the zame number of bits.

The 1links are assumed %o be ideal and that all tha

packety are free of tranemission errovrs.

The numbsr of nodes passed by & packet (number of hops)

is uged to check if a packet has looped in the network.

Looping packets when detected are removed from the

network and disearded.

The calculations used and assumptlcens made to determine

the tima at which each event occurs during the simulation

are detailed in Appendix C.

)

The lixt given shove illustrates tha more basic assumptions
made in the program. It le important to nota that some of the
asgumptions mada may be invalid in =ome particalar
applicatlons, However tho program may he wodified if
necessary to implamant more compiex and wmophisticated
protacols 1f necessary. Additions made to the simulation
program are discussed in the naxt chapter.

6.7 Cenclusion

The reguirements of the mimulation program have bean
gpacified. The chapter discussas the routing algorithne and
pretocols used 4in the simulation program. The assumptions
made in the implementation of the package have been stated.
In the following chapter further modifications made to the

progran are discusssd and the results gbtainad from the

mimulation package are investigated.




messages initially generated. All packets in the network
are assumed to contain the same number of bits.

- The links are assumed to be ideal and that all the
packets are free of transmlssion errorm.

- The number of nodes passed by a packet (number of hops)
is used to check if a packet has looped in the network.
Looping packete when datected are removed from the
network and discarded.

~ The calculations used and assumptions made to determine

the time at which each event occurs during the simulation

&re detalled in Appendix C.
i
The list glven above illustratas the more basic assumptions
made in the program. It is important ta note that some of the
aBsumptions made may  .be invalid in some particular
applications. However the program may bhe modified if
neceswary to implement mare complex and sophisticated
protocols 1f necessary. Additions made to the simulatlon

program are discussed in the next chapter.

6.7 Conclusion

The raequirements of +the =imulation program have been
specified. The chapter dlscusses the routing algerithms and
protocpls used in the simulation program. The assumptions
made in the implementation of the package have been stated.
In the following chapter further modifications made to the
pragran are discussed and the results obtained from the

simulation package are investigated.




SIMULATION RESULTS

Ths results acquired from the natwork routing simulation
program are described. Several alterations are made to the
program  to improve the accuracy of the simulations.
Modificatians are also made o the adaptive routing algorithm
to improve the overall performanee of the network. The
conparicons made between the varicus routing algorithms and
deductions on the overall performance of the network are
described in this chapter.

7.1 Network topologies simulated

Several differing netwark tuoologies were simuiated ueing the
network simulation package. The results obtained for small
1-tworks compared favourahly with the results obtained for
tasger networks. The time required ta simulate a network for
€1y reasonable time duration is large and increases
drastically with the number of nodes in the network.
Therefore most of the rasults provided 4in this chapter are

obtained using a simple four node network.

To obtain worthwhile results the netwark topology simulated
allows far alternate paths hetween most of the source and
destination node pairg in the network. If no alternate paths

are available the implementatian of an adaptive routing

algorithn does not imprave the perfarmance of the netwark.

The netwark simulated also contains inherent loais Ko that
the loop freadom of each algorithm can be verified.




The diagram below illustrates the mimple network used in the

sinulation package.

Figure 7.1 Diagram of a simple four node network.

Unless  otherwise specified the following  network
specifications have been assumed:

ALl the links in the network are full duplex channels,
all the links in the network have a capacity of 20kbps
tn esch direction,

the coet of the linke are assigned as illustrated in the
figure 7.1,

the service rate has besn assumed to be the same for all
the nodes and the service rate is usually sat to 50
packets per second,

the input buffer pool at each node is assumed to contain
sufficient puffers for the storage of 50 packets,

the number of bits per packet is set to 800, and

a single unit of time in the sinulation has baen assumed
to represent s real time unit of one smecond (This has

benn assumed for convenience).

Using the specifications given the capacity of sach iink nmay
be calculated as 26 packets per mecond. The capacity of the
1inke in the netwark have been arbitrarily chosen and more
suitabie link capacity assignments can he made by observing
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the results from the simulation program. The averade
connectivity of each node in the network is twa. This implies
& maximum of 50 incoming packets per second at sach node. The
service rate of each node has been made equal to this value.
The costs of the links have been purposely assigned values so
that the lsast cost path is not alwaye the minimum hop path.

The network teopalogy allows only a single path batween nodes
3 and 4 in the network. All packets destined to node 4 must
be routed via node 3. No packets generated at node 3 dastined
for node 4 may ba routed via node 1 or node 2. Thiz fact
helps in evaluating the corractness of the routing algorithm
used in tha simulation.

Using the simple network described abave numerous resuitz may
be obtained on the pesrformance and accuracy of the routing
algorithme simulated. The results are described in the
subseguant sections in the chapter.

7.2 General results

General results typieal to all the routing algorithms
mimulated are discussed and explained. The results are

obtained hy varying the service rates, input buffer lengths
and output buffer lengths of the nodes in the network. Thasg
simple tests performed on the network are used to verify the
validity ef tha network specifications selected. The
pecformance of a network may be greatly improved by ensuring
thst optimum valuas for the link capacitiss and node service
rates arae selected. The input file for the simulations ig
given in Part I, Chapter 2.




7.2.1 Service rate tests

As 45 clearly illustrated in graph 7.1, increasing the
service rate of the nodes in the network reduces the average

packat delay. As the service rates of the nodes are incraased

the average number of packets present in tha input gueus at
each node dacreases rapidly. The decreases in dslay becomes
less significant as the averags packet delay hecomes largely
dependent on  tha transmission delays of the packets.
Unfortunately increasing the service rate of a nede to a
large vaine is expensive and usually several parallel
processors must be employed at each node in the network in
order to obtain extremaly high service rates.

o £ 20
Servica rata
T Acwpive Agerithm 4 Least et

Graph 7.1  Graph lllustrating average packet delay for
various gervice rates.
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Graph 7.2  Graph {ilustrating the number af blocked packets

for various service rates.

Increasing the mervice rate of a node decreases the rate at
which the input queue of a nnda accumalates. Therefore the
number of packets blocked decreases. This is {ilustrated in
graph 7.2. The number of blocked packets decreases almost
linearly with the increase in mervice rate up to a tertain
threshold. The threshold is due to the fach that eventually
tha number of packets blocked on the output of a node hecomes
greater than the number of packets blocked on the input of
the node. The melsction of a service rate of GO packets per

second appears te ba acceptable and provides a fairly gmall
delay with a small number of biocked packete.

7.2.2

Input buffer length tests

The number of buffers in the input buffer posl of a node
datermines the number of packets that can ba accepted before TS
the packets are discarded. Increasing the number of huffers
in the pool decresases the numbar of blocked packdts of a ot
node. Tha average packet delay increases as the input queue )
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to a node is aliowed to attain & longar length. The increawed
delays miy he aceeptable since without the increasad number
of available buffars the packets would bae blocked and
discarded anyway. These obsarvationz may be seen {in tha
graphs illustrated balow. Another factor that must ba taken
into consideration 1is the cost of providing the additional
buffers at a nada. A buffer pool of 50 packats providas a

reasonabla selution.

Avarego peckal dolay

40 o -3
Input buter lsngth

Acapaive Bt
Graph 7.3 Average packet delay ag a functic of tha langth
of the input buffer poal.

o, of Blooked paojals

\\
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Input buffer length
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Graph 7.4 The numbar of packets blocked as a function of
the length of the input buffar pool.
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7.2.3 Luéngth of the cutput buffers at the nodes

varying the langth of the output buffer has no effect on the
average packet delay or numbar of packets blecked ip the

network. In the netwark simulated it is sssumed that each
output link to a node has a capacity greater ar equal to the
capacity of the merver of the node. This means that packets
seldom accumulatn on the output gqueues of a nedg. For this
reasen a very gmall number of buffere are reguirad far each
output gueue in the natwork.

The effect of the output buffer length becomes significant
if the capacity (service rats) of the server at the node
exceads the capacity of the output links to that hode. The
effact ©of this will be increased delays, dupending on the
iength of the output gueuas allowed, as well as an increase
in the blocking probability of the packets.

7.3 Optimization of the adaptive routing algorithm

Onca a fairly optimum network configuratisn has bean designed
it is necassary to fully optimize the performance of the
entire network. This is accomplished by maximizing the
efficiancy of the reuting algerithn used. The optimization of
the adaptive routing algorithm umed {n the simulation program
is now considered. The performance of the adaptive routing
algorithm ig improved by finding the variables, protocols and
traffic estimatien algorithms which optimize the efficiency
and raliability af the routing algerithm. Finding the
vsriables that preduce an optimum performance of tha
algorithm if a difficult and time consuming task since many
of tha varlables sve inter-related and depandesnt on the input
traffic to the natwerk.




7.2.3 Length of the autput buffers at the nodes

Varying the length of the output buffar has no effect on the
average packet delay or numbar of packets biocked in the
netwark. In the network simulated it is assumed that each
output link to a node has & capacity greater or egusl to the
capacity of the server of the node. This means that packets
seldom accumulate on the output guenas of a node. For this
reasan a very small number of bufferm are required for each

output gueue in the network.

The effect af tha output buffer length becomes significant
i the capacity (service rate) of the merver st the nade
exceeds the capacity of the output links ta that node. The
effect of thisx will ba {ncreased delays, depending on the
length aof the output gueues allowed, as well as an increaze
in the blocking probability of the packets.

7.3 Optimization of the adaptive routing algorithm
Once a falriy optimum network configuration has been designed

it is necessary te fully optimize +the performance of the
entire network. This is accomplished by maximizing the

efficiency of the routing algorithm used. The optimization of
the adaptive routing algerithm ugad in tha simulation program
is naw considered. Tha performance of the adaptive routing

algeprithm i improved by finding the variables, protacsls and
traffic estimstion algorithms which optimize the efficlency
and relisbility of the routing algorithm. Finding the
variables that produce an optimum performsnce of tha
algorithm i & difficult and time consuming tack since many
of thae variables are intar-relatad and dapendent on the input
traffic to the network.




The 'fine tuning' of a routing algorithm can be accomplished

by trial and error. A paucticular variable is alterad slightly

and tha affact on tha averall parformanca of the network
observed. This mathod is costly if tha tasts are parformad
directly on tha network. For this reason the use of a

simulation pragram to uptimize the routing variables appaars

to be a particularly attractiva msthed.

In this sactlon the variablas and protocols consid>rad in

improving the parformance of the adaptive routing algorithm
are explained. This is followed by a list of tha limitations,
drawbacks and advantages of tha particular adaptive routing
algorithm.

7.3.1 Eichanga rata of routing deta betwaen nodas

It is important to considar whan and how often routing

information is to ba axchanged batwean tha nodas in the
natwork. Wheh s packat arrives at noda k f£rom noda i, node k .
calculates tha naw marginal delay dD/df.u. This new valus of
dD/df.s 4& than tranemitted to noda 1 if one of twe

conditions holds troe:

- The value of dD/df.. changes &ignificantly from tha last
value of dD/df.. tramamitted to node i, or
- A cartain fized number of packets has arrivad at noda k

from noda 1 since the lset value of  dD/df.w was

transmittad to noda 1.

routing infi ti at regular intervals

The affect of altering the number of fized packats allowed
betwaan the transfar of dD/dfi. betwaen nodes k and { in the
network 1is considered. If only a small maximum number of
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The 'fine tuning' of a rovting algorithm can be accomplished
by trial and ecrar. A particular variable is altered elightly
and the effect on  the overall performance of the network
obeerved. This method is ¢ostly if the tests are performed
directly on the network. For this reason the use of a
mimulation program to aptimize the rauting variables appears
to be a particularly attractive method.

