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ABSTRACT

ANALYSES OF
ASYMMETRIC PRIORITIZED TOKEN RING
AND
INTERCONNECTION OF TOKEN RING NETWORKS

Bruno Gréla-M’'Poko, Ph. D.,
Concordia Unlversity, 18890,

This thesls Is concerned with two Important Issues In Local Area Networks
which use Token Passing as accessing technlque to share a common transmission

facllity.

The first Issue conslders an asymmetric prioritized token-ring operation with
nonpreemptive priority queuelng and a llmited service discipline at each statlon.
The number of message priority levels and the walktlme vary from one station
to another. Moreover, the assumed Polsson message arrival process and the mes-
sage transmission time vary not only from one statlon to another but also from
one class to another. The analysls focuses on the observation that upon the
arrival of a tagged message at a station, the server Is elther performlng walk-
time, or serving a message at the statlon where the tagged message arrived or
else serving a message at another statlon.

Based on these mutually excluslve cases, three speclal time Intervals required to
carry out the analysis are defined. The analysls of the mean message delay Is
based on characteristics of the cycle time as well as on these speclal Intervals
and In all cases the balance of flow Is of particular Interest.

The performance, as measured by the mean delay for any message class at any
statlon, 1s derived and the numerical results valldated through simulation.
Interestingly, we found that in asymmetric cases the performance at a station 1s

aflected by its polling order and lower classes appear more sensitlve to this
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position-dependent effect. The efliciency of the model Is compared with the per-

formance of other prioritized schemes avallable In the literature.

The second Issue we consider in thls thesls Is the performance of a hlerarchi-
cal ring network In which a number of outer-rings are interconnected through an
Inner-ring backbone network. The connectlon between outer and Inner rings Is
provided through gateways. The Polsson arrival of messages to the outer-ring
statlons 1s assumed, with two classes of messages. Class 1 Is Inter ring message
while class 2 is intra ring message. With respect to these traffic classes, two ser-
vice disciplines are studled. In the first case, both classes of messages are treated
equally while In the second case, class 1 messages are given nonpreemptive prior-
ity over class 2 messages.

By means of a certaln Independence assumptlon and under a limlted service dls-
cipline, outer-ring statlons are modeled as an M/G/1 queue with and without
priority. The gateways are modeled as G/G/1 queues. In both types of queues, a
message Initlating a busy perlod recelves speclal service,

Mean delay of Intra and Internetwork messages are derlved. In order to Justify
the assumptions required to carry out the analysls, the system was simulated.
The numerical results show excellent agreement with the results of the slmula-

tion.
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CHAPTER ]

INTRODUCTION

1.1. MOTIVATIONS

1.1.1 PRIORITY MECHANISM IN TOKEN RING

Local Area Networks (LANSs) connect data sources In a llmited geographical
area to one another and to a central facllity. Such networks have been widely
used and constitute an essential component of many information processing and
Information gathering systems. A number of accessing techniques may be used to
share the common transmisslon facllity among the sources connected to the
Local Area Networks. Among these accessing techniques 1s Token Passing which
may be analyzed by means of a Polling model. From the viewpolnt of Queueing
Theory, Polling 1s a single server, multl-queue, cycllec service system whose
congestion analysis has been the subject of many papers. The advantage of the
Polling approach 1s that 1t provides graceful degradatlon of performance with
Increasing load. The performance of Token-Passing ring networks without prior-
ity structure appeared In many papers [1-11,168] which adopt models of a multl-
queue, cycllc service queuelng system with (server's) walktimes. The server's
walktime corresponds to the slgnal propagation delay over a ring and the bit
latency at each statlon. Such models were originally used In the performance
analysls of polllng systems In telecommunication networks (see [5] for a tutorial
survey and bibllography).

However, for systems with priorities, only few treatments have been published
[12-15]. The reality Is that In communication networks there often exist different

kinds of messages, such as real-time volce, short Interactlve data, long flle
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transfer, acknowledgement and network control and It Is deslrable to have a
priority structure among these message classes, since the different classes usually
have different delay requirements. The first part of this thesis focuses on an
asymmetric prioritized token ring operation with nonpreemptive prlority queue-
Ing disclpline at each statlon. Our Interest 1s In a general and completely asym-
metric topology which would allow for growth and flexibllity. An asymmetric
gsystem s particularly of Interest in modelllng Interconnected networks. In fact,
even when 1t 1s assumed that the statlons connected on each network are statist-
fcally ldentical, the bridge or gateway connecting two networks definitely has
different traflic patterns from the statlons on each of the two networks It iIs con-
necting [16). Thus. In order to compute the end-to-end delay in Interconnected
networks, It 1s necessary to understand asymmetrlic systems. For our model, the
number of priority levels and the time to transfer the control vary from one sta-
tlon to another. Moreover, the message arrival process and the message length
distributlon vary not only from one statlon to another but also from one class to
another. Under a lmited service discipline, the performance as measured by the
expected delay for any arbitrary class at any statlon Is derlved. The limited ser-
vice system Is falr (as compared to exhaustlve and gated systems) In the sense
that 1t prevents heavlly loaded stations from hogging the server even though no
attempt seems to have appeared to quantify this clalm [5]. The numerical results
are reasonably accurate; they are within 10% of slmulated values for all classes

except for an overestimatlion for the low-priority delay at heavy utllizatlon.

