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

Link connectivity< The minimum number of nodes that must be 
removed to disconnect two nodes in the network.

Looping! Looping occurs waen a packet circulates indefinitely 
arour ; the network and does not reach i+.destination.

Messages: The data at a node to be that Is to be transferred 
to one or more nodes In the network. A message may be broken 
in to one or more packets te be transmitted to the 
destination node(s).

Node: This is often referred to as an inter assuage processor 
and is responsible for generating messages (date), relaying 
messages to other nodes and for consuming messages.

Paokat! A ensemble of data (represented in bits) that is 
transferred along a link.

Packet delay: The delay experienced by a packat travelling 
from the source node to the destination node in the network, 
and Is calculated as the tine the packet Is consumed by the 
destination node minus the time at which the packet was 
created at the source node.

Protocol! A set of rules that must be adhersd by all tJia 
nodes in the network so that data may be successfully 
transferred between the nodes in the network.

Routing algorithm Responsible for determining which output 
path, or paths, an incoming packet should be sent.
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Sink: The node responsible far consuming the data or packet, 
that is th& node for which the data is intended.

Source: The node responsible far the generation of data to be 
transferred to a destination node.

Throughput: The number of packets per second successfully 
arriving at their destination nodes in the network.

Truffle: The number sf packets per second that, are 
transmitted across1 the links in the network.

Virtual circuit: In a virtual circuit the path fron the 
source node to the destination node remains constant 
throughout the duration for which the user Is connected to 
the network* The packets are guaranteed to be successfully 
transmitted to the destlnstion.
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B .1 Literature surveys Routing algorithm® 

Static -outing algoritlms

lame Refer. Description Advantages Disadvantage* Applications

Ftoodi. 3 t431 Paclits are transmitted along 
every out-going pith at a node, 
ercopt the path on which the 
packet arrived.

Simple, robust, easy to imple­
ment and allows broadcasting,

Grut deal of wasted bandwidth 
due to the duplication of 
packets in the network.

Used in stall static networks 
•here the traffic Is lo» and 
rsaalns constant, day be used 
as a backup algorithm. Often 
used as a reference to which 
the performance of othsr al­
gorithms are cc.̂iared.

Proport' mal [37! Packets are sent on the outgo­
ing links it a node on an 
equiprobable basis.

Simple and Mims a slight 
Improvement compared to the 
flooding algoritha.

Highly iiwflicient. Used in small networks with Ion 
traffic rates.

Random I3?l Packets are sent on the outgo­
ing links at a node nitti dif­
fering probabilities, th* 
probabilities being determined 
by the routing control center 
tftCCI In the netwrk.

Simple and requires minlaal 
intelligence.

The slight improvement M the 
performance compared to thu 
proportional algorithm does not 
usually justify the added cost 
of a RCC in tile network.

Used in small networks nIIh lo* 
to medium traffic rates, and 
•here the traffic varies ex­
tremity slowly with time.

least cosl Packets are routed via the 
least cost path to a desti­
nation. Can be made adaptive If
propurtional to the traffic in 
the links.

Sliple, most niililly used and 1; 
used to ilnlalze the cost ol 
running a network.

Boos not adapt to changes in 
traffic, unless it it adaptive, 
where it adapts slotily.

Used In netnorks xhere minimiz­
ing the cost n‘ transferring 
packets across the network is 
essential. Only useful in 
networks with a fairly constant 
input traffic rate.



Description Applications
CMbination of central 1 led an 

rallied routing. Overil 
routing paths are deterained t> 

ICC in the netaork, in 
dividual oodes My take l«a
Digestion.

Su(li»i Iroi the vulnerability 
and probleis af a centralized 
routing systee.

for stall netaorts of less tt 
20 nodss. The perforaance 
the algoritho in larger n< 
aorks requires further invt

Large networks require large 
-outing tables at each node. 
rS>e algorithe ms developed to 
sduce the table lengths re­

delays in the netaark.

Mount of routing infor- 
•ust be exchanged bet- 

19-todes in the netaork.
For highly interconnected 
netaorks aith rapidly varying 
traffic rates. The perforiance 
of the algorithe in vi

Rapid convergence .ini coapares 
Favourably aith other algorit- 
has in saall netaorks,

Caaple* (Deputations required.

Niniiua delay
distributed
algorithi

liiniajzes the TOTAL average 
packet delay in the netaork, 
rather than the Individual 
packet delays.

Only a saall aaount of routing 
inforaation oust be exchanged
aork, Iterative and loop free.

Only suitable for 'quasi­
static' netaorks. Thu perfor­
ate? of the algorithi in a 
dynaaic netaork is subject to

Suitable for Irregular type 
nsUorks. The size of t 
nstuork is Uni ted by t 
adaptability required and 
aeaory available at each nt

DisadvantagesRefer. ABvantag

deduced table lengths at each 
isde in the netnork.

gths required at 
reduced.



Second deri-

Hiniaizes the packet del ay.

Binituss thf average packet 
del ay, but coagulations are 
Used hi (tin second derivative 
o[ the traffic flon In the

Advantages
Guaranteed to converge to < 
optUal solution. Flexible ai 
■ay lie adapted to any type i 
netwrk. Ftrlmuii cotpari 
favourably with other algoi

ile for 'quasi-static' 
netdorls. Coaputational re­
quirements are directly propor- 

to the adaptability ol 
the algorithm.

Description
The netnork Has developed by the 'Advanced Research Project Agency' of the United States department of defense. 
The netnork started in 1949 as a (our node netnork. Currently the netnork consists o( lore than 100 nodes 
distributed wrldnide,
SeiqMif a districted a/goritftf based m a sftortesf path routing a I far (MM ms osetf, ilqarlth) displayed 
njierous problMH. The lain probier. of the algorithm Has the poor adaptability to changes in traffic In the 
netnork. Packet frequently looped indefinitely around the netnork. The aigorithe also adapted sitraaBly slonly tn 
changes In the topology of the netnork. The aigorithe nas replaced by a sore dynaaic distributed algorithm. 
Priority is given to routing packets. Routing packets are transferred icross tho netnork using a flooding 
aigorithe, The net aigorithe reacts fairly rapidly to changes in traffic in the netnork.
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Haw Reference Hetaork Size Description
TffiNET [401 309 nodes The TVHHET network of Tytsnare incorporated aas developed in 1970 and consists of sore than nodes, Routing is 

perforeed by one of four routing coeputers present in the network. A virtual circuit Is set up (or each source 
destination node pair In the netnorK the virtual circuit is set up using a least cost algorithm The cost of the 
links are proportional to the load on each link. The protlei nIMi f:» network occurs ahen a virtua! circuit is 
setup during a busy period, The virtual circuit allocated uy then hi a long delay path. The path rewins 
unchanged even If the traffic in Uie netnork changes. The netsork operates effectively under lightly loaded 
situations. The delay increases tfraeaticaily as the niiider of users in the letaork increases.

TRAHBPfiC HOI 30HH nudes The netxork ms developed in France. A distributed routing algorithm is used to route packets in the cetnork. Ihe 
netsork perfects satisfictorily. The performance of the netnork under ful'. load conditions is not know.

TIDAS 19! 20 nodes The TIDAS netnork is a Swedish netwrk. The netaork consists of 200 t.irelnals connected to 20 nodes. Dilutes 
betneen the nodes are established using the public telephone systee. 'he routing algorithe used is siniljr to 
that of tie ASMNET setwrk. The algorithe used is aell suited to the TIDlS net»ork consisting of only JO nodes.

OECNET [431 The DECNET netwrk Has developed by the Digital Equipeent Corporation, The netnork aligns seall private netaorks 
to be iipliunted. Tha netmrk operates on a datagru based systee. Each node in the netwrk contains the path 
length and cost to each destination node in the nstnork. Congestion control is provided by Halting the nueber of 
packets that say le transferred for each source destination node pair. A hop counter is used to reiove 
circulating packets in the netHork. The algorithe operates fairly efficiently except for the following problensi
- The algorithe does not adapt to any changes In traffic in the netnork,
- Packets aay loop in the netmrk, and
- The algorithe adapts slonly to changes in the topology of the netaork.