In this section the variables and protuccls considered in
improving the performance of the adaptive rauting algorithm
are explained. This is followed by a list of the limitation,
drawbacks and advantages of the particular adaptive routing
algorithm.

7.3.1 Enchangs rate of routing data between nodes

It is importsnt to consider when and how often routing
information is to be exchanged between the nodes in the
network. When a packet arrives at nade k from node i, node k
calculates the new marginal delay dD/df.n. This new value of
dD/d#4s. 1s then transmitted o node L If one of two
conditioens holds trues

~ The valua of dD/dfwn changes significantly from the last
vslue of dD/df.x transmitted to noda i, or

- A gertaln fixed number of packets has arrived at nade k
from nede 1 gince the lagt value of dD/df.. waE
transmitted to node i.

routing inf at regular intervalm

The sffect of altering he number of fixed packets allowed
between the transfer of dB/df.w. between nodes k and i in the
network 15 conmidered. If only a small maximum number of
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fixed packets is transferred feom node i to node k between
the transfer of dD/df., values, then the nedes in the network
are continuously wupdated with the latest value of dD/dfin.
The routing algorithm at a node i in the network is updated
each time the marginal delays are received from all the
neighbouring nodes k. This implies that the routing algorithm

ie continuously updated at e vode. AE 8 result the dats

packets are routed in the most afficient manner. However the
great drawhack of exchanging the narginal delays dD/df,,,
between tha nodes regularly is the network bandwidth
utilized. This increases tha tota! r-erage packet delay ang
the total number of packets block(:. .. the network. Each time
the routing variables are updated at' & node the new values
for 3D/BFimcs) are also transferred between the nodes in the
network. In a real time network, updating the routing tablas
regularly requires & significant smeunt of computation tita.
Marginal delays may also be exchanged betveen nodes at

regular time intervals.

1f the time between updates is large the aldorithm does not
adapt rapidly to changes in traffic. The delays experlenced
by the data packets may then be large due vo the non-optimum
routing of packets. However if the warginal delays are
exchanged whenever  the routing  information  changes -
significantly then it is only necessary to ensure tiat
routing information im exchanged at fairly regular intervals.
it i= necessary to transfer routing Ainfermation at ragular
time intervals to ensure that the nodes in the network sre
also kept informed of slowly varying traffic. The rate at
which marginal delays are axchanged 1w dependent an the
capacity of the linke, service rates of the nodes and the
input traffie of the network.




For the network used 1in this section 1t was found that
transferring the data approximately every 16 ‘'meconds' ig
sufficient. This value ensures that the nodes are informed of
slovly varying ihput traffic without the routing information
censuming te much handwidth. The rate of convargence of the
routing algorithm is dependent on the freguency with which
routing data is exchanged betwaen the nodes in th2 network.

Informing the network of changes in traffic

Apart from transferring routing information at regular
intarvals in the network it is also necessary to inform t.
nodes in the network of any rapid changes in the marginal
delays or traffic patterns im the network. Ta detect
significant changes in the marginal delay dD/dfsn of }ink
(i,k), node k when it calculatas the new value of dO/dfii

compares the new value with the last value of dD/Qf.(

transmitted to node i. If the new value differs by more 'tk

certain toierance the new value of dD/df,. is transferriqg .
to node i. The guastion is how tp select an apprapriate valug
for the tolerance. If the toleranca 1is made too {aTge
significant changes in the msrginal delays of the links wili
9o undetacted and the routing tables will not be updatsd fa
minimize the deiay. If the tolerance is too small new valueg
of dB/af.. will he exchanged freguently wasting valuable
network bandwidth. The effect of varying the tolerance i
1llustrated in the graph on the following page.
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Graph 7.5  Tolerance versus the average packet delay.

The agtual values obtained from the graph are dependent on
the specific network simulated and may differ for other
networks. A maximum tolerance of 0.03 provides the minimum
delay as well as the minimom number of blocked packets in
this specific esse. This vslue is now used in 31 future

simulations.

7.3.2 Convergence rate of the algat.chm

The convergence rate of the algorithm is datermined by the
variable a of the adaptive routing algarithm as deseribed in
Appendix C. The convergence rate determines the number of
iterations the routing algorithm requires before a steady
state solutlon is found for a particular traffic £low in the
network. The rate of convergence determines the number of

routing packets required for the algurithm to adapt to

changes to the traffic pstterns in the netwerk. A high
convergence rate ensures that a wninimum number of routing
packets ars required for the algorithm to adapt to traffic
pattern changes in the network. The danger of & high
convergence rate is that in some situations, particularly if
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the traffic rate in the network changas rapidly, the
algorithm may become unstahls. Finding the optimum
convergence rate is a difficult task which is 'mimplified by
the use of a mimulation progeam. Simulations are performed by
varying the convergence variabla o of +the adaptive routing
algorithm and keeping all the other varlables of the network
and routing algorithm constant. A varying input traffic rate
was used In the simulation. The results obtained from the
simulations are tllustrated in graph 7.6. The overall averade
packet delay and total number of blaocked packets of the
entire sisulation are used to determine the optimum

convergence rate of the algorithm.

Total pecke delay

15,

01 02 03 04 O5 Q8 07 G GF 1 U
e

The total average packet delay as a tunction of

the convergance rate of the algorithm.

From the graph the optimum value for alpha is 0.4 far the
gpacific network mimulated. The value ir dependent on the
input traffic %o the network. In the real case a slightly
lower convergence rate ghould be usad to guarantee
convergence of the routing algorithm. A lower convergence
rate should be usad 1f ‘the input traffic to the network
varies rapidly and is unpredictable.
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7.3.3 Traffic estimstion spd prediction

Another ampect to consider when trying to find the optimum
parformance of the adaptive routing algorithm is the traffic
estimation algarithm. The routing decisions performed by the
adaptive rauting algarithm are basad on the sstimated traffie
in the network. It is therefore important to maximize the
accuracy of the traffic estimation algorithm.

Estimation of the traffic in the network

The traffic estimation algorithm used in the simuiation

progrsm averages the incoming traffic, st & node i, over a
certain number af incaming packsts n. If n is large then the
leng term average traffic is calculsted. If n is small then
the short term average traffic far the network is calculated.
1f smali values of n ares used fluctuationz in the traffic
flow in the network may be detected more rapidly. A a result
tae adaptivs routing algorithm is able to react to the
changes in the traffic quickly and efficlently. Small valuas
of n are guitable for the wstimatien of tha traffle flow in
highly dynamic netwarke whecs the traffic in the netwerk
varies rapidly.

Graph 7.7 illustrates various values of n versus the average
packet delay in the network. The network described in saction
7.1 was used to obtain the results with the traffic flow
between two nodes in the network varying rapidly.
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Graph 7.7  Graph showing the effect of n on the average
“acket gelay.

The graph filustrates that short term averages provide the

shortest delays. A valus of n = 1 gives the smallest dalay. A
value of n = 1 implies thst the instantaneous, rathec than
average traffic rats is calculated. As n increasas the delay
increases to a maximum value. Averaging the traffic aver 20,
50 or even ‘00 packets has littla effect on the long term
average traffic estimation. For small values of n the
astimated valus of the traffic at the time the routing
algorithm is updated is a more accurate rapresentation of the
sctusl traffic present in the network at that time.

Tratfic prediction

» farmula to predict the futura traffic in the natwerk was
implamented. The formuls was implemented in sn  attempt to
increase the adaptahility of the routing algorithm. The
purpose of the traffic predicticn formula 1is to attempt to
rradiet tha future traffic in the natwork. Packets may then
be routed across the netwsrk sccording to the predicted
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Graph 7.7 Graph shcwing the affect of n on the average
packet delay.

Tha graph., {llustrates that shert term avarages provide the
shortest ajavs. A value of n = 1 gives the smallast delays A
value of ). implies that the instantaneous, rather than
averags traffic rate is calculated. As b increases the delay
inereases to a maximum value. Averaging the traffic over 20,
50 or even 100 packets has little effect on the long term
average traffic estimation. For swmall valuas of n the
estimated value of the traffie at the time the routing
algorithm is updated is a mora accurate raprezantation of the
actual traffic present in the natwerk at that time.

Tragfic pradiction

A formula to predict the future zraffic in the nziwork was
implemented. Tha formula was implemented in an attempt to
intrease the adaptability of tha routing algerithm. The
purpese of the traffic prediction formula ir to sttempt to
pradigt the future traffic in the natwork. Packets may then
be routed across the network according to the predictaed




future traffic iu the netwark rather than to the present or
past traffic in the natwork.

A simple prediction formula wam used to predict the traffic
in the gimulation program:

Tres ® 2T = Thea

Using the formula above, the predicted traffic (Tw.i) is only
dependant on . the present estimated traffic {Tu) and the
previsus estimsted traffic vslue (Tw-s) at the node. More
accurate prediction formulae do  exist which base the
pradiction of the future traffic on numerous previous traffic
estimation values. However a simpla prediction forsula is
sufficient %o det¢rmine whether the use of a pradiction
formula does in fact imprave the ovarsail performance of the
network.

Saveral simulaticiis wera performed ueing the traffic
prediction formula in the netwerk. It was discoverad that if
the traffic at a node was estimated or averaged over a large
nusber of packets then the implementation of the traffic
predictién fdcmula resulted in slightly shorter delays in the
network. Thig implies that th2 long term averags traffic in a
network 15 uspally relativaly predictable. If tha traffic vas
astimated over a short numher of packets or short interval of
time then the {mplementation of a prediction formula resultec
in siightly larger packet delays in tha netwark. In networke
the traffie is c¢ften bursty and this makes the prediction of
the short term or ingtantaneous traffic  extremely digficult
if not imposmible.

Finally, +he smsllest average packet delay is obtained by
estimating the instantaneous traff.c in the natwork without
any pradiction of the futurn traffie in the network.




7.3.4 Impl

en of ‘plygy ng"

The implamentation of an adaptive routing algorithm into the
network simulated provided little improvament to the overall
performance of the natwork. At high traffic loads the

adaptive routing algorithm usually resulted in a higher
average packet delay compared to the static least comt
routing slgorithm. From the rasults obtained from various
simulations it was evident that a large proportion of the
total natworh capacity was being u'ilized in transfexrting
routing informatien betwsen the nodes in the network. To
overcome this problem it war decided that tha routing
information, where possible would ba appended to a packet
containing only Gata. Appending routing information to a data

packet is commonly known ag ‘piggy-backing'.