1.1.2. INTERCONNECTION OF TOKEN RING NETWORKS

Because of the wide utllity of Local Area Networks and thelr llmlted area of
service, It Is becoming increasingly necessary to Interconnect them to one

another In order to offer better service. In fact, as a local area network Installa-
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tion grows, It may exceed the allowable values of the design parameters ¢f an
individual LAN. Restrictions such as physlcal extent, number of statlons, perfor-
mance, and medla may be alleviated by the Interconnection of multiple LANSs.
The Interconnection of local area networks may be desirable for a viri.iy of rea-
sons, Including improved performance (since each local area network contributes
its own bandwlidth), signal quality (compared to attaching all statlons In the
same establishment to the same local area network), and avallabliiity (since the
breakdown of one LAN does not cause all statlons on all LANs to lose service),
as well as sometimes simple connectivity when Individual local area networks
already exist. The traditlonal method of providing this interconnection borrows
techniques from wide area network technology, requiring the use of a common
internetwork protocol or protocol translation gateways. We should note that,
although LANs have been standardized in the Unlted States [12], Europe [17],
and Internatlonally (18], the two Important medlum access coutrol (MAC) stan-
dards apply to stations on a single CSMA/CD or token ring. On the other hand,
there 1s no standard for the Interconnectlon of LANs in the same facliity or

establishment Into what we call a system of interconnected LANs.

A logleal Interconnectlon configuration is a high speed backbone network
which offers a common path for all traffic between LANSs. Indeed, 1hls Is the
approach which has been followed for many years In the telephone network. The
alternative of direct connection between LANs would be viable only for a small
number of LANs. Agaln, our interest 1s In a general topology which would allow
for growth and flexibility. In the second part of this thesls, a topology together
with accessing technlque which 1s a loglcal solution to the interconnection prob-
lem Is studled. As work In the area progresses, this should be compared with
other solutions.

The speclfic problem under study Is the Interconnection of LANs with ring topol-
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ogy. In order to simplify the development and operatlon of such systems, 1t is
reasonable to use the same ring topology for the backbone network. It 1s of
Interest, If only from a historical polnt of view, that the first networks which
were dedlcated to data traflic were In the form of a hierarchy of ring networks
{19,20]. The resulting topology Is shown and studled In chapter V. We have a set
of outer-rings, which are the LANs, connected together by an inner-ring, the
backbone network. The point of contact between the LANs and the backbone
network through which the Internetwork traffic flows Is the gateway. Slnce the
primary function of these networks Is to handle traflic which has irregular,
bursty flow characteristics, buflering must be provided at these gateways. The
gateway has two buffers together with the attendant circultry. A message des-
tinated for a distant local ring passes through a gateway to the inner-ring. The
Inner-ring conveys the message to the gateway of the distant ring.

From an operatlonal polnt of vlew, each outer-ring conslsts of & number of sta-
tlon queues and a half of a gateway referred to as outer-ring gateway queue.
Inner-ring queues are the halves of the gateways carrylng trafilc from the Inner-
ring to the outer. They are referred to as Inner-ring gateway queues.

A fundamental assumption of the study 1s that Token Passing is used. Once the
ring topology has been chosen, Token Passing as the accessing technlque follows
loglcally since it Is an almost unlversal standard for rings. In the Token Passing
technlque, a loglical token circulates In an outer-ring. The capture of the token
by a station allows It to place a message on the ring. The message Is accom-
panled by the address of the destination station. Each station reads the
addresses of messages passing through and removes those with Its address. In the
same fashlion messages from local statlons are transmlitted to the gateways. After
a single message Is transmitted (limited-to-one service), control of the ring Is

rellnquished by passing the token on to the next statlon 1n a loglcal sequence.
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‘We also assume that the gateway queues are treated in the same fashion as all
the other queues In the outer-ring networks. The same protocol 1s followed In tLhe
Inner (backbone) ring. A token clrculates among the Inner-ring gateway queues;

its capture by an Inner-ring gateway queue allows it to transmit a message to an

outer-ring gateway queue.

In this thesls, the outer-ring statlons are modeled as M/G/1 queues with and
without prior'ty. The gateways are modeled as G/G/1 queues. In both types of
queues, 8 message Inltlating a busy perlod recelves speclal servire, Mean message
delay for boih intra and Internetwork traffic for two modes of operation In the

ouver-ring statlons Is determined.

1.2 OUTLINE OF THE THESIS

This thesls presents the analyses of a generally asymmetric prioritized token-ring
operation with nonpreemptive prlority queuelng discipline at each statlon and
the Interconnection of token-ring networks through gateways. Chapter IIl Is con-
cerned with the prloritized token-ring. The results from that chapter are com-
pared with those obtalned wunder other priloritized schemes In chapter IV,
Chapter V Is concerned with the Interconnection of token-rings with and without
priority mechanism. The performance as measured by the average delay In the
prioritized token-ring and the system of Interconnected token-rings 1s derlved.

The maln contents of each chapter are glven below.

Chapter II : Preliminaries

This chapter presents an overview of local area networks. Local area net-
work topologles and channel accessing techniques are surveyed. A classificatlon
of polling models is given and its performance characterlstics compared with the

contentlon accessing tehnique CSMA/CD.
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Chapter III : Asymmetric Prioritized Tcken-Ring

This chapter focuses on the analysis of a general asymmetric token-ring.
The model Is descrlbed, and by a mean value analysls, the mean delay of any
message class at any station s derived. The stabllity condltlons of the system
are presented and the performance of the system lllustrated by means of several

relevant examples valldated by simulatlon.

Chapter IV : Priority Access Schemes in LANs: A Comparison

In this chapter, we compare the resuits cbtained from our model developed
In chapter III with some results reported In the literature. The description and
results of Glaninl and Manfleld's two-priority polling model are given and the

varlous schemes of the prioritized versions of CSMA/CD are presented.

Chapter V : Interconnection of Token-rings

This chapter s concerned with the performance of a system of Intercon-
nected Token-rings through gateways. The resultlng topology Is described. The
Polsson arrlval of messages to the outer-ring statlons Is assumed, with two
classes of messages. Class 1 1s Inter ring messages while class 2 messages stay on
the same ring.