C.l R G Sallager's minimum delay routing algorithm

A description of R G Sallager's routing algorithm is 
provided. The reader Is referred to reference [11] for a more 
detailed derivation of the algorithm. The reader is also 
referred to Appendix A for an explanation of the terminology 
and notation used in the report.

The object at the algorithm is to minimize the total expected 
packet delay for the entire network. The total expected 
packet delay Dt is defined as the sum of the packet delays on 
the individual links of the network. To minimize the expected 
delay D.t each node 1 must incrementally decrease the 
probability 0iK<a> of a packet being s<jnt on a link for which 
the marginal delay (dD/dfih. + JDt/Sr*(3>)» is large and 
increase the probability for which the marginal delay is 
email. The algorithm nay be divided into two parte) A 
protocol for exchanging the marginal delays between the nodes 
in the network and an algorithm tor updating the routing 
variables.

C.l.i Calculation of marginal delays

Each node can as a time average estimate dD/df1M. Thkt is the 
marginal delay on link <l,k) as a result of the flaw (fi») on 
link (i,k). The algorithm adapted estimate the value for 
dD/df*M is based on an estimation procedure developed by 
Segall [38] and is described in detail in section C.3.

To calculate the value of SDx/irxtj) each node i in the 
network waits until it has received IDi/itudi from each 
neighbouring node for which 01U(3) > q . cislng the fact that
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memory and may be Implemented in a totally decentralized 
manner. The algorithm may be summarised as follows!

If a» represents the arrival of the nth packet an link 
(i,k) In the network and d„ represents the depart.’re of the 
nth packet from link (i.k) then the following recursive 
formula nay be defined.

C„n = 0 for m < n,
C.." = d„ - a„ for m a n ,  and
C„n = min(C»-iri,dm-i - a.o) for m > n + I and,
where Cn.tn s dn - max(a«*i,dn-i)
and do = 0.

During the same period consisting of N packets the quantity 
dD/df is estimated as!

dD/df * [nfl mfn Cm"I/N

'fhis formula has been used in the simulation program ae shown 
in the program listing given in Part II, Appendix D.

C.4 Calculation of event times

Another important aspect that must be considered Is the 
calculations involved in determining the time at which the 
various events occur during the simulation. The times which 
nave to be calculated are the arrival times, service times 
and departure times of the packets in the network.
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Memory and computational requirements

The memory and computational requirements of the routing 
algorithms implemented in the simulation program are 
specified. Only the significant memory, and computational 
requirements are listed.

0.1 Memory requirements

Firstly the memory required by each algorithm is discussed. 
Memory is required to store variables such as the topology of 
the network, the list of paths to each destination node and 
other variables iequlred by the specific routing algorithm. 
These variables must often be retrieved, examined and updated 
frequently and It Is therefore of essential that the 
variables required by a routing algorithm be stored in random 
access memory (RAM). This usually Units the amount of memory 
a routing algorithm way use. It has been assumed In the 
calculations given below that all the variables used by the 
various routing algorithms require the same amount of memory 
of one unit. The memory calculated below is the amount of 
memory required at each node in the network.

D.1.1 Blooding algorithm

'/•he memory required by the flooding algorithm is negligible 
compared to the other routing algorithms employed in the 
simulation program. The flooding algorithm requires only list 
of the output paths at each node In the network, and for a 
fully inter-connected network, the maximum memory required is 
(N-l), where N Is the number of nodes in the network.
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Memory and coaputati. onal requirements

The memory and computational requirements of the routing 
algorithms implemented in the simulation program are 
specified. Only the significant memory and computational 
requirements are listed.

0 .1 Menory requirements

firstly the memory required by each algorithm is discussed. 
Memory is required to store variables such as the topology of 
the network, the list of paths to each destination nods and 
other variables required by the specific routing algorithm. 
These variables must often be retrieved, examined and updated 
frequently and it is therefore of essential that the 
variables required hy a routing algorithm be stored in random 
access memory (RAM). This usually limits the amount of memory 
a coating algorithm may use. tt ha? been assumed in the 
calculations given below that all the variables used by the 
various routing algorithms require the same amount of memory 
of one unit. The memory calculated below is the amount of 
memory requires ?t each node in the network.

D.1.1 Flooding algorithe

The memory required by the flooding algorithm is negligible 
compared to the other routing algorithms employed in the 
simulation program. The flooding algorithm requiras only list 
of the output paths at each node in the network, and for a 
fully inter-connected network, the maximum memory required is 
(N-l), uhara N is the number of nodes in the network.
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0.1.3 Least cost routing algorithm

The following data is required by the least cast al irithra:

A cost matrix consisting of N(N - 1) entries,
A list of the output path for each destination node 
j, consisting of (N - 1 ) entries.

Using this data the total number of memory units required las

Total memory required = N(N - 1) + (N - 1)
* N2 - 1

Therefore the a»ount of memory required by the least cost 
routing algorithm is directly proportional to Na .

D.1.3 Adaptive routing algorithm

The following minimum 
routing algorithm used

data is required by the adaptive 
n the simulation program:

The network topology or link capacities in the 
network requiring N(N - 1 ) units of memory, 
a list of output paths, or output probabilities 
0ixca> which requires a maximum of (N - 1)(N - 1) 
soount of memory,
a list of marginal delays dD/df1H utilizing (N - 1) 
units of memory/
a list of marginal delays SD/$r,M(3), requiring 
(N - 1)CM - i) entries,
a aet of blocked paths Bll3l using (N - 1)(N - 1} 
units of memory, and
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- a set of routing data received from each 
neighbouring node for each destination node in the 
network requiring IK - i)(N - 1) units of memory.

The total amount of memory required can easily be calculated 
to be:

Total memory required a N(N-l) + 4[(N-l)(N-l)] + (U-l)
* Na - N + 4Na - 9 N + 4 + N - 1  
= 6N= - 9N + 3.

The total memory is therefore, for large values of N, 
directly proportional to Na. The maximum amount of memory 
required has been calculated. The amount of memory required 
can be reduced by defining a maximum number of nodes each 
node In the network nay be connected to. Above a fully inter­
connected network has been considered. The exact amount of 
memory required by the adaptive routing algorithm is also 
directly dependent on the actual implementation of the 
algorithm.

D.2 Computation requirements

The computation requirements of ft routing algorithm is 
directly dependent on the rate at which the algorithm is 
updated, the amount of variables that must be processed, the 
computational complexity of the algorithm and the accuracy 
required by the algorithm. A rough estimation on the order of 
the computations required at each node in the network is
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D.2.1 Flooding algorithm

Far the Flooding algorithm rooting paths are selected each 
tine a packet is to be routed to a destination hode. Then the 
packet is simply transmitted along each outgoing link of the 
node except the link on which the packet arrived. No actual 
computations are performed by the flooding routing algorithm. 
For this reason the implementation of the flooding routing 
algorithm is extremely simple requiring very little memory.

D.2.2 Least cost algorithm

Each tine the least cost algorithm is updated a path for each 
destination node in the network is calculated, Bor a network 
consisting of N nodes of which each node is a possible 
destination node the number of computations performed by the 
least cost algorithm is of the order Na (Of the order Na may 
be written aa 0{N*)). The least cost algorithm need only be 
updated if the topology of the network or the cost of a link 
in the network chariges.

D.2.3 The adaptive routing algorithm

The adaptive routing algorithm is made up of several 
independent algorithms, for example each time a packet 
arrives at a node 1 in the network from a neighbouring node k 
a nsv value for dD/dfix must be calculated. Also if routing 
information Is obtained from a neighbouring node the routing 
tables at the node must be updated accordingly. The number of 
computations required for a single iteration of the adaptive 
routing algorithm is 0{N}, and the number of coaputations 
requires to establish s new set of routing paths at a node
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D.2.1 Flooding algorithm

For the flooding algorithm routing paths are selected each 
time a packet is to be routed to a destination node. Then the 
packet is simply transmitted along each outgoing link of the 
node except the link on which the packet arrived. No actual 
computations are performed by the flooding routing algorithm. 
For this reason the Implementation of the flooding routing 
algorithm is extremely simple requiring very little memory.

D.2.2 Least cost algorithm

Each titne the least cost algorithm is updated a path for each 
destination node in the notuork is calculated. Sor a network 
consisting of N nodes of uhlch each node is a possible 
destination node the number of computations performed by the 
least cost algorithm Is of the order Na (Of the order Na may 
be written as 0(N»)). The least cost algorithm need only be 
updated if the topology of the network or the cost of a link 
in the network changes.