The 'piggy-backing’ peotoeol

It is impossible to  plggy-back all the routing information
since & data packet must be available beforae the routing
information can be piggy . The following protocal has

been adopted to implement plgay-backing of routing
information in  the network routing simulation program.
Ageuming routing information ie to be sent from nede i to
neighbouring node k, ramembaring that routing informatien lu
only exchanged betwean neighbouring nodes in the network.
Firstly, the oukput guave at node i leading to node k {output
queue k) 1 chacked to sea If the queua contains any pure
data packets (A pura data packet is a packet that contains
only data). If the output queua does contain one or mere pura
data packets then the routing information le appended to thy
puce data packet in front of the gueue. If no daks packet is
found in the output queue then a separatas routing packet im

craatad and inserted into the output quaus. Whan = data
packet containing routing information arrives at node k, the
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routing data is removed from tha data packet and proceesed.
Tha data packet then becomss a pure data packet.

The routing information exchangad betwean the nodas are the
marginal dalays dD/df.. and 4B/#r,(s,. The marginal dalays
dD/dfa. and 3D/dre(sy, are naver transferred to node k
simaltaneously, It 1is therefore assumed that tha routing
informatien to ba transferred between nodes is short and can
ba inserted ints the header of a data packet without altering
the langth of the data packet. Tha protocol defined above
ensures that the routing informatlon slways arrives at the
dastination node in the cérrect order.

The simple protocal definad abova has been adopted to verify
tua - advantages of appending routing information ta data
packets. Othar more sophisticated protocols may be used to
implement piggy-backing. Far exampla if no pure data packets
are found in the output queus at”a node, the routing
informatien may be stored until a data packat bacomes
available ta which the routing informatlen could be appendad.
In this case precautions must ba taken to ensure that the
routing information doem not beceme out-dated whilet waiting
for a data packat.

The updated 'piggy-backing' protacol

Due to thae fact that the oontput gueues to a node are usually
shert only a few of tha routing packets ara plggy-backad
(Uswally less 4hon 18 of the total numbar of routing
packets). The input queues to the nodg are however vsually
long. It is thorefore mara sultable o plggy-back routing
packets arriving at a noda. The routing info arriving at a
nade i¥ appended te 4 data packat present in the (nput guaua.




-
routing data is removed from the dats packet and processed.
The data packet then becomes a purs data packet.

Tha routing information exchanged betwean the nodes are the
marginal delays dB/df.. and #D/3ty(s,. The maryinal delays
db/dfi,. and 3B/dr.(y, are nevaer trassferred te node k
simultancously. It is therefore assumed that the routing
information to be transferred betwean nudes ie short and can
be inserted into the header of a data packet without altering
the length of the data packet. The protocol definad abave
ensures that the fouting information always arrives at the

destination node in tha correct order.

The ®imple pretocol defined above has been adopted to verify
the advantagea of appending routing information to data
packetw. Other more sophisticated protocols may be uaed to
implement piggy-backing. For example if ne pure data packets
are found in the output gqueaue at”a node, the routing
intormation may be stored unti) . a data packet becomes
available to which the routing infarmation eould be appanded.
In this case precautions nust be taken to unsure that the
routing information does not bacome out-dated whilet walting
for a data packet.

Tha updated 'piggy-backing' protocol

Due to the fact that the output gueuns to a node are usually
short only a few of the routing packets are plygy-backed
(Upually less than 1% of the total number of routing
pocketa). Tha input queues to the node are hawever usually
long. It s tharefsre more sultable to plggy-back reuting
packets arriving at a nnde. The routing info arriving at a
node is appended to & data packet present in tha input quaue.




This hae several advantages:-

- The input gueue im wsually large, particularly at high

traffic rates. Therefore the probability of the packet
being plggy-backed iz larga.

Appending routing packets to data packets {n the input
queue reduces the number of buffers required to store the
incaming packet.

- The routing information is appended te the data packets

in the front of the gueue. This effectively gives
priority to the routing nformatzun, without biceking any
data packets.

I no data packet is present in the input queus then the
routing packet im inserted inte the queue as a separate
packet. All the packets arriving at s node are insarted into
the same input gueus. A routing packet arriving at node i
from node k may not he nsppended to a date packet arriving
from the same node k. Thersfore it im essential to ensurae
that the routing information containe the nade number from
which it was generated ao the routing information is

correctly serviced by tha node.

When a node services & datm packet contalning appended
routing informatlon, the routing infarmation is removad from
the drta packet. The routing information and data packet are

then serviced separataly.

Piggy-backing the routing ypackets at ' the input of a node
reaults in a slight improvement in the average packet delays
in the network. Almost a 20% dimprovement in the number of
blocked packets is achieved. The raeduction 1in the number af
blocked packeta ia due to the decrease in buffer utilization
at the nodas. The graph bslow iliustrates the packet delay
versus time for a natwork with and without piggy-backing.
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Graph 7.8 Graph of the avarsge packet dalay for natwork
with and without piggy-backing.

‘Piggy-backing' cénclusion

The overhead raguired to transfer 3 packat from ana node to
another in the natwork iz wsuaily large. Thiz is particalarly
true in the cass of packet containing routing information,

sinca these packets are extremely short. Piggy-backing ig
therafora an essential featura in networks that opurate at or

near maximum capacity for even a small portion of the time.

7.3.5 Limiting the input traffic to the netwark

To raduce the averaga packet daelays in the network it is
necessary to limit the traffic entering the network and to
give priority to tha data packets already present in tha
network. Daleting existing packets 4in the neiwork increases
the average packet delay of the successfully transferred data
packets. This iz due to the wasted network bandwidth utilized
by the blocked packets before the packets are removad from
the network. At high traffic loads it is preferable to block
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the dat., packets before tne packets actuaily enter the
network.

Ta block a certain percentage of the data packets entering
the network the following procedure has been adopted. When a
packat enters the network at a node the number of remaining
available input. buffers at the node is detarminad. 1f the
number of available input buffers is less than a specified
number p, then: the incaming packet is. discarded. It is
necessary to determine the value of p which results in the
optimum performance of the network. Once again the simulation
progran was used to determine the optimum value of p, and the
resl!_lts obtained are i)iustrated in the following graph.

Dy

Graph 7.9  Graph illustrating delay and number of blocked
packets as & function of p.

As the value of p increases the average packet delay

decreasas, but the number onf blocked packets in the network
increases slightly due to the affectively reduced buffer
lengths at each node in the netwark. Setting p equal to five,
(that ig assuming only 10% of tha total numher of buffers to
remain in the buffer pool before incoming packets sre

discarded}, provides a 6% improvement on the average packet
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the data packets befare the packets actually enter the
network.

To block a certaln percentage of the data packets entering
the network the following procedure has baen adopted. When a
packet enters the network at a node the number of remaining
available input buffers at the node 15 determined. If the
number of available input buffers is less than a specifisd
number p, then the incoming packet 1s, discarded. It i
necessary to determine the valua of p which results {n the
optimum performance of the network. Once again the simulation
program was used to determine the optimum value of p, and the
results obtained are illustrated in the following graph.
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Graph 7.9 Graph illustrating delay and number of blocked
packets as a function of p.
A= the value of p increases the average packet delay
decreases, but the number of blaocked packets in the natwork
increases slightly due to the effectively reduced huffer
lengths at each node in the network. Setting p egual to five,
({that is aseuming only 10% of the total number of buffers to
remaln in the buffer pool before incoming packets are

discarded), provides a 6% imprcvement on  the average packet
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delay, with a B% increase tn the blocking probability of &
packet. The slight incresse in the blocking probability may
be acceptable. The results are obtained far a haavily
ovarioaded netwerk, when a large percentage of the packats in
the netycrk are discarded anyway. At low traffic rates,
limiting the input traffic to the network, has no effect on
the overall performance of the network. It is more desirahle
te discard packets at the input of a network since the source
node is immediately made aware of the situation and may
attempt to retransmit the packet at a later stage. If a
packet is Dblacked at a node, other than the suurce node, it
may be necessary to infarm the mource node of Ruch an avent,
increaming the number of packets required in an already
overlpaded network.

7.3.6 The final product

The mod{fications and adjustments made to the adaptive
roating algerithm are to imprave the averall performance of
the adaptive routing algorithm. The goal is to minimize the
average packet delays and to maximize the overall throughput
of tha network. Ueing the techniques described abova an
improvament of almost 40% on the average packet delays was
obtained. The improvement was obtained by finding -the aptimum
performance of the algorithm to a particular type of netwerk
with a specific input +traffic 1lpad. ?hanqing any of the
network parameters or the traffic to the network may result
in a degradation of the overall network performance. Some af
the problems and linitations of the algorithm are discussed
in the next section.
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probleme and limitations of the adaptive routing
algorithn

Any routing algarithm implemented in a network, does have
limitations. In thiz section csome of the more prominent
problems axparienced 1in the implementation af R G Gallager's
routing algoritha as well as the limitations of the algorithm
are identified and dizcussed.

7.4.% Generation of rauting paths

Occasiopally the get of output probabilities @:w(s) generated
by the adaptive zouting algorithm did not add up exactly to 1
as required. The problem was a result of rouading off errars-
The error increased drastically as the simulation progressed
eventually resulting in a totally udacceptable set of output
prabhabilities at‘the nodes.

Initially when the error is first created, the error is very

small (usually < 1%). It is simple to

for the error. Once a naw set of Buw(s) is calculeted at node
£, it is checked that the sum of the individual Buwc,) add up
axactly to one (up to five decimal places). If not the slight
errar iz determined and this value is added (or subtracted)
from B.ics), where (1,1} i§ the least cost path ta
destination i, ensuring that ®8.iss ¢ 1. Using this simple

technigue errore are guickly detectad and corracted for.

7.4.2 Laop alimination

In wome simulations the blocked path set generated by the
reuting algorithm was found to be insufficient to ensure that
packets do nat loop in the netwsrk. Looping of packets
accurred in networks larger thsn four to five nades. Each
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node in the network contains information about the topology
©f the antire network. Using this information each node may
compile a set of blocked paths that guarantees loop freedom.

The foliowing principle has heen used to eliminate all
Possible loops in the natwork: The sink tree definea a set of
paths for a particular source destinatlion node pair. The set
of paths all converge to ths destination node. The paths
dafined by the sink tree are loop free. The sink trae for
source destination node pair (1,6) is illustrated below:

© ®
er'

Figure 7.2 An exsmple of s sink tree for source node i and
destination node 6.

1f @ach node k in tha natwork, for a destination node 3,
calculates the same sink tree then tha paths to that
destination are loop fras. it is essential that each node in
the network for sach destination node 3 asaumes the sama
source node 1 1f loop freedom is to be guaranteed. That is
oach node nust use the same sink tree as all the other nodes

in the network, for each destination nade.

The algerithm used by each node in determining the sink tres
is provided in Part 1II, Chapter 2. From the sink tree the
blacked path set may be determined. The source node ! used in
determining the sink tree for each dastination node j may ba
selected using one’ef the following principles:




node in the natwork contains information about the topology
of the entire network. Using this information each node may
conpile a set of blocked paths that guarantees loop freedem.

The following principle has been used to sliminate all
poseible loops in the network: The sink tree defines a set of
pathe for a particular source destination node pair. The set
of paths &1l converge to the destination node. The paths
defined by the glnkx tree are loop frem, The sink tree for
source destination node pair (1,6) is {¥lustrated below:

Figure 7.2 An example of & =ink tree for source node 1 ang
destination node 6.