With respect to these traffic classes, two service disciplines are studied. In the
first case, both classes of messages are treated equally while In the second case,
class 1 messages are given nonpreemptive priority over class 2 messages slnce
thelr path through the network Is longer.

By means of a certaln Independence assumption and under a Nlmlted service dis-
cipline, outer-ring statlons are modeled as M/G/1 queues with and without
priority. The gateways are modeled as G/G/1 queues. In both types of queues, a

message Initlating a busy perlod recelves speclal service. To model the outer-ring
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statlon queues (in the case of priority structure) and the gateway queues (In both
cases), existing M/G/1t with priority and G/G/1t results are not applicable and
generalizatlon of prevlous results Is necessary. Mean delay of local and Internet-
work messages are derived. When there is no priority structure, the probability
distribution of the delay components Is found. In order to Justify the assumption
required to carry the analysls through, the analytical results are valldated

through simulation.

Chapter VI : Conclusions and Future Work

This thesls iIs nelther a start nor a culmination of the exciting fleld of
analysls of local area networks, and In particular those which use token passing
as channel accessing technlque and which may be analyzed usilng polling
mathematical model. It 1s baslcally an attempt to provide solutlons to two
Increas'ngly Ilmportant Issues In token passing. Because of the complexity of
these lssues, origlnating from the complexity of the cycilc-service model, the
Intriguing applicatlon of probabllistic thinking with elegant mathematics may
not '~ad to exact solutlons and approximatlons become uscfull.

Therefore the problems remaln and I feel that we will need a breakthrough to
solve such problems exactly. However, for such complex and general issues, our
approximate approaches are very useful and may be used as reference resuits.

The objective of this chapter 1s to summarize the contributions made In this
thesls. Several issues that arlse from varlous considerations and which may lead

to possible future Investigations are Indicated.

t In coanection with queues, a convenient notation has been developed. In its simplest form it is
written A/R/S, where A designates the arrival process, R the service required by an erriving cus-
tomer, and S the number of cervers. For example, M/G/1 indicates a Polsson arrival of custo-
mers, a generally distributed service discipline and a single server. The M may be taken to stand
for memoryless (or Markovian) in both the arrival process and the service time. Since we assume
that there is no restriction on the number in a queue, a reference to the walting room Is not use-

ful.




CHAPTER I

PRELIMINARIES

Local Area Networks (LANs) are most often described as privately owned
networks that offer rellable high-speed communlications channels optimized for
connecting Information processing equipments in a Ilmlted geographic area,
namely, an office, bullding, complex of bulldings, or campus. The control strategy
of a local area network Is decided early in the planning stages when the number
and kind of particlpating stations are specifled, as well as the nature of thelr
interactlon. The conflguration of stations and links, the topology, is the major
means of Implermentlng this cholce of control strategy. The network topology Is
created by the geometric arrangement of the links and statlons that make up the
systemn. A link (also called a llne, channel or circult) is the comn;unlcatlons path
between two statlons. Most local area networks are based on simple structured
topologles, llke the ring, bus, or star. These topologles permit more effective and
un{form Implementation of network control strategles.

This chapter presents an overview of local area networks. Some of the basic
characteristics of the local area network topologles and channel accessing stra-
tegles are outllned. Since thls thesls deals with ILANs which use token passing as
accessing technlque, It 1s, therefore, useful to revlew the relevant results on Its
mathematlical queuelng model and to compare lts performance characteristics
with other important channel access strategles.

The chapter Is dlvided iInto four maln sectlons. In section 2.1, the baslc charac-
teristics of LAN topologles (star, ring, bus) are outlined using a comparative
approach for a better understanding. Sectlon 2.2 Is concerned with the channel
accessing technlques. Non-contention (Polling) and random access (Contention)

strategles are presented. Polllng systems are classifled and reviewed In sectlon
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2.3. Some results for commonly used service disclplines are given and the
pseudo-conservation law unifying these results Is presented. Finally, the
efliclency of token ring Is compared with the performance of its major rival
CSMA/CD. This Is of particular Interest since the prioritized versions of these

access techniques wlll be compared In chapter IV.

2.1 LOCAL AREA NETWORK TOPOPOLOGIES

Topoplogy determines the loglcal Interconnection of the statlons to each
other. In the following, three common topologles for LANSs, namely star, ring and

bus are presented (see Fig.2.1(a)-(c)).

(a)

N
—

F1g.2.1 (a)(c) Star, Ring, Bus Configuraticn.

2.1.1 Star Topology

The distingulshing feature of star or radial topologles is that all statlons are

jolned at a single polnt as lllustrated by Flg.2.1(a). The way star networks func-
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tion depends on the way In which control is exercised. This usually happens In
one of three ways. FIirst, star configurations are frequently used for networks In
which control of the network 1s located In the central node or switch. When thls
s the case, all routing of network message traffic, from the central node to outly-
Ing stations, between outlylng stations, and from all stations to remote polints, Is
performed by the central node. This has the effect of relleving outlying statlons
of control functions. Polnt-to polnt ilnes connect the central node and the outly-
ing stations, ellminating the need for compiex llnk and control requirements of
other topologles, and allowing simple and usually low-cost connectlons to the
network through the central node. A polnt-to-point llne must be added for each
statlon connected.

Second, a star network could be constructed so that the control of communica-
tions would be exerclsed by one outlylng statlon, or third, distributed generally
to all outlylng statlons. The central node would serve as a slmple switch to
establish clrcults between outlylng statlons.

In all star networks the central station 1s a single point of network fallure. If It
goes down, so does the entire network. Thus, reliabllity and the need for redun-
dancy measures are Important Issues In star networks. In the case of central con-
trol, the slze and capacity of the network are direct functions of the power of the
central statlon. It Is Important to note that star also lacks modularity and is not

easy to expand.