D.2.3 The adaptive routing algorithm

The adaptive routing algorithm is made up of several 
independent algorithms/ for example each time a packet 
arrives at a node 1 in the network from a neighbouring node k 
a new value for dO/dfiM must be calculated. Also if routing 
information Is obtained from a neighbouring node the routing 
tables at the node must be updated accordingly. The number of 
computations reguired for a single Iteration of the adaptive 
routing algorithm is 0(N), and the number of computations 
required to establish a new set of routing paths at a node
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I INTRODUCTION

Part I of the report dealt with the selection of a particular 
network topology and routing algorithm. The routing algorithm 
was then optimized, for the particular network selected, 
subject to various Input traffic loads. The performance of 
the algorithm use established with the aid of a simulation 
program.

Part II of the project deals specifically with the network 
routing simulation program* Provided In this part of the

- a user manual,
- the program design,
- a list of the calculations performed in the program,
- a list of the program variables, and
- the entire program listing.

Part II of the report is important to the reader uiehine to 
use or modify the simulation program in any way.

1.1 The network routing simulation program

Before describing the actual design of the simulation program 
the purpose of the program is summarized. The network routing 
simulation program is designed to simulate the routing of 
packets around any type of digital network. The packets may 
be routed using any one of three routing algorithms!

- a flooding routing algorithm,
- a least cost algorithm, and
- an adaptive routing algorithm based on R Q Gallager's 

minimum delay routing algorithm.



The abjective of the simulation program is to be able to 
evaluate the overall performance of the network subject to 
various input traffic loads* The performance of the network 
is established by observing the average packet delays, the 
number of packets blocked and the overall throughput of the 
network. The performance of each routing algorithm in a 
particular network may be compered using the simulation 
program. The simulation is a relatively quick and inexpensive 
method of analysing the performance of a network.

1*2 Layout of Part II

Chapter 2 includes a detailed "User Manual" of the simulation 
program. The inputs required as well as the outputs provided 
by the program are described in this chapter.

Chapter 3 is devoted to the design of the program. A 
description as well as a program descriptive language (PDl) 
representation of each procedure used in simulation program 
la provided. Chapter 4 concludes Part IX af the report with 
some of the more important uaes and limitations of the 
routing algorithm. For a detail explanation on the uses and 
limitations of the program the user is referred to Part I of 
the report.

The appendices of Part II of the report include the following 
information: ,

> Simple flow charts of the more important processes 
Included in the program/

- a list and description of fall the variables used in 
the program,

- a list of the calculations used in obtaining the 
outputs and results from the program, and

- the entire program listing.
a





The simulation package is currently able to aimulata any one 
of three routing algorithms:

A simple flooding
A static least cost algorithm and
an adaptive minimum delay algorithm based on R G 
Gailager's minimum delay routing algorithm.

At the end of the simulation numerous averages and results 
are calculated. The results are used to determine the overall 
performance of the network. The basic outputs required from 
the program arei

- Tha average delay of the packets in the network,
- the total traffic in the network,
- the percentage use C the links In the network/
- tha number of packets blocked in the network,
- the number of routing packets generated in the 

network,
- the average coat per packet in transferring packets 

across the network and,
- the average hop delay in the network.

the output data is calculated and displayed at discrete 
intervals of time during the simulation. The performance of 
the network as a function of time or traffic flow may be 
observed. Long term averages for the entire simulation are 
also calculated and provided In the output of the program.

2.2 Program operation

A step by step user's manual on how to use the program is now 
provided. The program is im’ '.emented on an APOLLO domain 
computer and it is assumed that the user has sufficient
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capa 'ties, where Dt3 reprei ; of link (1,3). Hots

Dij * 0 for all (l.j) not an element of the set L.

; in tf.j Input file represents the
expected traffic for 
network at various time 
follows!

source destination pair in the 
’al&. The input format is as

;ion Ye Yi Ya Ya Y, Y«

Source represents the number of the source node and 
destination represents the number of the destination node and

V« is the expected traffic for the time period To < T i Ti 
Yi is lie expected traffic for the time period Ti < T S Ti

Y* is the expected traffic: for the time 1 T*_i < T i T*

where I„ = (Duration of eimulation/x)n and
x • number of intervals simulation Is ditided into. 

'The source destination pairs may be entered in any or-ier. Any 
source destination pairs not entered will be assumed to have 
zero traffic for the entire duration of the simulation.

The final set of data to be entered is the noda number, 
service rate, input buffer length and output buffer length of 
each node in the network. All the nodes in the network must 
be entered.

IMifi

P I , J *
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2.2 .2  Running the program

Once the input fils has been ent 
Routing Simulation Package can 
1NRSP.BIN’ and then return. The 
foJlOWSl

-ed and saved the Network 
>6 executed by typing 
user is then prompted as

Enter the duration of the simulation:
A value between 0 and 1000 is required. One must 
remember that the simulation is divided Into time 
increments of I/IQOQ and e duration of say 1000, 
results in 1 000 000 increments which requires a great 

. deel of time to complete.

Enter input filename (default INPUT.DAT) :
The user must enter the name of the input file. The 
default file name is ‘INPUT.DAT'. If the input file 
dues not exist the error message >
Brror>> File not found
Is displayed on the screen and the program is aborted.

Enter a seed for the random nuihber generator!
Any value real or integer may be entered. This value 
is used to generate random arrivals of packets at the

Enter events manually (y/n) ? ■
This option allous the user to enter Individual 
arrival of packets; at any node in the network destined 
for any other destination node in the network. If this 
option is selected random arrivals are not generated 
by the program. This option is useful for debugging 
purposes as a single packet can be entered and traced



Select routing algorithm to be simulated
1. Flooding algorithm
2. Least cost routing algorithm
3. Adaptive coating algorithm

inter Choice >
Here the user must enter 1,2 or 3 Indicating which 
routing algorithm is to be simulated. This allows the 
user to compare the performance of the algorithms 
using the sane network.

Enter output filename {Default 'RESULT.DAT')i
The user must enter the name of the file into which 
the results are to be stored. If no filename Is 
entered the filename 'RBSULT.DAT’ is assumed. If the 
file already exists on the disk then It is simply 
deleted and the new file is stored onto the disk.

If the adaptive routing algorithm is selected for the 
simulation, then the user is requested for additional

linter convergence ratal
The user must enter the convergence rate (a) of the 
algorithm. The value entered should preferably in
the range O S  a < S.

tinter incremental delay tolerance:
The ueer must enter the maximum value the marginal 
delay dD/dti>«cs> is allowed to vary before the value 
Is transferred, to node i. The value is typically in 
the range, 0 i Tolerance < 1.

Enter maximum number of packets between updates;
An Integer value greater than or equal to zero must be 
entered. The number represents the maximum number of 
packets that can bi> transferred between two nodes
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before routing information :

- number of traffic s
Integer number greater than 
lumber of packets the traffic

Once all the data has been entered the simulation of the 
network commences, firstly all the necessary data Is 
InitlalizaC and random arrivals generated. The actual 
simulation; of , the; network than begins. At regular intervals

displayed onto •• screen to inform the user on the progress

At the end of the stmu: 
during the simulation, <

entered.

and if no errors occi 
lults from the simulatloi 
inder the filename prevli

2.2.3 The output file

The output file contains the 1 ■wing informatior

A description of the network simulated and the routing 
algorithm uaed in the network.

9. General results: -a the results calculated at 
during the simulation and

■ The time the results were calculated,
■ the total delays of all the packet! 
network during the time Interval,



/ *

- the number of packets blocked during

• the average delay pet- packet for 1

■ the average cDfit per packet for

i time 

time

intei aX,
- the average hap delay and
• the number of packets generated during that timt 

interval.

se results are calculated at 
during the simulation and the 
time interval when the packetresult referred to 

was actually generated. I'or example Resuming the delay 
of a packet generated during Interval a is calculated 
during v val b, then the delay will be represented 
at inter ■ ■>. This Is useful since the packets are 
generated for a constant tine period determined by the 
duration of the simulation and all delays can be 
referred to the expected traffic in the network. Some 
of the Interval results provided include:

- The interval number and tine,
- the expected traffic for that time interval,
- the actual generated traffic for the tine 

interval,
- the percentage use of the network and,
- the average packet delay.