1f each node k in the network, for a destination node j,
cslculates the same =ink tree then "the paths to that
destination are loop frae. It is essential that each node in
the network for each destination node J assumes the samm
source node i if loop freedom 1i& to be guaranteed. That ig

each node must use the same sink tree as all the other nodes

in the network, for each destination node.

Tha aigorithm used by each node in determining tha sink tree
is gprovided in Part II, Chapter 2. From the sink tree tha
blocked path zat may be determined. The mource node i used in
determining the sink tree for each destination node j may ba
selected using one'nf the following principless




random meléction of node i. Here it iz necessary to
ensure that each node selects the same ‘randon’ node i,
selecting node i to be the furthast from node 3,
salecting nnode i to be the node with the most traffic to
destination node 3, or

salecting node i te be a constant node but cnsurlng that
node | ie not equai to node 3.

The best performange is obtained by selecting a source
destination node psir that allows a nmaximum bifurcation of
traffie. Using the adaptive routing algorithm this ensures
that a minimum delay iz achieved. Gonerally the eource node
with the highest tragfic rate to the destination node
provides the best solution. Howevmr it ie often diffieult o
predict which node will provide the highest traffic rate to
the particular destination node. For this reason selecting
the source node to be the nede furthest from node 3 provides
an adegnate solution.

The sat of blogked paths are calgulated at tha beginning of
the gimulation and then remain seonstant. If the tepolagy of
the natwork changes each node in the nstwork must update the
blackad path set. The new blocked path zet must be consistent
with the new topology of the network. OUsing the above
principle for determining the hlocked path set, loop fresdom

is guaranteed.

7.4.3 The tranefer of routing data in the network

70 successfully implement s distributed adaptive routing
algorithm into a network 1t {s essential that routing

information bae exchanged between tha nodes. The amount of
routing information exchanged in  the network must be
minimized in order ta reduce the network apacity required to
transfer the Information. At the sams time the amount of
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random selectien of node i. Hare It Is necessary tao
ensure that sach node selects the same 'random' node 1,
selecting nods i to be the furthest from node 3,
selecting nade 1 Lo be the nade with the most traffic to
destination node 3, or

selecting node i to be » constant node but ensuring that
node i is nat equal to node §.

The best performance i obtained by selscting a mource
destination node ppir that allows s maximum bifurcatidn of
tratfic. Using the adaptive routing algorithm this ensures
that a minimum delay is achieved. Generally the =source node
with the highest traffic rate to the destination node
provides the bast Eolution. However it is often difficult to
predict which nede will pravide the highest traffic rate to
the particular destination node. For this resson gelecting
the source noda to be the nods furthest from nods j provides

an adequate solution.

The set »f blocked paths are calculated at the beginning of
the eimulation and then ramain constant. If the topology of
the network changes sach nade in the network must update the
blocked path set. Tha new biocked path set must he consistent
with the new topelogy of the network. Using the above
principle for determining the blocked path set, lbop freedom

ig guaranteed.

7.4.3 The transfer of routing data in the netwerk

To successfully implement a distributed adaptive routing
algorithm inte & network it 1s essantial that routing
information ba exchanged between the nodes. The amount af

routing information exchanged in the network must he
mininized in order to reduce the natwork capacity required to
transfer the informatlon. At the same time the amount of
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information must be sufficient ts ensure that all tha nodes
in the network are accurately informed about changes in the
traffic patterns and delays in the natwork.

In R G @allager's minimum delay adaptive algarithm the
.routing information exchanged betwsen tha nodes are the
marginal delaye  db/df.. and  3B/3fuc¢,+ The routing
information &D/df.« iz transferred from node K to node 1
“henever node i detects a signifiecant change in the value of
dD/df4x. The marginal delay 3D/drwcs) i transfercad from
node i ta all neighbouring nodes k esch time the routing data
at node 1 is updated, and this occurs each time mufficient
routing data has been receivad by nade 1  from the
neighbouring nodes k  for which @umcs» > 0. Originally the
new value of 3B/dry(s, at node i was transmitted to all the
neighbouring nodes. This resulted in the 'looping' and rapid
accumulation of routing packets {n the network. To avarcome
this problem the new calculated valuew of 3D/druics, are
transferred to all the neighbouring nodes k, except £or those
nodes k which are an elemant of ths blocked path set Bi¢a;.

The routing tables at & node i in tha network are only
updated onee all the marginal delays from each neighbouring
node k for which Bin¢y, > O have bean received. This ansures
that the amount of routing information exchanged betwaen the
nodes in the network ie minimized and the number of routing
packets generated during peak traffic conditions is kept to a
minimum. The results obtained from simulations for which

routing tablaex are only updated once the routing data bid
been raceived from all the neighbouring nodes show a Em. lar
average packet delay. That is compared 4o the rasulis
obtained far a netwark where all the routing tables ave
updated each time an individual routing packat is recelved by

a node.




On avarage the parcentage aumber of routing packets genecsted
compared to the total number of packets In the network i
approximataly 10 to 20 percent. This may appear to be large
as it implims that 10 to 20 percent of the total network
capacity is utilized in transfercing routing information
across the network. However In the simulation program the
length of tha routing and data packets are assumed to be the
same. Genarslly it can be assumed that}

- the length of routing packetz are one tenth of the length

of dats packets. The routing information is usually short
and routing packets do not reguire as much header
information as a data packet since the packet are only
traneferred across a single link in the network, and
routing packets are only axchanged across a aingle link
in  the network, whereas . data packets are often
transferred over several links as the packet moves from
the source node to the destination node.

Considering thase tions the amount of netwark capacit,
utilized in transferring routing packets between the nodes in
the natwork ls batween 1 to 3 percent, The improvement in the
sverage packet delays due to the implamentation of the

adaptive routing algorithm is far greater than the increase
in packet delay introduced by the routing packets. Using the
assumptione that routing packets are far shorter than data
packets firthar reduction in tht werall average packe: delay
may he obtained. The number oy .outing packets transferred
between the nodes in the network decreases rapidly ss the
algorithm converges, as Lllustrated in the graph on the nest
page.




On average the parcentaga number of routlng packets genarated
comparad to the tetal number of packets in the natwork las
approximataly 10 to 20 percent. This may appear to ba large
as it implies that 10 to 20 percent of tha total nei tork
capacity is wutilized in transfarring routing information
across tha natwsrk. However in tha simulatien program the
length of the routing and data packate are assumed to he ihs
sama. Generally it can bd assumad that:

- the length of routinyg packets are sne tanth of tha length
of data packets. The routing information is usually short
and routing packats do not raeguire as much header

information as a data packet since the packat are only
transfarred acrose a single link in the natwork, and

- routing packets ara only sxchangad across a ingla link
in the natwork, wheress data packet®s are often

transfarrad over several links as tha packet maves from

the mource noda to the destination node.

Considaring these assomptions tha amount of network capacity
utiilzed in transferring routing packets batwaen tha nodes in
the network iz betwaen 1 to 3 petcant. Tha improvemant in the
average packet delays due o the iImplementation of the
adaptive routing algorithm is far greatey than tha incraase
in packet delay introducad by the routing packets. Using the
assunptions that routing packets are far shartar than data
packets further reduction in tha overall avarage packet delay
may be obkained. Tha numbar of routing packets transferrad
batwean the nodes in the natwork decrassas rapldly as the
algorithn converges, as illustrated in the graph o the next

page.
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Gragh 7.10 The percentage number of routing packets
teansmitted as the algarithm converges.

7.4.¢4 Genaral performance af the adaptive routing algorithm

The sverage packet delays in the natwork fluctusts befora the
algorithm convergas. The fluctustions are only slight and
vary relatively slowly with time. The Fluctuatlons therafore
do not degrade tha parformance of the algorithm by any
measurable ameunt. '

The limitations of the current implementation of the adaptive
routing algorithm may sppear to imposa restrictions on the
rasults abtained. Most of the sssumptions made in the program
actually decreases the pavformsnce of the algorithm and hence
the results obtained from & sinulation may he azsumed to be
the worst case result. The performance of the algorithm may
be Purther improved by aileviating some of the assumptions
nade {n the progran. Many of the restrictions and assumptions
in the program may be removed at the expansa of increased
program complexity and & possible increase in the actual
duration of the simulations. Many useful and accurate results
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Graph 7.10 The percentage number of routing packets
transmitted as the algarithm converges.

7.4.4 General performance of the adaptive routing algerithm

The average packat delays in the network fluctuata before the

algorithm converges. The fluctuations are only &light and
vary relatively slowly with time. The fluctuations therefore

do not degrade the performance of the algerithm by any

meazurable amount.

The limitations of the current implementation of the adaptive
routing slgorithm may appear to impose restriftions on the
results obtalned. Host of the assumptions made in the program
actusily decreases the performance of the algorithm and hence
the results abtained from & simulation may be assumed to bae
the worst case result. The performance of the algorithm may
be further impraoved by alleviating some of the assumptions
made in the program. Many of the restrictions and assumptions
in the program may be removed at the expense of increased
program complexity and s possible increase in the actual
duration of the simulatiens. Many useful and accurate cesulis
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may be ohbtaiped from the current implementation of the

network routing stmulation program.

7.6 Comparison of the various routing algorithma

It s of ‘little use finding the optimum performance of a
particular ropting algorithm 1 a =simpler mare robust
algorithm displaying the same or similar performance
characteristics can be employed. It 4is essential when
defining the overall performance of a particular rovting
algorithm that the results be compared to other routing
algorithms- This is done to daetermine if and when the
impiementation of a more complex routing algerithm is most
suitable. It 45 the relative rasults obtained from the
various routing algorithms implemented in the simulation
progeam that are important, rather than the absolute results
obtained from a single simulation.

7.6.1 Averaga packet delays

one of the most important comparisons to make when comparing

two or more routing algarithms is the total average packet
d.lay ¢ve to each routing algorithm. To aaka valid
¢ -,-rleons each of the routing algorithme are simulated
usiug the same identical network with the same input traffic.
Graph 7.1%1 illustrates the total average packet for an entire
simulation for each routing algorithm.
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Graph 7.11 The total average packet delay far each routing
algorithm.

In graph 7.11 the following abbreviations have been nsed:

Plooding: Flooding routing algorithm.

Least cost: Least cost routing algerithm.

Adaptiva: Adaptive routing algorithm using no Piggy
backing or traffic prediction.

Adaptive 1: MAdaptive routing algorithm implementing piggy
backing and traffic prediction, Wwhere the
traffic rate is averaged over 10 packets.

Adaptive 2: Adaptive routing algorithm implementing piggy
backing on hoth the input and output queves.
No traffic prediction and the instantansous
traffic rate is used.

From the graph, the least cost routing algorithm provides an

almost 36% improvement on the overall packet delay in the

netyork compared te the flooding algorithm, and the adaptive
slgsrithm an improvement of almost 50%.

Tha performance of the algorithm may be impraved slightly
(5%) by ‘plogy-backing’ the routing data in the natvark. A
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further 5% improvement can by obtained by the adaptive
vouting algorithm if the instantaneous traffic rate is used
rather than the average traffic rate.