2.1.2 Ring Topology

The distingulshing feature of ring topologles (F1g.2.1(b)) Is that all the sta-
tions, which are connected by polnt-to-point llnks (llnks connecting two and only
two statlons without passing through an Intermediate statlon), are arranged to

form an unbroken circular configuration. Transmlitted messages travel from



-11-

statlon-to-station around the ring. Each statlon must be able to recognize its
own address In order to accept the messages. In additlon, each station serves as
an actlve repeater, retransmitting messages addressed to other stations. The
need to retransmit each message can make ring statlons more complex than the
passive statlons on a bus network. However, ring statlons can be less complex
than the routing stations In an unconstralned topology; since message routes are
determined by the topology, messages automatically travel to the next station on
the ring.

When ring conflgurations are used to distrlbute control in local networks, access
and allocatlon methods must be used to avold conflicting demands for the shared
channel. One way of dolng thls I1s by circulating a blt pattern, called a token,
around the ring. A statlon galns excluslve access to the channel when 1t captures
the token. It passes the right to access the channel (l.e., the token) on to other
statlons when 1t Is finished transmitting. Most distributed rings operate on some
varlant of thls ldea.

Rings provide a common network channel wherein all statlons are fully con-
nected loglcally. When control Is distributed, each statlon can communlcate
directly with all other stations under its own inltlatlve. Ring networks with cen-
tralized control are often referred to as loops. One of the stations attached to the
network controls access t0 and communication over the channel by other sta-
tlons. Once a statlon 1s permitted by the control statlon to transmit a message,
the message travels around the ring to its destinatlon without further Interven-
tlon of the control station. Loops may also be designed so that all message
exchanges pass through the control statlon. In this case, the loop funtlons just
llke a star network with a centrally located control statlon.

There are a number of conslderations for configuring ring networks. Rings must

be physically arranged so that the stations are fully connected. Lines have to be
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placed between any statlon and Its two ad)acent statlons each time an addition
1s made. Thus, It Is often difficult to prewire a bullding for ring networks 1n antl-
clpation of statlons to be added In the future.

Fallure of a statlon or an actlve component, adding a new station, or any other
break In the ring configuration will almost always cause the network to stop
functioning. Steps can be taken to allow bypass of fallure polnts In distributed
rings, although thls usually Increases the complexiiy of the repeater at each sta-

tlon, as well as the component costs.

2.1.3 Bus Topology

The bus topology illustrated by Fig.2.1(c) funtlons 1n the same way as a

multipolnt, a single line which is shared by a number of stations.

We have seen that 1n star networks, all statlons are fully connected by thelr

polnt-to-point links, which are Jolned at the central switch. Rlngs consist of
separate polnt-to-polnt links that are fully connected In a clrcular arrangement.
In contrast to star and ring topologles, bus statlons share a single physical chan-
nel vla cable taps or connectors. Although the approach Is different from the star
or ring, the bus also creates a fully connected shared channel.
In bus networks, messages placed on the channel are broadcast out to all sta-
tlons which must be able to recognlze those addressed to them. However, unlike
statlons on a ring, statlons on a bus network do not have to repeat and forward
messages intended for other stations. As a result, there 18 no delay or overhead
assoclated with retransmitting messages. Because of the passive role of the sta-
tlons on the bus, network operatlon may contlnue In case of station fallures.
This makes distributed bus networks Inherently resistant to single-point faliures.
Bus networks are easlly confligured and expanded; this feature alone 1s often a
maJjor reason In choosing the bus topology for a local area network.

There are many distributed bus networks currently commerclally avallable. This
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Is attributable to the fact that the transmisslon medla, usually coaxlal cable, and
transmission technologles most commonly used for the bus networks have been

In use for some time by the cable TV Industry.

2.2 CHANNEL ACCESS

Access technlques are the means by which stations actually galn the use of
the network channel. They are used to mediate between statlons that are com-
peting for the use of the channel and are generally classifled as efther Polling or

Random Access ( Contentlon technique).

2.2.1 Polling

Polling techniques determine the order In which stations can take turns
accessing the network, so that direct conflicts conducing to access collisions
between statlons are avolded. Polling I1s thus referred to as a noncontention
method of network access. A prime appllcation of the polling mode! i1s in local
distributlon where the roll-call polling and the hud polling have been most com-
monly adopted In practice[26]. In roll-call polling, each station Is Interrogated In
turn by the central processor. On the arrival of a polling message, the statlon
transmits messages walting to the central processor. Upon completion of
transmission, polling of the next statlon Is 1nitiated.

A big Influence on performance in roll-call polling 1s the time expended In the
dialogue between the central processor and the Individual statlons[26]. In sys-
tems where statlons can communicate with one another this tlme may be
reduced by the hub polling technique. Hub polling Is usually easler to implement
in loop configurations such that all the statlons are serlally connected to the cen-
tral processor. The central processor Initlates polling by Interrogating the station

at the end of the loop. This statlon transmits its walting messages, If any, and
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the opportunity to transmit messages Is passed on to the next upstream station.
The latter statlon adds 1ts messages followed by a polling message, etc. In thls
way, at the completion of the polllng cycle, with all statlons Interrogated, the
central processor regalns control. We may not'lce that In golng from roll-call pol-
ling to hub poiling, there 1s a reductlon of the role of the central processor. This
decentrallzation of control continues to the third local distribution category
which plays an Important role In LANs. The two most frequently discussed
methods of decentrallzed control of polling used In local area networks are token

passing and slotted rings.