Routing information results: If the adaptive routing 
algorithm is simulated the percentage number of 
routing packets generated, not including the routing 
packets piggy backed, is calculated at various time 
intervals during the simulation.

ft
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2.4.1 Notation
The following notation has been used to describe the input 
file on the previous page:

» The total number of nodes in the network. 
The number of bits per packet.

Cij ■ The capacity of link (i,J).
Dls « The cost of link (i,j).
Tiain) - The total expectnd traffic from source node i to 

destination node j during time interval k. 
x » The total number of intervals in the simulation.

= The service rate of nods i.
IBLi = The input buffer length of node 1.
OBLj, » The output buffer length of node i>

The template given above Illustrates the format of a geneiral 
Input file. An example of a typical input and output file Is 
qiven belowi

2.6 Network exsaple

The actual format of the input and output files of the 
simulation program -«e best illustrated by the use of a 
simple example.

Figure 2*1 Diagram of a simple network.





Network A
No. of nodes.

Bits per packet 
600
Link capacities.
00 20 20 00 
20 00 20 00 
20 20 00 20
00 DO 20 00

Link costs.
00 10 SO 00 
10 00 30 00 
50 30 00 40 
00 00 40 00
Sxpscted traffic.
Source Dest. Vl Y2

I 2 6 B
} 3 1 2
1 4 6 6 

. 3  1 B B
2 3 e e
2 4 7 7

3 2 6 6
3 4 7 7
4 1 5 5 
4 2 5 5 
4 3 4 4

00 (END MARKER|
Node Service
0/'P_buffer_isnsrth
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3.2 Second level design

The process described above is now broken down further into 
smaller more well defined processes. This process is 
continued until each process is well defined and operates on 
well defined resources.

3.2.1 The initialization process 
INPUTS: Data 
OUTPUTS! Data
BEHAVIOUR! The behaviour of this process is < 
the necessary data of the program.

initialize all

3.3.2 The get data process 
INPOTSi Keyboard, File 
OUTPUTS! Data, Screen
BEHAVIOUR! The purpose of this process is to obtain the data 
sfeh as the network topology, link capacities, link costs 
etc. The data is entered via a file and keyboard.

3.2.3 Simulation process 
INPUTS; Data, Keyboard 
OUTPUTS; Data, Screen 
BEHAVIOUR: This process foi 
and involves simulating t) 
network. The main function*

ns the main part of the program 
9 routing of data packets around a 
of this process is to:

- Simulate packets arriving, being serviced and departing 
for each node in the network.

■ Update routing variables if required.
• Calculate which path or paths a packet should be 
transmitted on and forms part of the service pcocbss et a
node.

- Calculate statistical information a]
- To accept and service Interrupts fri

mt the network. 
i the user.



3.2.4 Output process 
INPUTS'. Data 
OUTPUTS! Screen, file 
BEHAVIOUR: The functlor 
results obtained front

’ thlu process Is to proi 
simulation and to set 

.he screen or output file.

3.3 Third and subsequent level designs

The above second level processes are further subdivided into 
smaller more manageable processes. The actual design 
specifications of the third and subsequent levels of the 
design are not described in the report. The functions of the 
processes defin'd in the tinal level of the design are 
provided. Before discussing each of the processes used in the 
program a brief description of how the program operates Is

3.3.1 Program operation

The task of 
considering tl 
three events ci

events
be simplified by 

network. Basically

1. The arrival of a packet at a not
2. The servicing of a packet at a r
3. The departure of a packet from f

The main problem with simulating
network numerous svents occur s 
network. In a program it is only e
the events at a time. Hence i

tmultaneously across the 
sssible to handle one of 
le events occurring in the

network must be serialized. SerialIzatlon of the events is 
accomplished by inserting the events in chronological order



Into a single queue. The events are then extracted in from 
the queue (in chronological order) and processed. The program 
commences by generating random packet arrivals to each node 
in the network. These arrivals are inserted into the event 
queue. During the simulation the events are extracted from 
the queue and any additional events are inserted into the 
appropriate position in the queue. For example suppose that 
the event extracted from the queuis indicates the arrival of a 
packet at node i destined for node j. The next event that 
must occur is that the packet must be serviced by node i. The 
tine of scrvice is calculated and the event is inserted onto 
the event queue. When the service event Is extracted fro® the 
queue the packet is serviced by node 1 and an output path or 
paths is calculated using a particular routing algorithm. The 
departure time of the packet from node i is then calculated 
and the event is inserted in the correct order into the event 
queue. The process continues for all the nodes in the natvorfc 
and events in the event queue.

Before describing each of the processes used in the program 

used in the program are briefly discussed:
Duration: This variable determines the duration of the 

simulation. The duration at the simulation is 
divided into small time increments. The smaller 
the increments the more accurate the simulation 
but '..he longer the time taken tc complete the 
simulation.

Network: This variable contains information about the 
status of the network, such as tho topology of the 
network, link capacities, link costs and the 
expected traffic in the network.

22
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1. Initialize data process

INPUTSi Network definition, Node status and statistical 
results.

Node status and statisticalOUTPUTS! Network defin; 
results•
BEHAVIOUR I The purpose of the process 
the necessary data such as queue ian^t

is s all

Process: Initialise data
* Initialize expected traffic far all source
* destination pairs.
* Initialize gueue lengths to zero.
* Initialize Routing variables.
* Initialize all statistical information

2. Set data from file 
INPUTS! Filename
0UTPUT3! Number of nods, Network definition, 
BEHAVIOUR: The behaviour of this process it 
data from the input file.

Status: Successful
Unsuccessful! Input file not 
file has incorrect format.

isi Get data from file 
BEGIN

* Open input file *
IF <* file successfully opened *)
THEN
BEGIN

* Read in number t£ nodes
* Read in link capacities
* Read in link costs
* Read in expected traffic
* Read in service rates of each node
* Raad in buffer sizes of each node 

END
END.























21. Calculation of traffic
The routing algorithm used requires the estimation of the 
incoming traffic at node 1 destined for nodo j.

INPUTS! The current time, the maximum number at packets 
between updates, the time of the last update and the number 
of packets serviced since tho last update.
OUTPUTS; The new estimation of traffic
BEHAVIOURi The purpose of the procedure is to estimate the 
current traffic flow at nods i destined for node j. The 
traffic flow is incrementally averaged until the number of 
packets averaged is ogual to the maximum number of packets 
allowed per average and then a new average is calculated.

Process; Calculate traffic:
BEGIN

* Increment number of packets serviced '
tJ(J, « Number of packets serviced

Current time - last update time
IF (* Nuaber of packets serviced = maximum 
number of packets between updates *)
THEN

BEGIN
Number of packets serviced s = 0 
Last update time s = current time

END
END.

22. Calculate hew SD/Sri(ui
The marginal d^iay with respect to the traffic generated at 
node i destined far node j is calculated. The value is then 
transmitted to all the neighbouring nodes k far which 01Hta, 
> 0 and k not equal to j.

INPUTS; Number of nodes In the network, current noda 
number, destination node number and the current routing 
Information at node i.
OUTPUTS: The new value of JD/Jrllal,

36



BEHAVIOUR.' The new value of SD/tr*,*, is calculated Using the 
following formula!

5D/Jriij> :■ I0i h ca>[dDiK/dfih + SD/JrxI31] 
Process! Calculate new JD/Jrt(a,

BEGIN
ID/Irun !* 0FOR k s= 1 TO * Number of nodes in network * DO 

IF <* Capacity of link {i,k) > 0 *)
THEN

ID/lru,) i» 5D/ ar i ( a >
♦ Oikia>[dDiH/dfik t JD/tr*ia,}

Elto.