The graph {liustrates the overall average packet delay. It ig
often necessary to ohserva the aversge packet delay during
the simulation as illustrated in the graph helow. the results
are obtained for a network whers ths input traffic rate is
constant for all commodities, except for source dastination
pair 1,3, where the +traffic rapidly increases and then’

decreares during the simulatisn.
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Graph 7.12 Graph illustrating average packet delays in a
network.

It can be seen that the adaptiva routing algorithm provides
the smallest sverage packet delay throughout the duration of
the mimulation. At the beginning of the simulation both the
sdaptive and least cost algorithms display the same delay due
ta the .fact that the adaptive routing algorithm commances by
rauting packets via the least cost paths. The dalay increases
and then remains slmost constant for the entire duration of

the simulstion, aven though the input traffic changes. During
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peak traffic the input queues to wach node increasas
drastically. As the input traffle decreases a certain period
of time elapses before the network is able to consume the
packets in the input gueues. The levelling off of the packet
delays in the network illustrates that saturation has bean
reached. Saturation occurs when ail or most the input buffersy
in the network have been utilized, snd any additional packets
to the network sre discarded. The maxinum delay sxparienced
by any packet travelling acress the network is approximately
the =mama Ffor both '.he 1least cost and adaptive routing
algorithms, but almoet double for the flooding routing
algorithm.

The delays in graph 7.1l illustrates the optimum performance
of the adaptive routing algorithm. All the algorithm
parameters hava been carafully telected to produce a minimum
average packet delay. Depending on the spplication an
approximate reduction of 40% on the average packet delay by
the adsptive routing slgorithm comparsd to the lesst cost
routing algorithm hay be achleved. This may be sufficient ta
verify the increase cost and complexity of implementing an
sdaptive routing algorithm into the network. However other
aspects such as the cost af running the network may also have

to be considerad.

7.6.2 HNumber of blocked packets

It is vitally important to consider the probability of a
packet being blockes in a network when evaluating the

performance of a routing algacithm, It is useless to minimize
the average packet delay if a large pércemtage of the packets
are discarded by the routing algorithm anyway. The graph
below illustrates the normalized number of blocked packets
for the least cost and the adaptive routing slgorithms. The
normalized number of blocked packets is defined as the total

106




number of blocked packets in the natwork divided by the total
number of packets generated in the netwerk, excluding routing
packets.

Pits blodked (normallzed)

Graph 7.13 The number of blocked packets for the adaptive
and least cost routing algorithme.

Tha number of blocked packets for the flooding algorithm have
not been included in the graph. The values obtained from the
simulation pragram, for the flgoding algorithm, im not an
accurate representation of the numbse of packets not reaching
thelr destinatione. In the flcoding algorithm numerous copies

of a packet are cresated and transferred sccose the network. A
blocked packet in thw network may not mean that the data in
the packet has or will not reach the dasired destination. It
can be assumed that the number of packets not reaching their
destinations iz largar than for the least cost or adaptive
routing algorithes dua to tha large number of duplicate
packets in the network consuming valusble buffer space.

The number of blockad packets for the adaptive and least cost
routing algorithms are comparable, with the adaptive
algorithm showing only & siight improvement (10%) in tha
number of blocked packats. The results obtained in the graph

are for a network operating under saturation conditione where
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the input traffiz to the network axceeds the total capacity
af the network. Under normal opersting conditicns the input

traffic to the network must be lass than the capaelty of the

network. Providing a large number of input buffscs at aach
nede anmures that the blocking probability of a packet is
very small if not negligible.

7.6.3 Average parcentage use of the network

In determining the bverall performanca of a netverk it im
essential to observe the parcentage utilization of the links
in tuw network. For the flooding algorithm, since traffic is
routed meross all the links in the network, the overall
utilization of the linkg in the network s almost 100%. A
almost 100% wutilization occurs mince the sarvice rate of the
nodes in the network le set to be a 50 packets per second.
The capacity of each 1link in the network is 25 packets per
sacond and on average each node in the network le connectad
to two adjscent nodes. Tharefore on average the capacity of
each node is approximately equal to the total capacity of tha

1inks connected to the noda.

For the least cost routing algerithm packets ara routsd along
a single path and the average percentage use is approxinmately
50%. The avermge percentage use of the adaptlve routing
algorithm 15 glightly higher due to the number of routing
packets transfarrad across the network and the routing of
packets araund gaturated links in the network. The maximum
percantage uce im determined Ny the saturation lisk. A link
(i,k) may bacoma saturated for one of two reasone:

- the nodes i and k connected ts the link cannot supply ar
consume packets at a rates exceeding the capacity of the
link and the nodes baceme saturated, or




the nodes connected to link (i,k) are capabla of
gupplying packets to the link nt a rate greater than the
vapacity of the link and the }ink bscomes saturated.

To overcome the problems above it may be necessary to
incresse the mervice rate of the nodes connected te the link
or to increase the capacity of the link respectively. In a
ideal netwark we reguire that 811 the links (or nodes) in the
network become saturated simultensously allowing for a

maximum utilization of the entire network capacity.

7.5.4 Total cost of running the network

The tost of running the network is caleulated by adding ths
cost of trancferring individual packets across the links in
the network. The cost of running the network is therefore
directly related to the number of packets generated In the
netwark. For this reassn the cost of cunning the network
using the flooding routing algorithm iz extremely costly. the
least cost routing algorithm provides the minimum cost of
transferring packet across the natwork with a 50% improvenent
on the cost compated ta the flooding routing algorithm while
the adaptive algorithm provides & d0% f{mprovement. The
improvement in the cost of running the network is largely
dependent on the topolagy of tha network and the cost
alloeation of the links in the netwark.

For the adsptive routing algorithm not all the data packets
are routed via the least cost path, The cost of trensferring
routing packets between nades is algo considered in the total
cost of running the network. Hence the adaptive routing
algorithm displays a larger total cost compared to the least
cost algorithn.
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Graph 7.i4 @raph iilustrating total cost of each algorithm.

In general the price of decreasing the average packet dalay
of a netwark i€ the increased cost of running the network.

Only the flooding routing algorithm illustrates an increass

in both cost and average packet delay in the network. The

final choice of whieh routing algorithm to utilize may be

largaly dependent on the application of the netwark. In sems

applications Lt may be necessary to minimize the cost of

traneferring psckets across the network and to optimize the

throughput, whila in other applications it may be necessary
to minimize the packet delay or blocking probabilities in the
netwdrk. Usually a compromisa batween average packet delay

and the average cost in transferring a packet across the

network must be obtained.

7.5.8 Delay distributlons

In im both interesting and useful to observe the distribution
of tke individual pscket delays in a natwork. The graph below
illuetrates the average delay distribution obtained frow
sevaral simulations using the minimum delay or adaptive
routing algorithm.
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Graph 7.16 Delay distribution for the minimum delay routing
algorithm,

From the graph it 48 evident that approximately 20% of the

packets {n the network experience a delay of roughly 1 time
unit, which I& appraximately equsl to half the maximum dalay
experienced by the majority of the packets in the network,
Less than 5% aof the packets sxperience a delsy greater than 2
time units. In the hest case this value drope to lems than
0,01%.

In order to understand the significance of tha results, it im
necessary to compare the delay digtribution of the least cost
algorithm with that of the minimum delay routing algorithm,
as givan in tho table on the following page. From the table
it is clear that the majority of the packets for the minimum
delay routing algorithm axperience a smaller dslay compared
to the least cost routing algorithm. For the minimum delay
algorithm the percentage number of packets experiencing a
delay greater than 2 time units is less than 0,0i, whilet for
the leaet cost algorithm almost 20% of the packet have a
delay greatsr than 2 time units.




Delay interval

Least cast Mininum delay

algorit algoritha
(T tine) (% Number . | (% Number of)
{ units ) ( packets ) | ( packets )

0,0 < T 50,8 7,6 19,5

1,6 < T € 2,0 34,8 6,3

2,014 w 17,6 < 0,01

Table 7.1 Delay distribution for the least cost and minimum
dslay routing algorithms.

In the case of tha least cost routing algoritha tha packst
delays are more evenly dietributad over the entire range, but
for the minimum delay algorithm a large percentage of tha
packats {over 60%) experience a dalay of 1 to 1,5 time
units. This is due to the fast that the minimum delay routing
algorithm distributes the teaffic evenly across the netwark
and the packet delay ik lesw weneitive to tha input traffic
to the network.

¥rom these obmervations, the advantages of tha minimum delay
or adaptive routing algerithm are obvious. Both the averages

and maximum packet delsy for the minimum cost algorithm are
significantly less than for the least cost routing algerithm.

7.6.6 Network performance at extreme conditions

It may be necessary to be able to predict the performance of
a routing algorithm under extrems conditions. Far example it
may be essential to know how a routing algorithm adapts {f
the input traffic rate guddenly increases simultaneously at
all the nodes in the netwerk. Under such conditions it im

11z




imperative that the performance of the netwock degrades
graduslly rathur than suddenly n.d that deadlock does not
oecur in the network. Teeting the network under extreme
conditisne (= necessary to detecmine the limits and operating
toleranges of the network and the associated routing

algorithm.

Network performsnce at high traffic loads

The situation where the traffic increases suddenly and
simaltaneously for all commodities in the network is
considerad. Under such conditions it is neceseary to ensure

that the routing algecithm does not fail or become unmtable.

Dalay
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Graph 7,16 . Tha avarage packet delay as a function of tha
'
input traffic to the network.

The graph illustrates the aversge packet delay as a function
of the input traffic to the network. As the input traffic ta
the network increases the average packet delay increases
unt{l the natwork hecomes saturated and all the gueues in tha
network ars fully utilized. Under such conditions the
adaptive reuting algorithm actually produces a slightly
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higher average packet delay compared to the least cost
algorithm. The wuse of an adaptive algorithm in sueh
conditions is not practical sand anly increases the cost of
running the network, without Qecreasing the average packet

delay in tha network.

As the input traffic increases the throughput of the network
increases until the input traffic to the network approaches
the total capacity of the network, where the throughput
suddenly dacraases. The throushput eventually stabilizes as
all additional packets to the network are discarded.

Threugnput

1 15
Input traftlo

Graph 7.17 Graph illustrating the overall throughput of the
natwork aE a function of the input traffic.

Operating a network where the input traffic rate exceeds the
ovarall  capacity of the rnetwerk 1s usually totally
unaceeptable dus to the large delays and large number of
packats that are blocked. In digital computer networks the
probability of all the nodes simultanecusly transmitting
informstiaon to all other nodes in the netwark is uxtremely
small. The traffic 4is usually bursty where the traffie
between two nodes in the network suddenly increases and only
laste a very short periad of time. It is however essential to
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higher average packet delay compared to the least cost
algorithm. The use of an adaptive algorithm 4n such
conditions is no% practical and only increases the cost of
running the network, without decreasing the average packet

delay in the network.

As the input traffic increases the throughput of the netwark
increases until the input traffic to the netwark approaches
the total capacity of the network, where the throughput
suddenly decreases. The threughput eventuslly ntabilizes as
all additional packets to the network are diecarded.