Token Passing is most often assoclated with ring topologles. A token ring con-
sists of a set of statlons connected serlally by a transmission medium. This
mechanlsm allows each statlon, In turn and In a predetermlined order, to recelve
and to pass the right to use the channel. Information Is transferred sequentially
from one active station to the next. A statlon galns the right to transmit when it
detects a free token passing on the medium. The token Is a control slgnal, a spe-
clal bit pattern usually several bits ln length, that circulates around the ring
from statlon to statlon following each informatlon transfer.

Any statlon wishing to transmit must walt untll It detects a token passing by.
Upon detectlon of a free token, a statlon may capture the token and set 1t to
busy by changing one bit In the token, which transforms it from a token to a
start of message. The possession of this speclal bit pattern glves the statlon
excluslve access to the network for transmitting Its Informatlon (speclfylng the
destinatlon address), thus avolding confllct with other statlons that wish to
transmit. In fact, there Is no more token on the ring, so other stations wishing to
transmit must walt. Stations on the ring check the message as 1t passes by and
are responsible for identifying and accepting messages addressed to them, as well

as repeating and passing on messages addressed to other stations. On completion
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of its information transfer (messages usually must circulate back to the sending
statlon to confirm recelpt LY the destination station), the statlon generates a new
free token which provides cther statlons the opportunity to galn access to the
ring. We should note that the time required for the messages to circulate back to
the expeditor Introduces & delay and inefliclency to transmissions, since the

channel cannot be used by other stations during this time.

There exist a great number of other principles elther employed In existing
prototype systems and products, or proposed In the lltterature, which employ a
variation of token passing access control in ring networks. Slotted Ring and
Buffer Insertion Ring are two of these methods. In slotted rings (21,22], usually a
constant number of fixed-length slots or frames clrculate continuously around
the ring. Each frame generally contalns bits allocated for source and destinatlion
addresses, control and parity Information, and data. Any statlon ready to
transmit walts for a free or unused slot, Inserts Information 1nto the appropriate
fleld and sets a bit to Indlcate that the frame Is full. When the sender recelves
back the busy slot, 1t changes the Indicator to free, thus preventlng hogging of
the ring, and guaranteelng falr sharing of the bandwildth among ail statlons.

In buffer Insertion rings, the contention between the trafllc to be transmitted by
a statlon and the data stream already flowing on the ring Is resolved by dynaml-
cally Inserting sufficlent buffer space Into the ring at each ring adapter [23-25]. In
contrast to the token ring where the sender Is responsible for removal of the
frame 1t transmitted, this function is performed by the recelver. BufTer Insertlon
rings do not allow Interruption once the transmission of a message has begun
[26]. Messages arriving on the line from other statlons are buffered while the
locally generated message Is belng transmitted. In buffer Insertlon rings, messages
are kept Intact and more than one statlon may transmit at a time. It Is Impor-

tant to note that the flow Into a statlon conslsts of two streams, locally gen-
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erated traffic and through-line traflic from other stations (26]. Depending on the
implementation, one or the other of these streams is glven nonpreemptlve prior-
Ity. While a message from one of these streams Is belng transmitted, messages
from the other are buffered. After the transmission of a message, any message of
higher priority stored In the statlon are transmitted. When all higher-priority
messages are transmitted then any lower priorlty messages present are transmit-
ted [27].

The American Natlonal Standards Institute (ANSI) Is working towards a
new standard known as Fitber Distributed Data Interface (FDDI) [28,29]. It Is a
100 Mbits/s token ring using flber-optic cable to provide high-speed packet com-
munications. Recently, FDDI Is vlewed as a high-performance backbone LAN to
interconnect lower speed LLANs. FDDI uses a medlum-access control strategy
based on the token-ring standard. In additlon to the FDDI high data rate com-
pared to 1 and 4 Mbps for 802.5 and the fact that FDDI uses fiber optic Instead
of shlelded twisted palr cables two major differences between the 802.5 and
FDDI are of Interest. First, an FDDI statlon does not attempt to seize a token
by "flipping” a bit. Because of the hlgh data rate of FDDI, It was consldered
impractical to impose this requirement. Second, In FDDI, a multlple-token opera-
tlon has been defilned as opposed to the single-token operation. The FDDI
method I1s for a statlon to Issue the token Immedlately after 1t completes
transmisslon of Its last message (even it has not begun to recelve 1ts own
transmisslon), whereas In the 802.5 standard the station has to walt untll the
messages 1t has sent propagate back around to itself before issulng a new token.

Agaln, to achleve higher throughput, this technique is needed.

The technlques described above for allocation and control of a common
shared channel are designed so that there are no conflicts between statlons that

wish to transmit. Messages are not damaged by colllslons and thus do not
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require retransmisslon resulting from colllsion. Contention tehnlques, on the
other hand, anticlpate confllcts and actually use them as part of the design to

allocate the shared channel.

2.2.2 Contention Techniques (Random Access)

The first random access mechanism was proposed by Abramson, who was
faced with the task of Interconnecting varlous terminals dispersed In a wide geo-
graphlcal area to a central computer via a radlo network [30]. This network,
known as the ALOHA system, uses the simplest form of random access, a form
of completely distributed controi. A station ready to send simply sends 1ts mes-
sage, disregarding the state of the channel. Clearly, collislons may occur when
more than one statlon send thelr message at the same time, 1n which case the
terminals affected retransmit after a randomly chosen tlme-out. The major
beneflts envisioned by the Inventors were elimination of the access delay owling
to walting for the polling slgnal and simpliclty of the system. There was no cen-
tral control needed, the statlons operated in a purely distributed fashlon. How-
ever, slmulation and analytical studles showed that the performance was tar-
nished by a reduction of the usable bandwidth (18 percent in the case of PURE
ALOHA) due to colllslons. Moreover, there Is a baslic Instabllity In the system.
The baslc ALOHA access technique can be Improved by rudlmentary coordlna-
tion among the statlons. By slottlng the time and allowing statlons to transmit
only at the beginning of 2 slot the rate of colllslons Is reduced by half since only
messages generated In the same slot Interfere with one another. This doubles the

throughput of the system. This modification Is called slotted ALOHA [31].