23. Update routing data
The function of this procedure ie to implement R G Gallagar's 
routing algorithm.

INPUTS! Number of nodes in the network, the current node 
number 1, the destination node number i and the routing 
information of the current node 1 .
OUTPUTS! New values foe 0»K<a>.
BEHAVIOUR! The new values for the output probabilities for 
each output path at nods i and destination node J are 
calculated.
Process: Update routing data 

BEGIN
* Calculate y f* min[dDi«.^df,
* for m r'0t an element of B*
FOR k 1= 1 TO * Number of n 
» BO

IF (• k an element of Bt;3 
THEN 0i*ca> !* 0 and 0i hi3 
ELSE 

BEGIN
* oik( j ) i= dDi.H/dft*
* P l k< a > » * »ln[0ik,3 >

END
FOR k := 1 TO * Number of nodes ’

IF (k <> k„ln)
THEN * e>.><c*> '* iliKiii - (Uwo:
ELSE ’ <iUw<a> 0»>. ( = ) + I K k c

END.

36





nods status, pointer to front of the event queue and the 
length of the event queue.
0Ul'P0T8 i New event(s) In the event queue.
BEHAVIOUR I The new calculated value of SD/Jr1H<a) is 
transmitted to all neighbouring nodes in the network except 
for neighbours k and J and those in the blocked path set.

Process: Transmit new iO/lrihcn 
BESIN

FOR m := 1 TO * Number of nodes * DO 
IF ( (* Capacity of link (i,m) > 0) 
AND (* m <> k •}
AND (* m <> 3 *)
AND (* m not an element of Bila> *)) 

THEN Calli Transmit routing data
END.

26. Transmit new dD/dfi*
When s new value of dO/dfiK calculated at node i it may be 
necessary to transmit this information to neighbouring node

INPUTSi Present time, new value of dD/'dfiK. it ir k, node 
status, pointer to front of the event queue and the length of 
the event queue.
OUTPUTS; Maw event(s) in the evant queue.
BEHAVIOUR! The new calculated value of dD/d£i„ is transmitted 
to all neighbouring node k.

Process; Transmit new dD/dfii«
BEGIN

IF (* Capacity of link (i,k) > Q *) 
THEN Call; Transmit routing data 

END.





27. Transmit routing data
The function of the transmit routing data procedure is to 
create a packet containing the new pouting information. Tha 
event of the packet departing from node i is inserted into 
the ovent queue. An important modification that has been made 
to this procedure is that routing packets are piggy backed 
along with other data packets if possible. Piggy backing Is 
implemented by checking the output queue of the node, to see 
if it contains any data packets. If the output queue contains 
one or more data packets the routing information is piggy 
backed to the first data packet in the queue.

INPUTS! Present time, dD/dfvk, dD/dr1K<3>, i. J, k, Output 
path number, node status, pointer to the front of the svent 
queue and the length of the event queue.
OUTPUTS! New event in the event queue representing the 
packet departing from node 1.
BEHAVIOUR* The routing Information is Inserted into a packet 
and routed along the correet output path. If only the value 
of dO/dfiH is transmitted then SD/8riK<a> is set to zero.

Transmit routing information

IF (» data packet found *)
THEN * Add routing data to data packet *
ELSE

BEGIN
* Create new routing packet 1
* Insert departure into the event queue '
* Increment event queue length ' 

END

BEGIN
* Search output queue for date packet *

Tha assumption made in this process is that pure data 
packets, packets containing data and routing information as 
well as purs routing data packets are all made up of the same 
number of bits.
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31. Output procedure
This procedure calculates long term averages such as 1 
average packet delay/ percentage use of the network and otl 
useful Information used to determine the performance of 1 
network. The results are then sent to an output file at 1 
and of the simulation.

INPUTS! Statistical inforaation gathered during *

OUTPUTS: Long term averages and Important results. 
BEHAVIOUR! The long term averages and results from 1 
simulation are calculated and sent to an output fils. 
Process: Output procedure: '

BEGIN
* Perform calculations to determine long tern 
’ averages, see Appendix C for a list of the
* calculations performed.
* Sand results to an output file.

SND.

A description of all the important procedures in the 
simulation program has been provided. The description given 
above provides a brief illustration of the functions and 
purpose of each of the procedures in the program.
In order to provide a modifiable package the program has been 
subdivided into numerous procedures or processes. Bach 
process performs a well defined function on a (fell defined 
set of resources or variables. Using the simulation technique 
employed In the program, the program may be modified to 
simulate other routing algorithms or network protocols.
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LIST OP PROGRAM VARIABLES
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B.l Constants

The constants defined in the program are listed.

Name type Description
Maxn Integer Maximum number of no-®

allowed in the network.
Infinity Integer The largest, time f.llowed ii

! the simulation program before
an Infinite tine is assumed.

No_of_lntervals Integer The number of intervals thi
simulation program ii
subdivided into.

Max_s._ length Integer The maximum length the eveni
queue is permitted to have.

MaK_intervals Integer Tha maximum number o)
intervals the simulation maj 
be divided into.

The following •constants' are used to determine the 
nsrformance of the minimum delav routine* algorithm and may 
be entered by the user at the beginning of the simulation if

Max_trf_pkts Integer The number of packets the
traffic at a node is averaged











Traffic,info vector 
•eff ic_status

APPENDIX B

information 
iach destinatioi

Routing info

Matrix

link_costs Matrl:
Shortest_path_node Vectoi

Record A record containing all the 
necessary routing information 
at a node including the 
routing information for the 
least cost and adaptive 
algorithms.

Node_ID Represents the number of 
nodes, that a node assumes is 
present in the network.
The link capacities as assumed

The cost of the links.
A vector of the output path 
number of the shortest path to 
a destination j In the 
network.

Matrix The values of Bints) at node

Update,reguired Boolean

Trafflc_data 

ADPT.data

'his value 1b set true if the 
adaptive routing algorithn is 
regulred to be updated. 

Trafflc-info Contains the current
of tl lode J

ADPT_lnfo Contains the data required by 
the edaptlve routing
algorithm.
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number of buffers 
rtput buffer

Current_buffer_pt

Input_Q_lsngth 

Output_Q_length

The current number of buffers 
remaining In the input buffer

The length of each Input

The length af each output

f_output_Q_len. Integer

Bits_per_packet

Routing_data

The maximum number of buffers 
' available for each output

Slngle_input_Q_l. Integer The length of the input queue 
st node 1 for pac'tets 
generated by node 1.

Integer The number of bits per packet. 
Real The service rate of the node.
Routing..Info Contains all the routing 

Information present at node i.

Array An array of node/ and 
describes all the nodes in the 
network.

Set Sat of data, control or data
and control and is used to 
describe whether a packet 
contains only data, routing 
information or both data and 
routing information.
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dOt_dr dD_dr_lnfo The value of |D/Jr1(aj to be

Routing_algorithm AlgorJ i The name of the routing 
algorithm to be used to route 
the packet. This allows each 
individual packs,t to be routed 
using a separate routing 
algorithm.

Bvent_kind

Pointer

Arrival, service or departure, 
describes type of event. 
Pointer to an event.

Record

Link

Boolean

Desc In the 

event in
event queue.
Pointer to tV 
the event queue.
Set to TRUE if the event ie 
the last event in the event 
queue, otherwise it is set to 
FALSE.
The time at which the event

ar'-c- u,v r\ Packet

Node_XD The node number at which the

Node_ID If the event is a departure 
this stipulates to which node 
k the packet is to be sent.

Event„kind The name or type of event.
Genersl_packet The definition of the 

packet associated with the







Interval_R_pkt_deiaye

Total_intevval_delays

Average_me&sage_delay
Interval_tirae

Hop_delay
Average_pereentage_Ui

APPENDIX B

Average delay/routing packet 
referred to interval
generated.
Average delay/packet of data & 
routing packets.
The average delay/packet.
The simulated tins at which 
the Interval commenced.
The cost ol running the 
network for that interval.
The average delay/hop.
The average percentage use of 
the links in the network.

The date structures defined below are required for ' 
additional data Used to calculate the final results of < 
simulation program.

'■M P'ackets_per_l

Percentage_use 

Total_pkts_gener. Integer

Total_pkts_Tx Integer

Mo_of_pkte_block. Integer

HatrixA The number of packets 
transferred over each link fan - 
each interval.

MatrixB The percentage use of each 
link in the network.
The total number of packets 
generated for thei entire 
simulation.
Total .number of successful

The total number of packets 
blocked for the entire 
simulation.
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Number of hope! The number of hops experienced by a packet 
travelling from source node 1 to destination nods 3 is 
incremented each 'time the packet 4s serviced at a node except 
the time it is .initially serviced at node i. The total number 
of hops is the sum of the Individual, hop counts of all the 
packets in the network. The average number of hops 
experienced by a packet is then the total number of hops 
divided by the total number of packets transferred during the 
time interval.