Throughput
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Graph 7.17 Graph illustrating the overall thraughput of the
network as a function of the input traffic.

Operating a netuerk where the input traffic rate exceads the
overall  capacity of the network is usually totally
unacceptable due to the large delays and large number of
packets that sre blocked. In digital computer networks the
probahility af all the nodes simultaneously transmitting
information to all other nodes in the natwark is extremely
small. The traffic ls usvally bursty where the traffic
betwaen two nodes in the netvork suddenly increases and only
lasts 8 very short pariad of time. It is however essential to
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guarantee that the network will not fail if the input traffic
to the netwirk exceeds +the capacity of the network. Under
guch conditions the adaptive routing algorithm is able to
produce a throughput of appreximataely 60%.

Performance of the network at high service rates

The performance of the least cost and adaptive routing
algarithms at extremely high and.low node service rates are
discussed. From various simulation results abtained it iz
evident that at a extremely low service rate af 10 packets
per second the adaptive routing algorithm displays a smaller

average packet delay compared to the least cost algorithm.

However the delays experienced by both aljorithms are
extremely large and the number of packets blocked is mors
than 90% of the total number of packets generated and this i
obvicuely unacceptable. At extremely high service rates of
around 100 packets per 'second the average packet delay of
both the least cost and adaptive routing algorithms are
identical, indicating that the implementation of a complex
adaptive algorithm in networks with ewtremely high service
rates is unnecessacy. The blocking probabilities of packets
in such a network is negligible. Howaver implementing &
network with high service rates, particularly for a large

netwark {s costly.

7.5.7 Memory and computational requirements

It 1z essential to consider the amount of memory and
processing time reguired by a routing algorithm when
designing a network. The increased processing power of micros
processors and relatively inexpenaive memory allows falrly
sophisticated routing algorithms to be implemented in modern
natworke. However extremely complex routing algorithma may
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reguire to much proceseing time and memory to be sucecessfully
and efficiently employed in large complex networks.

Mamory requirements

A description of the memory and computationel requirements of

each of the algorithms used {n the simalation progrem given
in Appendix D. The amount of memory raeguired by both the
least cost and adaptive routing algorithme is directly
proportional to N, whare N {s the number of nodes in the
network. For large networks (N 2 100) the amount of memory
required by the adaptive routing algorithm iz approximately
five times that reguired by the least cost routing algorithm,
The problem with most routing algorithms is that the amount
of memory reguired by the algorithm increases rapidly with an

increase in the number of nodes in the network.

Computational reguirements

The computaticnal requirements and the time taken for a
routing algorithm to attain an acceptable set of routing
paths £or each destination node in the network is often
diffieult to evaluate, particularly in the case of dynamie
routing algorithms. For the static least cost routing
algorithm the number of computaticus to be performed at each
node in the network I8 of the order N, (O(N?)}. This ia
acceptable eince the static routing algorithm must only
define & new set of routes If the topology of the natwork
changes or if the cost of any link in the network changes. In
networks wers the topology of the network changes rapidly,
for example in mobile radlo natwarke, the computational time
+ mired by &he least cost algerithm may become a limiting
factor on the overall performance of the network.




The adaptive routing algorithm is made up of smaller
indepandent algorithms and evaluating the computational
requirements is difficult. For a single 1iteration of the
algorithm in determining a new sat of routing paths to a
particular destination is (O{N}), and for (N-1) destination
nodes in the network the number of computations s (O(N3)}. A
single iterstion of the algorithm is performed at a node each
time sufficient data is obtained fram all the neighbouring
nodes, Therafore the time spent by each node in the network
in computing @ new set of paths for each destination node in
the network ie dependsnt on the freguency at which routing
information is exchanged between the nodes in the netwsrk.
The computational time reguired by R G Gallager's adaptive
routing algorithm doss not appear to be & sarious restrictien
to the performance of the network, providing that the
aigorithm is not updated too frequently.

Simulatien program computational and memory requirements

In the =imulation program all the routing caleulatiens
performed at each node in the network is performed by &
single processor. All the routing information stored in all
the nodes in the simulated natwork aust ba contalned in the

available memory of the computer. Thig seriously limits the

size of the networks that can he efficiently simulated.

Currently a maximum of a 20 node network may be simulated.

7.6 Other network topologles simulated

Other larger networks were also simulated ueing the network
routing simulation program. A six node network was simulated.
It was noted that increasring the number of direct links
betwesn nodes in the network drastically reduces the average
packat delay in the network independent of the routing
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algorithm used. The results obtained for larger networks
comparad favourably with the results obtained ccing a simple

four node network.

fhe routing slgarithms were also simulated using a 10 node

hierarchicai network. ‘the usa of an adaptive routing

algorithm in such a network ls of little use sinee little
traffic bifurcation is possible. A least cost algorithm
provided reasanable results with the esame average packet
delay as fo  the adaptive routing algorithm. The flooding
algorithm illustrates very poor perfermsnce in hierarchica}
networks since packets are duplicated and transferred back
and forth across the network before being discarded.

Using the netwark routing simulation program numerous network
topologies with differing charactaristics may be simulated in
order to establish 4n optimun network for a particular
application.

7.7 Topology changes, 1ink and node failures in the
network

An aspect that has not heen dealt with in the simulation
program is the aspect of link or node failures in the network
or the case where 1inks or nodes are added te or removed from
the network. If a link {1,k) fails in +the netwark the
following operations must he parformad:

« The nodes i and k must datect the failed link rapidly to
avoid packets being transferred down the link, and

- the fact that a link has fatled must ha made knawn to all
the nedes in the netwock as quickly as possible.




The following protocol may be used to handle the event of a
link failure in the network:

.- A nads will detect a failed link hy periodically
transmitting a packet to each neighbouring node. If the
neighbouring node dsee not respend by retransmitting the
packet back to the node within a certain time period the
link will be assumed to have failed.

A node having detected the fallure of a link will inform
all the other nodes in the network of the event by using
a reilable and zr t flooding algorithm.

As each node recsives tha infsrmation the routing tables
will, in the came of the adaptive routing algorithm, be
updated ueing the lesst cost routing algorithm, after
which the minimum delay routing algorithm may proceed as

usual.

The main problem with a link £ailing in the network oscurs in
the time = interval between the failure of the 1link and the
time when all the nodes in the netvork are made aware of the

failuce. During this interval numerous packets may be lost so
it is impartant to inform all the nodes in the network of the
link failure az guickly as possible by giving these packets
highest priority. Each node makes it's own decision on which
path an incoming packet 15 to he routed 5o the network is
able to adapt te a link failure mare promptly. The problem iz
more severe in largs networks sinee the time taken to inform
all tha nodes in the network of link failure may be very
larga. The average packet delay immediately after the fallure
of @ link i expected to increase siightly until the minimum
delay slgorithm 15 able to minimize the average packet dalay
again. The increase in delay is diractly dependent on the
avarage utilizatior of the failed iink.




The event of & node failing in the network can be handled in
a eimilar way. The event of a nade failure is usually more
serious since a failure of a nede is equivalent to the
£allure of all the links connected te that node. The severity
of a link failure in the network is dependent on a number of
factors!

- the genaral utilization of the link,

- the number of packets present in the liak or destined to
be transferred across the link at the time of failure of
the link,
the capacity of tha link, and
‘the importance of the link ta the network (ie. the effack
removal of the 1link has on the connectivity of the
netwark).

Assuming a nade or group of nodes are connected to the rest
of the network via a single link. If that link fails the
node, or group of nodes, will become totally disconnected
fram tue rest of the network. This may lead to eatastrophic
results. Thus to improve the rellabllity of the netwerk and
to decrease the sffect of & link failure in the netusrk it ig
necessany to ensure that each node is comnected to at least
two other nodes in the network. The question of adding links
or nodes ta the network may be handled in a similar manner to
link fatlures. Adding & iink or nade to the natwork has a far
less detrimental effect on the overall performance aof the
network compared ta a link fatlure. Howaver befora all the
nodes are mada aware of the change to the network packets may

loop and be discarded in the network.

It is important to be able to add or remove links ar nedes to
or from a network without heving to recenfigure each node in
the network. This sallows tha netwerk to be modified and

axpanded at a minimum cost and with the least interference to

the ather ugare present in tha natwork.




The event of a node falling in the network can be handled in
a similar way. The event of & node faillure is ueually more
serioue since a fallure of a nade 1iE equivalent to the
failure of all the linke connected to that node. The saverity
of & link failure in the network is depandent or a number of
factars:
- the general utilization of the link,
~ the number of packets present in the link or destined to
be transferred across the link at the time of failure of
the link,
the capacity of the link, and
+he importance of the link to the network (ie. the sffect
remaval of the link has on the connectivity of the
Retwork).

AEsuming a node or group of nodes are cannected to the rest
of the network via a &ingle iink. If that link fails tha
node, or group of nodes, will become totally disconnected
from the rest of the network. This may lesd to catastrophic
vesilts. Thus to improve the reliability of the netvork and
to decrease the effect of a link failure in the network {t ig
necessary to ensure that each node 1is connected to at least
two other nodes in the network. The question of adding links
or nodes to the netwark may be handied in a .imilar manner to
link fallures. Adding a link or node to the network has a far
leEs detrimental effect on the overall performanca of the
network compared to a 1’ failure. However befare all tha
nodam are made awsre of the change to the network packets may
loop and be digcarded in the network.

It ie important to be able to add or remove links or nodex to
or frem a network without having te reconfigure each node in
the network. This allows the network to be modified and
expanded at & minimum cost and with the least interference to
the other users present in tha network.




7.8 Conciusion: Network simulstions

From the numerous simulations performed using the network

routing simulation package many results and conclusions on
the accuracy and effectiveness of the simulation program may
be made. Valid deductions on the performance of each routing
algorithms tsed in the simulation program can bp made.

7.8.1 The network routing simulation package

The results obtained fram the simulation pragram appear to be
accurate and compare favourably, in the cage of the static
routing algorithms, with the results obtainad from analytical
methods., The resuits of the simalation program ara expected
to be more accurate dus to fewar assumptions made in the
program compared to analytical avaluation technigues. For
exampla the program doss not base the simulatians on the
assumption that an infinite number of buffers are available
at each node as does the analytical method diseusend in
chapter .

The randomly genersted traffic, using & Poisson distrihution,
comparas very closaly to the expected traffic in the natwork.
This indicates that although the simulation of a continuous
real time netvwork is actually simulated at discrete tims
intervals, the increments betwsen the discrete time intervais
are small enough te ensure accurate results. The accuracy of
the results obtalnad from & simulation is largely dapendent
on the simulated duration. If & network im simulated for a
long periad of time then the results obtained are likely to
be more accurate. More packets will be transferred across the
network and the f£inal results of the sinulation will ba
averaged over a larger aumber of packats glving a better
indication of tha overall performance of the network. The
cost af obtaining more accurate results 15 the inerease in
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Conclugion: Network mimulations

7.8

Eram the numerous simulatione performed using the network
routing simulation package many results and eonclusiens on
the accuracy and effectivensss of the simulation program may
be made. Valid deductions on the performance of sach routing
algorithms used in the simulation program can be made.