During the late 1860's, R. Metcalfe was faced with the task of constructing
a fast network linking small computers. He drew on the ldeas of random access

In the domaln of packet radlo and envisaged a packet radlo network on a coaxlal
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cable, which he termed Ethernet. One of Metcalfe's contrlbutlons was carrler
sensing, a technique which significantly Improved the achlevable performance of
random-access systems. This extension of ALOHA which Is particularly appropri-
ate for local area nmetworks iIs called Carrier Sense Multiple Access with Collision
Detect (CSMA/CD). The Multiple Access feature of CSMA/CD allows any sta-
tlon to send a message Immedlately upon sensing that the channel Is free. As
opposed to token passing, In whlch a station that wishes to transmit must walt
for the token to clrculate to all statlons that precede 1t on the channel,

CSMA/CD contalns no such delay, and therefore, can allow quicker access.

Carrler Sense Is the abllity of each statlon to detect any traflic on the chan-
nel. This Is also called listen-before-talking. Whenever a statlon senses that there
Is traflic on the channel, 1t defers transmission. However, because of the propaga-
tion delay (time 1t takes for a signal to travel across the network), two stations
could detect that the channel Is free elther at or close to the same time, since
each wlll not yet have detected the signal of the other. Consequently, a collislon
between two messages will occur. Colllslons are detected by stations while they
are transmitting by monitoring the electrical signal level of the channel, which is
changed by message colllsions. This Is called listen-while-talking. Collision Detect
I1s the abllity of a transmltting statlon to sense a change In the signal level of the

channel and to Interpret it as a collislon.

Upon detecting a collision, each station Involved aborts its transmission,
backs off for a brlef Interval, and attempts to transmit again after a fixed or a
random perlod. It Is obvious that the selection of random Intervals before
retransmission 1s more eflfective In avolding further collislons. If there are succes-
slve colllslons, the statlons Involved back off and walt for a longer perlod each

time.
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To ensure that all the statlons are able to hear a collislon on the bus chan-
nel, frames (a frame represents the entity transmitted by a station when 1t has
access to the medium) must be of a minlmum iength. This size, slightly greater
than the round trip propagation delay, 1s called slot time. In fact, once a slot
time has passed In the transmission of a frame, there Is no longer possibliity for
collision since all statlons have had the opportunity to detect traffic on the chan-
nel. The transmitting station s sald to have acquired the channel and the
remalnder of the fra‘ie Is sent contentlon free. The critical parameter that deter-
mines the performance of the CSMA/CD bus Is the ratlo of the slot time to the
average duration of transmitted frames. Since the propagation delay (slot time)
s independent of the data rate, this ratio Increases with the data rate. Theory
(63,32] shows that a CSMA/CD bus behrnves 1deally as long as this ratio 1Is
sufficlently low. If, for reasonable traffic loads, It exceeds .02-.05, the Increasing
colllsion frequency will ca-y4r significant performance degradation. It follows that
the most efficlent use of the CSMA/CD mechanism Is when frames are larger;
the ionger the frames that are broadcast, the fewer are the colllslons relative to

the total tlme the channel Is used.

2.3. REVIEW OF POLLING MODEL

The maln purpose of this sectlon Is to review some relevant results on pol-
ling and not to provide an exhaustive survey of the vast llterature that exist on

this model. The Interested reader Is referred to [5] for a tutorlal survey.

Polling 1s one of the technlques which allows messages generated by
different statlons to share the same tranmission medlum. Polling models can be
used to study a varlety of systems including Token-Passing. A queuelng model of
a Polling system 1s a single server, multigueue system with a cyclic service dis-

cipline: a server (the single communicatlon channel of the ring network) Is
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shared by customers or stations (e.g. terminals), and the cyclic service discipline
specifies how thils sharing 1s accomplished. The time needed to switch service
from one station to another is called a walktime (sometimes known as switchover
lime, or reply snterval ).

stations
1

~

"'"—", ' l — * departure
= .

eyclic server

e

— | I

N

Fig. 2.2: Schematic view of a Polling system with N stations.

The entity for service may be a fixed length packet or a varlable length message
(several packets). When all statistical specifications for message length, message
arrlval process and walking time are the same for all stations, 1t is sald the sys-
tem has ldentical statlons; otherwlse, It corresponds to the case of nonldentical
statlons.

The time may be continuous or discrete; In the latter, the packet transmis-

ston tlme Is generally chosen as the (fixed-length) slot size.
Flgure 2.2 lllustrates a schematic vlew of a polllng system consisting of N
stations.

Polling systems can be classlfied by the buffer capacity at each statlon. Two
buffer capaclty models have been studled extensively; these are single message

buffer and tnfinite buffer. There has been Iittle work on the general finite buffer
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system.

Single Message Buffer

In the conventlonal one-message buffer system, each statlon has a buffer which
can store at most one outstanding message. New messages arriving at an occu-
pled buffer are lost, or new messages are generated at each statlon only after the

service completion of the previous message.

The analysis of such a polling system has a long and interesting history|6].
For example, there Is an analogy between polling systems and machine patrolling
(26,33] In which a repalrman examines N machines In a fixed sequence. If a
macliine s broken, he pauses to make repalrs. This Is analogous In polling sys-
tems to message transmisslon. The overhead that Is incurred Is the time

required to walk between machines.