Packet delay referred to original interval: This represents 
the total delay of all the data packets, created during the 
same time interval a, successfully reaching their destination 
nodes. The average delay is defined as the total packet 
delay, of the packets created during time interval a, divided 
by the iiumbet of packets received that were generated during 
the time interval a.

Packets received referred to original interval! This 
represents total number of data packets created during time 
Interval a, successfully reaching thaic destination nodes.

Packets transmitted per link! The number of packets 
transmitted ovar linU {i, k) during a time interval is 
determined as the nuabst- cl packets arriving at nods k during 
that time interval and includes both data and ranting 
packets.

Percentage number of routing packets! This is defined as the 
total number of routing packets transmitted multiplied by 100 
divider! by the sum of the number of routing and data packets 
transmitted'



>n h" V /

Percentage use of link 
link (i,k) during- a time 
packets transferred aero 
multiplied by the number 
the capacity of link (1/

Routing packet <i-ilay 
represents the total 
created during time lnt 
destination nodes. The a 
routing packet delay ref

APPENDIX C

(i,k): The average percentage use of 
interval is defined as the number of 
:e the link during that time interval 
of bits per packet and divided by 

:) in bits per second.

■efsrred to original intervals This 
lelay of all the routing packets,

'erage delay is defined as the total 
irred to original interval divided by

the numbar ol eon ting packets received

Routing packets received referred to original intervals This 
represents total number of routing packets created during 
time interval a, successfully reaching their destination

Total cost I The 1 
of the cost for i 
network during that 4 
a packet arrives at 
packet acros

icket to be trai

itwork is then the 
Individual linkipicket across 

. >Inatlon node. The cost of transfsi )jo calculated and the average cob 
total cost divided by the number i 
reaching their destinations. It it 
packets increase the cost per si 
packet. This assumption is valid If 
overall long term cost of running the network.

time interval is the sum 
imitted over a link In the 
id is calculated each ti»4i 
.el cost of transferring a 
e sum of transferring thti 

from the sourca to the 
ing blocked packets is 
per packet is than the 

packets succt&sfully 
assumed that blocked 

csseCully transmi tied 
one .is considering the

y
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Total packet delay! The total packet delay Is defined as the 
tine the packet is serviced and consumed at the destination 
node minus the tine the packet was created. The total packet

P . >“;x- •;





D. 1 Mein program listing APFEHDIX

PROSRAK VeUork.slnuljtorj 

(>
{• Ketnork Routing Sinulation Progrit 

I*
0  Nil!1. 'WtSP.PAS'
<•' .
1' Oescrlptleni Hit function of She prograe Is to simulate 
0  the routing of packets or aessaqes around a
<• a digital network. The pickage Mill be used
0 to deterslne the peffcreance of the netnort
(i subject io a firllcotir m lln f ilt&Hhi
<■ and various traffic loads.

t» Versions 4,1
0  This version Is cartently being updated to
( i lipteient an adaptive routing stgorlth»|
(i based os I! Ballagaf's tdpatlw algorithai

(* Authors Rare Leon Francois 

(i Date! October 198? 

f* [<iputsi lapot File sue Xfytoi'i 
{*
fi Outputsi Output flit and screen 
(*
(t AodUlcattonsi 
0  Authort <Naie>
<i M il <tali>
«  Description (Cescrlption of eodlficatlonlsl>

ttite ifilwli iMlcatf witeln statements that are 
«  used In developing and debugging the program These 
{> nrlteln statHents tay be deleted If necessary.

JINCUire VsysrtMi'lnsj.fss.pai'i ( Spst?* rails for obtaining ) 
imCLUIlE '/sys/Us/caliins.pas'i I the systei tiae* )
JI.WLUDE '/jys/lnsMit.Ine.pas’i
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SS?
TolafqenjfsHic
»U.ilf.oO"C*!™. Iilits'vsctori

ESkE,
Tot»Uisteml>fi*s

||;|S
HcpjieW*“;:k“£,,j“SarisSrCt0riSir,
Total Jkts.T* s
TDtll"Mssage5;XS“,.,siL™ Rail

BEW.I
HSM.I
REM.)

sisi:
EHI|

KM.)mv,
REAL;s,«„
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< Initialise all output variables to detemine perforates of the netxorfc )
Mini stats dsfn 09 
BESIN
FK i i= 1 TO Hsi,Intervals DO 
K8IH
Interval_ti*e[*I r 0|
Total.Mp.trafficEj] i*0jTotal.Mp.trafficEjl !* 0| 
Totaljackets.blockedUJ i= 0; 
SKsapss.tranSfittedtic) i* 8;Sp5S)pBS_trjIl!«ltt5«lll !> a;
Total_aes5«}e_delay5t») i' 0|
Averaje.eessage.deUyls! i* 0|
Total.cmtlJ] !■ 0;Total .cmtUJ i* 0|
Total jen.trafflcEj] i= 0| 
Kueber.of JiopsEJl !- 0]
Interval_pkt_delayslxJ Is 0| 
Interval.R.pkt.delaysE*] != 0| 
Percsnt99e_R_flkts_R«t»l i* Oj 
Total .interval.defaystal Is G| 
Ayerajejercentaje.usetil ;e 0| 0eIayjffstri6utionf«J t* Sf

iM.delay i* 0| TiUl.ti.tiae i* 0)
Total.aervlce.tiw Is 0| Total.Dept.tlGe :r &1
total jkts.Tj I' 0i So.dIjkts.blocked Is (•!
Orerall.cosi i= 0; 'oiii.nHijes := 0|
Totaljfcts_dlseirtfesl i* 0) Overall.oessaje.islay Is O',
Total hnp delay i= 0; plitsjMt.due_to.iio.nnk i = 0| 

EKIl;

PROCEDURE 6et_daU_frMjils WR HiNoda.IDt MR «at«ork.defn:Ustworksi 
" VAR Noae.defn iAlljiodesi

VAR Status lError.statusi)

(tllltlHdHlllllHHIimiHllllHIHIIHIIIHHIHIIIIl)
(1 » 
H This procedure reads In the specifications of the »  

Froii an Input file. The fnreat of the Input file 1: 0 
Ci specified in the user’s Manual of the prograt, <)

ft !HfiiT8i keyboard; fllenon »>
(I OUTPUTS! Vai-UliUs: Ntahar of noons, link capacities *>
(i Link costs, E»pscted traffic, t)
{i Me Service rites, buffer pool *)

silf m  Mtjut buffer size.



}
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FOR M* I TO II DO
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PROCEDURE Inlt!alisejioile_dsca i Ne4e„ID| Hotnopi_defn I Nttwrki)
APPENDIX D

{iHiiitiiinmiiiimiiitmmiiimimitiliiiiimm)
(* O
{« Each node Is intiflised trlth th« current status of *> 
{» of the network , aitd the shortest path to sit nades, » 
<4 fr-o« ill nodes Is calculated. •)

<• IBPUTSi Variable! The ntidber ol rules In the nctnork 0 
C The status of the netMork t)
»  OUTPJTSi Variable! The statue of nodes In the netHork >) 
t* t>

VAR c&jnt,i,y ,CPjiith_Ho, Dest_noitB_Ho I Hodi„lD|

■rltslntili'iteln(, lnittallsin9 nô a r,counti«)| 
BodBjefntcountr.Uisjer facfcet i" *et*ort_rtf(i.lp.pretet[ 
Ncdo_dsfttci>unt]iltoutitij..daU.Nilrter_of_flOdee i= U; 
Inlt_routinj_data(tllllode_il9fotcountl.Roiitii!j.data>Adptjiata)|

< Initialise link capacities and cuts at each node >

FDR * i« 1 TO B OB 
FBI V i= 1 TO II M 

8E8IH
KD4e.defnIcouat],Soutlrg.dat4.U(ik,cspacitle!l>,y) 

I* HetwrkjBln.tapaclHesEMl) 
Nods.defntcmintl. Routing jlata.LUk.cMlsUiy! 