7.8.1 The network routing simulation package

The results obtained from the simulation program appear to be
accurate and compare favourably, in the case of the static
routing algorithms, with the results obtained from analytical
methads. The results of the simulation program sre ewpected
ta ba more sccurate due to fewer assunptions wmade in the
pragean comparsd te snalytical evaluation tachniques. For
axanple the program dees not base the simulations on the
assumption that an infinite number of buffers are available
at each node as does the analytical method discussed in
chaptar 4.

The randomly genersted traffic, using a Polsson dimtribution,
comparer vary cipmely to the expected traffic in the network.
This indicatas that although the simulstion of & continueus
real time network is actually simulated at digerete time
intervals, the Increments hetween the discrete time intervals
are small enough ta ensure accurats results. The accuracy of
the results ohtained from & =imulation ig largely dependent
on the aimulated duration. If & network is simulated for a
long period of tima then the results obtained are likely to
be mera accurats. More packets will be transferred across the
network and the final results of the simulation will bLe
averagad over a larger numbar of packet glving a better
indicatian of the overall parformance of the n>twark. The
cost of obtaining more saccurata results is the Incresse in
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the actual duration of the simulation. The actual duration of
the simulation varies lineariy with the simulated duration as

iz 1llusteated in graph 7.18.

Aciual duration {saonde)

7

o
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Slmdated duration {units}

Graph 7.18 The actual duration of a simulation versus the

Aimulated duration of a network.
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7.8.2 Routing algorithms

The chapter is concluded with, s discussion on the
effectiveness of the routing aigorithms simulated. The
flooding algorithm consumes toe much valuable network
capacity to be utilized in any reasonably busy network. Ths
only advantages of tha flooding routing algorithm is that it
may be used to broadcast packets in the network. The flpoding
algorithm is robust and may ba used s= a last resort to

transfer vitally important packets in the network.

The least cost or Bhortest path algorithm provides a great
tmprovement on the performance of the network campared to the
flooding routing algorithm. The least cost routing algorithm
is most useful in networks with » low connectivity and whers
it i= essentisl to minimize the gost of transferring packets
across the natwork. The least cost algorithm ig aleo most
ugeful in stable networks where the topology of the network
remains constant for long periods of time. Typical networks
include global networks where nodes are separated by larga
digtances snd it expensive to transfer mesEages from one node
to another in the network.

The adaptive routing algarithm provides shorter average
packets delaym and a smaller overall parket blocking
probability compared with the least cost ront{ng algarithm.
The averags cost of transferring packets across the natuwork
is slightly higher. The disadvantage of the adaptive
algorithm is the incraased complexity of the network and the
incressed computational facilities reguired at each node in
the natwork. In the current impl tation of R § Gallager's

minimum delay adaptive routing algorithm it is essential that
all the links in the network are full duplex channels If the
algorithm is to operate efficiently. If a link faiis in one
direction only it must be assumed that the entire dupl « iink
has failed.




The buffer allocation technigues used 1in the simulation
package provides a fairly proficient nmethad of siloestiag

buffers to inconming packets at a node.

It is clear from various simulation rasults that the adaptive
routing algorithm is the best suited for networks consisting
of autonomous  randomly distributed nodes with a high
connectivity. The adaptive algorithm iz also nmore gsuited to
bursty traffie gituations compared to the least cost routing
algorithm. The adaptive routing aigorithm also works best in
smaller networks due to the sghorter delays required to
transfer routing information across the network. The adaptive
routing algorithm 15 tharefore well suited to digital
computer networks whore the nodes ars randomly dlstributed
over a ralatively small acea. It {5 assential ta carefully
select the parameters of the adaptive routing algorithm so
that the algorithm operates at maximum efficiency.

Both the 1isast cost and adaptive routing algorithms are best
sulted to smaller netwarks of less than 50 nodes due 4o the
large amount of infarmation that must be stored at each node
in  the network. Finally the network routing mimulation

package provides interesting and valuable information on the

performance of various routing slgorithms in different types

of natworks.




FINAL CONCLUSIONS AND RESULTS

In the thesis, the performance of an adaptive and static
routing algorithm have bheen compared with the aid of a
sinulation program. Various routing parameters, pratacals and
congestion control technigues have been studied. An optimum
for the perfermance of the adaptive routing algorithm for a
particulsr network has been found. The uses, advantages and
limitations of the use of a simulation program as a means of
effectively analysing a diglital computer network have bean
earefully studied. In this chapter the most important results
and conclusions made from the research project are

summarized.

8.1 The adaptive routing algorithm

The adaptive routing algorithm studied was based on R G
Gallager's minimum delay routing algorithm. Various
protocols, parameters and measurement techniques used in the
algorithm were varied in order to obtain an optimum routing
algorithm for a pacticular network topolagy. A packet
switched datagram Lype network wax selected. Buch a network
provides maximum adaptability te changes in the traffic
patterns in the network. In analysing the averall performance
of any routing algoritkm in a network it is necessary ta
consider the cost-performance trade off of the algorithm.

8.1.4 Uges and limitations of the adaptive routing algorithm

The adaptive routing algarithm has been optimized for a
simple four node network with an average connectivity of two.
It is important ta realize that the implementation of an
adaptive routing algerithm inte a particular network provides




littie improvement the overall psrformance of the network
ie:
- the input traffic load into the network is light and far

less than the total throughput of the network,
the input iraffic to the network remains constant,
the input +traffic lncreases at all the nodes in the
netuork simultaneously,
the connectivity of the netwark is 1ess than two, or
a " large proportion of the packets genarated in ths
network are to be to all the destination nodas
in the network.

The main advantage of using an adaptive rauting algorithm
into a network is to increase the throughput of tha network
and to déecrease the average delay snd blocking probabilities
of the packats. The cost of implementing a routing algorithm
into a network is the increased cost of running the natwork
and the increage in computational and memory raquirements of
each node in the network. A limitation of the adaptive
routing algorithm iz that packets cannot be broadcasted to
all the deéstination nodes ln the network. Howavar packets may

be broadcasted using a floading algorithm or by yenerating

individual packets f£or each destination noda and routing
these packets individuslly to each destination.

Genérally adaptive routing algorithms are best suited to
highiy { digital oparating at
a fairly 1light losds, ' buk where the traffic betwean any two
nodes in the natwork may suddenly increase for a short period
of time.




little improvement on the ovarall performance of tha network
if:
- the input traffic load into the network is light and far
less than the tokal throughput of the network,
tha input traffic to the network remains constant,
tha lnput traffic increases at all the nodes in the
network simuitaneously,

the connectivity af the netwark is less than twn, or

a "large proportion of the packets generated in the

netwark are to be broasdcast to all the destination nodes
in the network.

The maln advantage of using an adaptive routing algorithm
into a network is tn incresse the throughput of the network
and to decrease the avitrag. delsy and blocking probabilitlen
of the packats. The cést of implementing a routing algorithm
into a network is the i{nereased cost of running the netwark
and the increase in computatiaonal and memery reguirements af
each node in the natwerk. A limltation of the adaptive
routing algorithm is that packats cannot be broadcasted to
all the destination nodes in the network. However packets may
be brosdcasted using a flooding algorithm or by generatirng
individual packets for each destination noda and routing
thesa packets Individually to each destination.

Generally adaptive routing algorithme are best suited ta
highly & ed digital aperating at
a fairly light loads, " but where the traffic betwtsn any two
nodes in the network may suddeniy increasa for a shart pericd

of time.




B.1.2 Comparizon with the ARPANET network

The AREANET network ig one of the most well known netwarks in
the warld. A brief comparison between the ~outing algorithm
used In the ARPANET network with the routing algorithm used
in the simulation program 1is nade. The adsptive routing
algorithm used In the =imulatlon program is very eimilar ta
the ARPANET routing algorithm. The major difference being
that in tha ARPANET network the dalay of {ndividual packets
is minimized where as the adaptive routing algorithm studied
attempts to minimlze the everall sverage packet delay,

It g difficult to compare the performance of twe different
routing slgorithms unless the algorithms are tested using the
same network topolegy with the same input traffle rate to the
network. Thersfora only general comparisons are mada. The
amount of routing infoepmation exchanged between the nedes in
the network 1s very similar for both routing algorithms and
the ARPANET natwork reguires spprowimately 2% of a 5Dkbps
line te¢ transfer routing informastion between nodes in ‘the
network. This 4{s& comparable +to bandwidth required for the
routing information in R G Gallagsr's routing algerithm. In
the ARPANET natwork routing informstion is exchanged st least
every 10 seconds between the nodas in the network. This iw
similar to the maximum time perlod allowad in the simulation
program between the axchange of routing informatlon. In the
ARPANET network routing packets are short and have a length
of 176 bite and are given highest priority. In the ARPANET
routing algorithm if +the instantanecus traffic is used to

update tha routing variables then the oscillatiens produced
by the ARPANET? routing slgorithm are large and therefore the
traffic is avaraged aver a finite time interval. In the

adaptive routing algarithm used in the simulation program the
oscillations produced by using the instantaneous traffic

ratex are small.
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The ARPANET netwerk attempts to optimize the performance of
the network from a umer point of view by minimizing the
packet delay of each packet in the network individually. The
simulated routing slgorithm optimize the netwerk performance
from a manager orlentated point of view by minimizing tha
overall average packet delsy and performsnce of the network.

8.1.3 Conclusion: The adsptive routing algerithe

In general the adaptiva routing algorithm operates
efficiently and provides s dafinite improvement in the
average delay and blocking probshilities of packats compared
to the least cost algorithm, Tha main problem in designing or
establishing an optimum routing algorithm in a natwork is
that it 1§ difficult to isolate the algorithm or partx of the
algorithm from the rest of the network. The overall

performance of the algorithm i& depéndent on othsr aspects

such as buffer allocation techniques, congestion control
protocols, computational efficiency, input traffic patterns
and tepology Gf the network.

As the distance, or number of hops, between the nades in the
network increazes the adaptability of the adaptive routing
algorithm decreases. The adaptability of the routing
algorithm iz also depandent on the rata at whieh routing
information i# exchanged hetween the nodes in the network. If
routing informstion i 1y the ity
of the aslgorithm increases but then the number of routing
packete premant in the network incresses. This may incresss
the total average packet delay in the network. An optimun
hetween tha rate at which routing information is exchanged
and the number of routing packets in the network must be
found. The adaptive routing algorithms used in the simulation
program stiempts to schieve a maximum adaptabillty using &
minimum smount of veuting informatien.
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The ARPANET network attempts to optimize the perfermance of
the network from a urer point of view by nminimizing the
packet delay of each packet in the network individually. The
simulated routing algorithm optimize the network performance
from a wmanager orientatad point of view by minimizing the
overall average packet delay and parformance of the natwork.

8.1.3 Conclusion: The adaptive routing algorithm

In general the adaptive routing algorithm operates
efficlently and provides a definite improvemant in the
average dalay and blocking probabillties of packets compared
to the least cost algorithm. The mein problem in dekigning or
establishing an optimum reuting algorithm in & netwark is
that 1t is diffieult to isolate the algorithm or parts of the
algorithm from the rest of the network. The overall

parformanor of the algorithm is depéndent on othar aspects

such as buffer allocation technigues, congestion control
protocols, computational -efficlency, input traffic patterns
and topology of the natwork.