The performance measures are the average polling cycle defined as the tlme
Interval beginning at the polling Instant of statlon 1 (for example) and ending
with the completion of the reply Interval from statlon N to statlon 1, and the
mean message delay. We should note that In all surveys of previous works con-
cerning the analysls of polllng systems with single message buffers, the mean
message delay (response time) in the case of general R;(s) and M(s) (the Laplace
- StleitJes transforms of the distributlon functions for the walktime to statlon s
and the message transmission time respectively) has not been previously avall-

able.

In [5] Takag! consldered a symmetric case where general distributlons R (s)
and M (s) are 1dentlcal for all stations. His model and Mack's model in [3] are
complementary In the sense that Takagi's can handle varlable walk times
(Mack’s cannot) but Takagl's cannot be applled to asymmetric systems (Mack’s

can In the case of constant walk tlmes). The case of constant message
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transmission time and constant reply Intervals Is expllicitly solved. Even the dis-
tribution of the walting time is explicitly glven. However, when the message
transmission t!me and/or reply Interval are generally distributed, Takag! has to
solve 0(2” ) equatlons, even If the distributlon functlons are 1dentical for all sta-
tlons.

Another varlation of the single buffer system is the buffer relazation system.
In the buffer relaxation system, a newly arriving message can be stored In its
buffer after the prevlous message’s transmisslon has been started. An exact

analysls of asymmetric single buffer relaxed system can be found in [4].
Infinite Buffer Systems

In thls case, the buffer can hold any number of messages or packets without
loss. Three basic t*vpes of service discipllnes have been ldentifled and intenslvely
studied. Thase are Erhaustive service or " Come right in” discipline, Gated service

or " Please wail” discipline, and limited service.

In the exhaustlve (e) service, the server will continue to serve a station until
Its buffer becomes empty. Messages or packets arrlving at a station while the
server Is present are transmitted In the same service period (l.e. In the same
cycle). The earllest work In the area Involved Just two statlons with zero walk-
time [34-38). Such a partlcular case (N=2) has been called alternating priority

discipline 1n the queuelng theory.

The case of arbltrary number of stations Is analysed In [68] and [7] where a
continuous-time model with Polsson message arrlvals and zero overhead (this Is a
drawback) are assumed. Exhaustive service with nonzero walktlmes for the case
N =2 was studled In [37] and [38]). For a long time, the only work on an arbl-
tary number of statlons with nonzero overhead was by Llebowitz[8], who sug-

gested the famous Independence approximation by assuming that the contents of
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different statlons are Independent. In fact, independence among Queues tends to
hold for high overhead and light loading. Liebowltz firat found an expresslon for
the cycle tlme and based on this expression Hayes and Sherman(39] obtalned an
expression for the delay. The problem is that an analysis of cycle time In this
case 1s not trivial, that Is why an approximatlon was used. In 1972, both
Hashlda[g] and Elsenberg|10] separately published results on exhaustive service

systems with an arbitrary N and nonzero walktime.

The analysls for the case of non identical stations for a contlnuous time

model may be found In [11] and in [5) where O (N?) equations have been derlved.

In the completely symmetric case (l.e. all the stations have exactly the same
characteristics), by cleverly explolting the symmetry, 1t is possible to obtain the
mean walting time without determining expressions for walting tlme or queue

length distributions. For this case of 1dentical stations, we have [5,9]

& NI\ (@ _
E (W] | haustive = 27 + [ ";(] - R,(:’)-*- 2

(2.1)

where p = m.
N denotes the number of statlons, A the mesage arrlval rate, m the mean mes-
sage transmission time, m® the second moment of the message transmission

time, r the mean walktime and 4° the varlance of the walktime.

In the gated (g) service ("Please walt™) discipline, the server continues to
serve only those messages or packets which are waltlng at the station when it is
polled. Those messages or packets which arrlve durlng the service time are set
aside to be served at the next polling. The gated service system with N
nonldentical statlons with zero reply intervals Is conslderrd In [6,7]. An early
approximate treatment for the case of nonzero Intervals Is 1 (8] and {40]. Exact

analysls of the gated service models with an arbitary number of nonldentical sta-
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tlons and nonzero walktimes may be found In [5] where O (N®) equatlons
required to solve the problem are derlved. For the case of identlcal statlons, we
have
(2)
8  Npm® 4+ r +p) (2.2)

E[W] g¢t¢d='§;+ 2(1-Np)

In the llmited, also called non-exhaustive (ne), service system, a statlon is served
untll either the bufler I1s emptled or a specified number of messages or packets

are served, whichever occurs first.

Analysls of this system for the case where N =2 and at most one message Is
served from each station at a time with zero switchover time Is In [41}, where the
term alternating service discipline 1s used. A similar system (N==2) with nonzero
reply Intervals 1s consldered In [42]. The mean message waltlng time for N
1dentical stations with nonzero walktimes where, at most one message 1s served
from each statlon at a tlme, Is avallable In [5]. Approximate analyses for N

nonldentlcal station case are given In [43)],[44] and [45).
We should note that the only limited service case for which we can evaluate
the mean walillng time Is the case of identlcal statlons with "limited-to-one” ser-

vice. In this case of 1dentlcal statlons, we have

nl o _ 8, NDm® 4+ r1 4+ p)] + NP
E W] liimited = 2r + 2((1 = N(p + Ar)) (2.3)

We do not have an expllelt solution to any asymmetric system, Including the
case of two statlons.

An approximate treatment for a system of /N statlons with zero reply inter-
val, where at most K; packets are served from statlon i Is In [48] where the term

chaining 1s Introduced.
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Comparing the three service disclplines we have presented, we get

E”V] ezhaustive S E ['V] paled ..<. E ["’] limited

for the symmetric, continuous time systems.