l» KetHork deiii.costtHiyJl
Effll

< IriUallM the routing ifati d  eart node mlrt? feast cost aijerltlM }

FDR Dest node No i= I TO N 90 
BESIK

If !:m t O tot naliJKl 
THEN 

BEGIN
Shortestjathlltade.deffllcotuitJ. RoutinqjUta.il nk_castS|H« 

coiMt,Dest_nodeJlo,OPj>othJiol| 
Hodejtefntcowtl.Routlnj.data.shijrtast.pithjicdetOHt.'icdeJtoJ 

i« DPjiath.Noi





PROCEDURE Opjsts.an.smt IJimtioil.tiie,E.ti«e : REftLj
ftuie.teiSer,StWMjte,
Dest_IIOiilo.of_Previoiis.Mde ! ttode.Mj
Hop.No * " I IKTEiERi
Ctri.dita (
arr.service.dept i Evefit.kinili
Cost of Ti s KBL|
Firsf.dept.ti »e : fiCttj
Required.aljcrittit : Algorithm

Vftft Kn.erent.diU i Event .infol;

jlHMiHMHIHHlWllllWHHimilHHIWHHHHlO 
<> ') 
(• This procedure sets up an event which is to lie added 4}
O is the erenl list. •>
<» *) 
{* [NWS; Variables: Ii«e of the event *)
(t fo il (naSer
{■ Source node nmber <)
{• Destination node nusber •!
l» Previous natfe meter 10 i I Mmi> >)
<i Hop count t)
{> Ctrl data (data of ctrl packet! »
(t Event 6iM (arrival,service,ifept) »>
l» OUTFJTSi Variable! Event" *)
<* «> 

HEIN
HUH Hen.eventjata DO 

SEE1H < Enter event data )
Sajtinsl ;< FALSE; Tiu := E.tiK)
Haee i* Brr_swvice_deptj Kode_Ho := Node.niitber; 
Cost := Costjjf T*j 
»m packet SB 

K6IN < Enter packet data >
Source.address i« Source_No( 
Sesdrjtian.aMrMt :» fftftjto}
PreviousjtoJe ;* Hoj}f_previous_aoaei 
Hop.count !* Hop Jto;
Controijala :* CW jfstJf
PreUous_dept_tiH I* Flrst.dept.tiee) 
Rcrating.alqorUhi Required.algoHtha;
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i MJIKRj 
: REALi

•S9.ni) ! INTEBERi
Insert 1 SMLEM;
KMjvnit.ditt : Evenl_lnfo[
Nsn.mnt, TBip.tirktP 1 Link;

IESIN
arltelni «rlteln; xrltelnl' General I tig randH arrivals’);
wiUlnl1----- --------------- -—'I) nrlteln;
FOR Source node 1= 1 TD H DD 
BESIK

nrltdniSoiiPK.nMei î 
FOR Destinatlon_node 1- t TD H DO 

If ItwliiiJtiwijode <> Saurcs.nadf 1

Probsbi11ty 1=
Traf fic_exBSCtedt5ourc!_nobB,destinition_node,X]»D0ltati 

RanOoa_tfQ 1 - fijni)
IF 'DMdoiJto < Pfrtabilllyl 

BEGIN
1NC|9Uts.Total gtit traHlctI})|
Djkti.lnJI i* ljM5jn.II * 1)
lipdate.aji.PVNHDuriUcin'Current.cloĉ Source.iiotle'hurcejiode,

Destlnatiofi .node,0,1),ditârrlval.OiCufi-ent.clock, 
Slats. Sslettsd.algoritln̂w.event.ifjtjit 

Seii.eveiitjila.Packet,Tln.crsated !» Current.clock}
Find InsertjhosnICarrent clock,Q fronts back,taip_«irker,!a!crtl| 
MENIKsn.evMttlj
iMtri.nwt ItMp.M i«.event,Leiigth.ot.fl|l)jkts.tn_S|ln5Brl)|
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ELK

BESIK
K0.U.4WIW Is (Hail».iUtw,ToUl>'«wjoolJwgUi * 

Node.status.Current.bufferjcoMeflgtlill

( Calculate the li f t  of service

{ I l i f  of service Is ttis tine the packet LEASES tbs server...
< Tlie of wvlct = Current tile t queueing delay '  a still delay 
( * line taken to be served.
< The tlte takon to be served Is currentty set to be a constant
< but tay be isdHled later to include varying server tlees.

If INode status.servlM rate = 01 TIEN TUe.of .service != Infinity 
E1SE 

BJ81N
Ilee.ol.service i» Event.defn.Tlte * 

!ND.injufuc/NM)e.stjtU5,service.rits( *
II * BeltaT) * ll/Node_sUtus.sorVice.rstel|

IF lEvent.defn,Packet.Conti'ol.dsta > Data)
THEN Stats.defn.Total.serylce.tine != Stats.iefii.Total.servlce.tlM

* (7f» ef urelu - Event 
E«i ’  '

< Increwnt input 0 and decreient buffer pool >

IF lEvent.defn.Packet.previous_node = 0)

ELSE WCOMe.status.Input.SJenstMEventjIefn, Packet. Prevlous.nodellj

DECINe_9tatus,CurrBnt_buffer_poel_lengthl|
IKC(No_ln_qusue)|

< Update nest event )

Event.defj,Il«e t = TlK_o(_servlce| 
Even!_de*n.Nate i‘  Service;

( Insert ne* event Into event queue >

tiESINen.eventjUli 
Nen.eyenljtr1' i= Evetit_defn|
Flnd.lnsertjoSiilTlie.of.servlceiH.fronl^JackJeipjtrilnsertli
lnsert.eyentlTe«pjtf|NeiijJVsntjtr|EventJJen9tli,Djil;ts.in.B,lnsert)i
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PROCEDURE Servlcejirotess tlnt.tfi : Intervals;
taint i RJHi
VftR Eventdefn : Eyentjnfa;
MR e_frortt,0_b4Ek : Lint;*
VAR Event.JJenjth i 1HTE6ER32}
VAR !_pklsjn_0 i IKTt6£R3?|
Vfiff #We.status : Hade;
VAR Stats.defn : SUtsJntoli

(IIHIIfHltltlHIIIHIIItimtllllltlHiHimtHittllH)) 
<« «J
I* This procedure simulates the service prsceiss of 9 1) 
{• In the wfwfi-i Ihe firkft received is processed and *) 
O i( Bfcsssjry the picket Is sent to the appropriate *> 
!• output queue. 1)

(> INPUTS! Event description (Packet decripition) •)
<» Status d  ami it US/e* arrival kcws
I* Pointefs: Pointers to the front and tick jf it
<l the event qieue. t|
<• Variable! The length of the event queue. «)
<* Perforoance variables 1)
ti oamirsi Updated event description 1)
(' Updated node status a)
1* Pointers: To front and back of the event 0, »
(' Variriilet The length of the event qaeue. »
(' Perfortance variables «)

KiuiiiiiitiiiiHiitHHiiimiitiitiittiiinHimmm)

Count, 0P.0, J 1 Node.lS) 
Nen.eventjtr,
Te«p_e«ntj)tr i UHKi
Insert j WJIEM;
teparture.Uie i REAL;
Presont.tiae 1 REAL;
Unk.ingt.tlae i fitALj 
Current jkt.delay 1 REAl|
No Apt 1 BOOLfflt
Teip.IntJIo i IHTESERi

< Oecretent appropriate Input qnetie an if (iter eawt bufltr pco) )

IF Itvest.defn. Packet. Previ cm. node = 0)
THEM DECMe.ttatui.Slngle.lnput.q.lengtti)
ELSE DEC Utode.sUtuSiUput.S.leflgihtEvent.defn. packet.prevlous_node')| 
INCINode.status .Current.bufferjool.iengtMi
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THEN twilMt^n.riuon i= l\

• durjtiorl THEN Teraination ream i= ];
THEN Twelealejrot != TRUE]

IF U jkU-iO  <= M 
if ICurreot.event.tle 
IF Tftinatioo reason

EXD|
TotJo.ol.lnUrvala i= IntervalJ4o; 
nrJtrlff}
[F <Ter»inatsjro:l 
THEN
i m

CASE Teriinatl«n,reasati OF 
li *rUalM'5i«uUtion «ndedi Tlie oscetds infinity1)!
2i wltslof'S/Militiun eaieSi <li ixiels inm iem i'li 
3i wltetnCSituUiiui ended! Duration exceeds lour ti«es expected duration1 