As the distance, cr numbaer of hops, batween the nodas in the
network increases the adaptability of the adaptive routing
algorithm decreagses. The adaptability of the routing
algorithm is else dependent on the rata at which routing
information {s exchanged hetwean the nodes in the netwerk. If
routing information i £r 1y the ity
of tha algoritim increases but cthen +the numbaer of touting
packets present in tha network invreases. Phiw may increase
the total average packet delay in the natwork. An optimum
betwaen the rate at which routing informatlon is exchangad
and the number of reutlng packets in tha network must be
found. The adaptive routing algorithm used in the simulation
program attempts to achieve a maximum adaptabillty using &

minimum amount of routing information.
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an
that has @ need for such an algorithm and that will allow the
algorithm to oparate effectively. A simulation program iz &

adaptive routing algorithm {5 only useful in a network

valuable 'togl’ that may be ufed to establish tha optimum
performance of a routing algorithm.

8.2 The simulation of netwerks

Tha design and implementation of the netwark routing
simulation program formed a large part of the research
project. Considering the limitations and advantages of a
simulation program the effactiveness of a simulation program
to accurstely imitate the routing of packets in a natwork is
verified.

8.2.1 Features and limitations of the simulation program

The most important aspect of a simulation pregram is accuracy
and depends on the precision with which the a system i
modellad and simulated. The accuracy of a syetem is dependent
on

- the cost and time takeo to design, implement and test a

simulation program,
- the time taken for an actual simulation and
- the computationai and memory reguirements.

A simulation program ¢an be mede as accurate as desived at
the aupanse of tha criteria describad above. For this reasan
and due to the iimlted time allocatad to the deslgn and
inplementstion of the simulation package several assumptions
have been made and are ilgted in Chapter 6. The sssumptions
made do net drastically effect the overall accuracy of the
simulation progrem, although thay should be notad whan
analysing the results from the program.
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Deepite the various sssumptiens made in the implementation of
the eimulation program, accurate and meaningful results may
be obtained. The simulation program i flexible and the basic
features inciuded in the simulation program ara:

any randomly interconnected network consisting of up to
20 nodes may be simulated,
& flecding, lesst cost and adaptive routing algerithm may

be simulated,
accurate results may be obtainad in reasonably short time

intervals,

numeraus network parameters such as naetwork topology,
w, -service rates, 1ink costs, link ecapacities, input
teutfle, buffer lengths and the number of bits per packet
may br entered by the user and

the . program may be modified to implament additional

network protocols.

Some of the assumptions made in the simulation program may be
alleviated by modifying the program. The program wam
originailly designed, implemented and as far as possible
temted, in email increments in order to guarantae the overall

sccuracy of the network.

8.2.2 Conclusion: Simulation of networks

The basic advantages of using a simulation program to predict
the performance of a digital natwork iz that it is relatively
inexpensive, powerful and accurate. Normally any %ypa of
network may be simulsted, whether it be a distributed or
centralized network, or a static or dynamic network. A
mimulation program ellminates many of the assumptions
raquired in analytically predicting the ‘performance of a

network.




In designing, impiementing and using the natvork routirg
simulation program a greater undarstandability of the
principles of networks was obisinsd. Aleo using a simulation
program there 'is a closa one to one correspondence of the
simulated network with a real network. In a simulation
program the ‘sntire’ network iF effectivaly concentrated at
one point. Thus mbundant information on the entire nastwork at
any point in time can be obtainad at a low cost compared to a
real network where the information must ba gathered over the

entire network and pracessed at a later stage.

Generaily a computer simulation providas an effective way of
analysing and determining the optimum parformance of netwarks

up to approximstely 20 nodes sccurately end cheaply.

8.4 Recommendations for future work

Some of the more important ssprcts which require additional
investigation are deseribed.

8.4.) Taopelogy changes

One of the most important aspects that has not been
implamented into the network routing simulation package is
the hehavigur of tha network if a link or node in the nautwork
falls. It {g important to determine the rasponse time of the
network to much an event. The response tima is tho time
interval from the time at which the link or node falled
the time at which each node in the network is made aware
the link or node fsilura. The deg: ion of tha b

of the network, inerease in packets delays and nusher

blocked pawcets resulting from s link failure should
investigated.




8.4.2 Rumoval of the limitations of the program

modification thet to the
remaval, where possible, of some
The

The most obvious may bs wade

simulation program are the
of the limitations of the program discussed in chapter 6.
limitations of the sim.
and allevisting some of the limitations may only incraase the
complexity of tha program without signifieantly improving the
decrease the

ion program ara hawever nat severe

acqu:.cy of the simulation program snd may even
reliability of the ovarall. zimnlation package.

8.4.3 Congestion control and buffer allocation techniquer

In the project the features of varlous congastion control and

buffer allocatian techniques have been considered. More

and buffer allocation
sinulated to
of the

advanced congestien control pratecols
techniques may be inserted into the program and
determine the overall effect the

an pecfornance

netvork.

8.4.4 Data link protocols

The functicas of the ddta link defined by the OSY
been overloaked in the project. The main
link layer {s to
Thie is usually accomplished by the use

layer as
reference medel have
function of the data pravide an error free
transmission medium.
of

destination nodes in the network.

¢ ’ betwean the

i packets gource and

In a distributed natwork the prohlem is far from trivial. For

exampla {f acknceledgement frames are used to  inform the

source node that & packet has sucessefully rasched it'e
destinatieon, then problems may arise due te the fact that the
source nade may have to walt & long pariod of time batween
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8.4.2 Removal of the limitations of the program

The most ‘obvious modification that may be made to the
simulation program are the removal, whers possible, of some
of the limitations of the program dizcussed in chapter 6. Tha
limitations of the simulation program are howaver not severs
and allaviating some of the limitations may only increase the
complexity of the program without significantly improving the
accuracy of the simulation progrsm and may even decrease thy,
reliability af the overall simulation package. )

8.4.3 Congestion control and buffer allocation techmigurs

In the project tha Peatures of various congestion gontro. aps

buffer ailocation technigues have been corgidetsi. Nora
advanced congestion control protocols and puffer alipcation
techniques may ba inserted into the program snd sinuiafed tn
determine the overall effect on the performancii of ithe
network. S

8.4.4 Data link protocols

The functions of the dita link layer as defined by the DSI
reference modal hava besn overlooked in the project. The main
function of the data link layer ls to provide an error free

transmission medium. This is usually accompiizhed by the use

of ! ' packets rad batwaen the source and

destination nodes in the network.

In a distributed netwark the problem is far from trivial. Foe
example 1f acknowledgement frames are used to infoIm tha
source node that a packet hass successfully reached ii's
destination, then problems may srise due to the fast that the
source node may have to wait a long period of Lim: edtween
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the transmission of the dats packet and the reception of the
assosiated acknowledgement frame. Acknowledgement packets may
hecoms lost resulting in duplicate copies of packets being
transferred across the network. Another techniques iz to use
a rsquest retransmission frame as  apposed to  an
acknowledgement frame. In %his method the saurce node appends
a sequantial packet number to each packet destined to a
particular destination node. The destination node, after
receiving a certain numher of packets, checks to see if all
the Packets in the Bequence have been received. If not the
destination node sends a raquest retransmission packet to the
sourze nede requesting the scurce node to retransmit that
particular packet. The problem with this method iz that in a
datagram.network packets may arrive at the destination node
not in a striet sequential order. Another problem is that the
source node must  store duplicate copies of the packets for
long perieds of time before they can he discarded

The =uitability of various data link jrotocols to a

particular network simulated requires further analysis.

8.4.5 Simulation of additional routing aigorithme

Other routing algorithms whather static or dynamic algorithme
may be iwmplemented into the network routing simulation

program. An additional interemting algorithm that couid be

simulated ir the 'Second derivative minimum delay routing
algarithm' propesed by D P Bertsekas et al. P(5]. Tha
algorithm should provide a siightly greater adaptability to
tratfic changes compared with the minimum delay routing
algorithm used {n the simulation program. The Second
derivative reuting algorithm ia however complex, requiring
complex caleulations and additional memory requirements. The
suitability of the algerithm in  large netwsrks 1m
questionahle and requires further inquiry.
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8.5 Finel wards

In the project varicus routing algerithme and natwork

protocols were examined in a literature survey. A suitable
adaptive minimum delay routing algerithm was selected. Tha
specifications for a typical network ware then stipulated. A
simulation program was designed and implemented in order ta
determine the overall performsnce of the routing algorithm
whan uged in the network topology spacified.

Many interesting and valuable results were obtalned from the
.simulation package. The simulation package wae used to find
the optimum performsnce of the minimum delay routing

algorithm.

In genaral it can be concluded that the miaimum delay routing
algorithm compares fsvourably with tha least cost routing
algorithm and provides s significant decrease in the average
packet delay with oniy a slight incrsase in the total cost of
running the netwprk. It can alse be concluded that simulation
iz & practical and powerful methed for accurately predicting
‘the overall performanc: »f & dlgital computer network.
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APPENDTX
'ERMINOLOGY and SYMBOLS

The terminology used in the report is provided together with
a summary and explanatien of all the symbols used in the

report.

Rrc: Connects two adjacent nodes, and allows packets to be
transferred between the nodes.

Arc connectivity: The minimum number of links or arcs that
must be removwd to disconnact two nodes in the network.

Behdwidth: This 'normally refers to the tota.. avallable
'V ity of° the "network, that lg the maximum number of
ticku\s per second the network ie capable transterring.

Bifurcatian: Bifurcation implies that two or more paths to a

gingle destination node are made available by the routing
algorithm.

Blacked packet: A packet that is unable to reach the required
destination node.

Broadedst: Broadcast occurs when a packet is transmitted %o
every possible destination node In %he network.

Bursty Traffic: Bursty tiaffic occurs when the traffic
between a palr of nodes in the network suddealy increases for
a shert peried of time.

Capacity: The maximum number of bits per second that a link
ig capable of transferring from one nade to another.




Commodity: A commodity refers to a source destinatien palr. A

multi-commedity network aexists when numerous  source

destination pairs accur in the natwork.

Congesticn: Congestion occurs when too many packets are
present in the netwark, or part of the network, resulting in
the degradation of the network performanca.

Connactivity: The number of links or nodes that muwc be
removed in order to disconnect node i from nade J in the
network.

Datagram circuit: Each packet is treated as a saparate entity
and each packet ig routed individually to the dastination
node. In a datsgram network cnly a best attempt {s mada iz
traneferring the packet to it's destination.

Deadlock: Deadlock woccurs due to cyelic wait of resourcss to
becoms ava!lable.

Destination: The node for which tne dats is intended, that is
the node to which the data packet must be trsnsfarred.

Flow contrel: Protocols that snsure that the source node doam
not supply data to a demtinatisn node at a rate exceediny the
input capabilities of the destination nods.

Frame: A ensemble of dats (represented in bits) that s
transferved along a link.

Hop gount: The nunmbar of nodes passad by o pscket travelling
from tha ssurce node to the destination node.




Author Francois Marc Leon
Name of thesis Routing Strategies In Digital Networks. 1988

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