END; (case)
EHl) t!* tsr«inatejirocJ 

Btits_da(Q.End_Tl»e ! = Cuprent_ovent.Tieei 1
Hpiteln; urttBlnt'End tA sluilatlcn'li ariteln; 
llst_-q(Fronk_o<_QtLs09th_flf_ayentJ3Jj

«  INPUTS) Viriiblesi The nuitw of Intervals in the ») 
Ci flmliMat, <>
<i The results <ro» the sinuWtlon. 0
t» OUTPUTS! ViMaMesi The updated results Ire* the sla. *) 
<« »  
(lllltllllHliOIIHlllDllllllillUlltOIIIDHltlHIIIII)

VSR i i Internisi
«,y i Kode_tBj
lot_«5fls_Ti I INTEBERi
Tgt no sfjiops I INTEBSR|
Nt.ol.ilnks i IHTEBEBi
IsUrvsl.iurstloo i DEM.)
Tot.isj.deUy i RJ#L|
Tut hop daliy i SESL|
Tobl M» i REAL;
Totaljue i SEAL)

KSIN
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Bit mil tlss ol siuilation and calc, duration tit)

sub.ttisck i» csl_tstib_cl crk (Si »_enti.ti»e, 31*_stvt_ti»eJ j 
#nin_of.see i» c*l_*clock_to_sectSl«_end_t 1 sel( 
sub.cliect i= eal _*su6 .el ockl8i».otart.ti»e,!nlt.start.linli 
Snu».of.5«c 1= caI.4cloc«.to.sB:(SI«.start.ti»s)|
Cnut.of.iec is Anua_of_sec * Bnu*.0(_scc|
*r(ielirf
wiUlnfDuritlon of Initialisation = ',Anu»_of_sec,1 seconds'(i 
arltelnl'Suratiim ol sltulatiM = \Bntij_of_sec,1 seconds'); 
«rltBln('Tota| duration « ‘ ,Cnua_of_sec, ' seconds1))
•ritelni
uritelnf'ŝ ssssssssssssscesssssssssssssssrsssssssssrsesssscssrs1))
■rltalni

EKD. { Situation pr̂ raa )
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.2  Routine to  i n i t i a l i s e  the routing data

C* Second derivative figutin; AljOritha

ONmij ’IMITftdpl.pis' »

<* Description! The (unction of the eodule is to Initialise 0
(> i lls  r»i)ulrid by the second derivative t)
{• routing algorithm

<i Authors Hire Leon Francois

(i Oitei Noveober 1487

(■ HodHlcatloosi
{• Author! /Mate)
« Date; (Sate)
<> Description! <Oeicrlptl» of •odl(lcatioiil;)>

ImiimH(iMiimiiiitiiiHiimHniniiniiniinmnn)

PRCCEBUK !nlt.mtinq>ta (If i Node.lDi
MR Te»p_Adpt_lnfo Mptjnfolj

t* The (unction of this procedure i: to Intlalise the 
(i the routing data at each noSs. Ttiis procedure It 
{•called fro* tire ’Jfiltjwte.djti' procedure In tM 
(> the lain prgi, This procedure Is therefore execute! 

(or each node in tha natnork.

(t IHPUlSi Constant! The nurter of nodes In the network, 
(i Varlablei The Mpt routing data (or the notls.
0  OUTHJTi Vvlablei The Adpt routing (fata iar tie 
(*
(iHmiiimiHntiiiiHiuHtiiimttitiiitiimiiiim

W. I, J, k i Ngde.lDi
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APPENDIX D
D.3 P rocedures re q u ire d  -for the  minimum d e la y  ro u tir ig

(iiiiiiiiiuniiimiHiiiiHtiiiiiinmiiHiHimiiimiii)

(t Second derivative flouting AljoriUi* •)

ii Ns«s, 'Mapt.pas'

<f Description The function ths eodols is to tliula
<i the wtond derivative routing ilgorlth
0  The Hdule (uiicatif canjisti if  t
(i operations that can ks perfonsd on t

(» (list tha operations blo«>

(> Veetieni 2.5
{) Title version calculates the Incremental
(> delays.
(t
<> ftuthori Hare Ison Francois

{» Datei Noveiber 1907/January 1586

0 NHlcatiMsi 
(i Author! <Ha«>
(i Date: (Hate)
«  Destripllcn {Description of sodlfication(s)>

(miiiiiimiiiiHmitiiimiminmiMiHiiHitHiiii)

SE6M
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APPENDIX

FOR 1 I= t TO i  00

IF tl = «! IHEH CU i* 0> - fi>|
If il * » • 11 THEN til I5 B«_l - H»»l#l,8i.2l|
If 11 < ( - 1) THEN CU i= Nln(C»_f£U|D*_( - Aiij 
IF (Cl* < 0! THEN CU Is 5|

• Clot I* Clot + Dlij 
Ca HI) i* CU|

EH0(

= K(dD_df_ki » (Ni.tot - III * Ctotl/Nl_6ot)}

JeltajiOjH i* dfl_df_M - OldJOJfj
IF (Ais(Oella.dDjJf>"> Inc.delay.Toll THU Seii.busy.periwl I- TRUE] 
IF U > THEN Hen.busyjsrioi := TRUE;
IF (Kes.busyjeriod = TRIE) THEN flld_dO.S( I'

PROCEDURE (ill Rjlata.llx lEvsnt.defn i Evant.Info;
j : Node.lt!
m  M.slilus i Side i)

<i His function of this procedure Is to check H ail s( « 
{< the necntary routtnq data has been received ffot tin ■) 
(• nalqhbouring nudes, The pouting aljorltki »ay only be »> 
(« updated ones ell this data has been received by the 0 
(i node. 11

(i IHPIHSi Event defm me event defining the packet *) 
(* Juit fscfived and containing the routing in* 0
(» fOPHtlM. 41
<i Nude status! The status of the node nh!cli >1
(I just received the routing intonation, *)

(t WIWTSi ta)e statusi The status of the node milch t> 
(> just received the routing intonation. 0
(i [In particular the variable defining II all *)
(i the necessary data has teen received by the <>

VAR k i Node.lDj
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ST.or.LC i Start

S U , .s,s_
wawSs
are undated, and H netessacj tin appropriate undated 
routing data is transferred to the nelqhtouring nodes.

ft! Airttim SrSwMmiUtiiin,

Variable; The lenjtli of tha event queue. 
OUTPUTS; Variables! The deflation of the nest arrival
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APPENDIX D
Pointers! To ths Iron jnd back of the event •)

Variable! The length of the event queue. »
Boolean* True if no departure is generated »
Varalbles: The statistics variables. *1

m  Dept tlM I RUL;
Current node No : INTE8Efl|
Pktsjer.sec i REM-i
j i Hode_IOj

K61H
Current_ncH3e_l*o !« Eyent.;defn.NodeJ<0| Nc.depwture i= TRUE;
IF IHode.status.Output_0_lengthtOP_0_Hol - Hrte.status.Hajjmtput.BJengtM

Nojeparture i« FALSE;
ntsjtr.sst 1000 • I faultier capacity In Kbps > 

Nods_status.‘dutins_data.Urikj:apacities!CurrentjtodeJlo,!lP_G_N°M 
Ne.status. Bi ts je r jacket |

< Calculate the departure ttae

Km calculate the departure = Current tin ‘  (Capacity of the 
of the link > the nutber of packets In the queue) * a seal!

Sept.tiee ItraestJltel *
(Notts status.Output 0 lengtMOP B_Ko)/Pkttjer_secl
i II i Oeltall|

WCIItodB statns.Outout G lenathtOP S tell! I Increieot OP 0 1

< Update neit event I

KITH Eventjefn GO

?i»» !=Dept_ti«ej
Naee Is Separtore)
OutputJode.No Is OPJIJtof
Previous Jept.tlee i= Dep t _t I te g
packet.Prevlous.node :» Current.noie.tlo| 
Packet.Previous.serYice.tiee i = Present.tleej
Packet.Bop.count Is Packet.Kopjount * l|
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< If IJ .11
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