Pseudo-conservation laws in cyclic-service systems

The principle of work conservation has proven to be very useful In the
analysls of queuelng systems with a non-First In First Out (FIFO) service disclip-
line. When no work Is created or destroyed within the system, the amount of
work present should not depend on the order of service, and hence should equal

the amount of work 1n the corresponding system with FIFO service discipline.

Prilority systems with switchover times between different statlons do not
possess the work-conservative property, because the server Is forced to stay ldle
although work may be present within the system. We should notlce that the
introduction of reply Intervals can be interpreted as creatlon of additlonal work
within the system. A baslc example of such systems 1s the single-server mulitl-
queue model with cyclic service and walk times. We have seen that this model
plays an Important role In the analysis of polling schemes, and hence finds an
interesting application In local area networks with ring topology employlng a

medium access protocol based on token passing.

Because of the importance of this cyclic-service model, and moreover the
complexity of Its mathematical analysls, the recent dlscovery of pseudo-
conservalion laws, expressions for a welghted sum of the mean walting tlmes at
the varlous queues of the cycllc system [11,47], has attracted conslderable atten-
tion. The baslc 1dea Is that the amount of work In the cyclic- service system at

an arbitrary epoch In a service Interval Is distributed as the sum of two indepen-
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dent quantities: the amount of work In the "corresponding” M/G/1 queue at an
arbitrary epoch In a service interval and the amount of work In the cyclic-service
system at an arbltrary epoch 1n a switching Interval. This concept Is proved as a
theorem In [48) where a stochastlc decomposition for the amount of work in
cyclic-service systems with mlxed service strategles 1s derlved. The obtalned
decomposition result {natural extension of Kleinrock's conservation law [49]) 1s
then used to obtaln a pseudo-conservation law for such systems. The four service
disciplines considered are: exhaustive (e), gated (g), llmilted-to-one or non-
exhaustive (ne) and decrementing or seml-exhaustive (se) services. The decre-
menting (seml- exhaustive) service system is deflned as follows: when there Is at
least one message at a statlon, the service for that station contlnues untll the
number of queued messages decreases to one less than the number present upon
the arrlval of the server at that queue.

If E[W;]is the mean walting time at statlon ¢, the pseudo-conservation law may

be written as [48]:

A8 A - p;
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where

N N
Pi =)\,-m,-.p= Y p; ands = Y, r;.

=] i=1

)\; represents the message arrival rate at statlon ¢, m; the mean message

transmisslon time at statlon i, m;® the second moment of the message
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transmission time at statlon ¢, and r; the mean walktlme to statlon s.

The result expressed by the above equation Is really Interesting for two
important reasons. The first reason Is that allowing mixed service strategles
enables Boxma to unlfy the proof for mean waiting time results of the four cyclic
service systems with the same service discpline at all queues. The second reason
has more Interest In the Interconnection of local area networks. In fact, In a sys-
tem of Interconnected token passing networks where several rings are connected
to each other by gateways for example, the queues which represent the gateways
may have higher priority than the other queues on the ring. The service at an
ordinary statlon usually 1s llmited. The internetwork messages in such system
have to pass through the gateways. Since thelr path 1s much longer compared to
the one of local messages, one may conslder other service disciplines to model the
preferentlal treatment recelved by these queues.

This expression seems also to be very useful In other respects. It I1s useful for
obtalning approximations for individual mean walting times. Such approxima-
tlons are badly needed In analytically untractable cases but also In analytically
tractable cases; the latter because, when the number of queues Is large, the
numerlcal computation of the exact formulas may become very cumbersome|48].
This expresslon can also be used to study asymptotics, ylelding Information
about what happens when the number of queues becomes very large or when the

offered traffic at a particular queue approaches Its stability 1imits{48].

2.4 PERFORMANCE CHARACTERISTICS OF ACCESS PROTOCOLS

The delay-throughput characteristlc of the medium-access control schemes,
and the system behavior at the load saturation polnt, constitute the two major

performance aspects of primary Interest. The most Ilmportant performance
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results of Polling systems which may be used to analyze Token-Passing rings
have been given In the previous sectlon. Before discussing the delay-throughput
characteristics of the accessing technlques, 1t Is Important to note that there
exlst many performance analyses of bus systems. Metcalfe and Boggs first
derived a simple formula for prediction of the capacity of finlte-population and
fixed message length Ethernets{60]. This Is of Interest because of its simpliclty
and because It was presented along with the first published description of the
Ethernet Implementation. The topology Is assumed to be a balanced star, l.e.,
the propagation delay between every palr of stations is assumed to be 7, The
channel Is slotted In time. Packets arriving during a slot walt until the start of
the next slot at which all ready statlons simultaneously begln transmission. The
slot duratlon Is chosen to be at least 27 so that any collislon can be detected and
transmission aborted within one slot. If N 1s the number of statlons, message
arrlvals at each statlon, both new and retransmisslons, are assumed to be such
that each statlon attempts to transmit with optimum probabllity of 1//N in each

slot. Later, more sophlsticated stochastlc analyses of delay and throughput

appeared.

The orlglnal CSMA protocol was Investigated by Tobagl and Kleln-
rock[49,61] for packet radlo communlcation. Tobagl and Hunt[62] applled the
method of embedded Markov chalns to extend the results of CSMA to cover the
case of colllslon detectlon (CSMA/CD). Tobag! and Hunt first present a model
for estimating the maximum throughput of a CSMA/CD network under the
assumptlon of an Infinite population. The topology 1s assumed to be balanced
star. The channel Is assumed to be slotted In time, with slot duration 7, to per-
mit the formulation of a dlscrete-time model. Retransmission delays are assumed
to be arbltrarlly large slnce the alm Is to obtaln the mazlmum throughput.

Hence, the arrivals of new and retransmitted messages can be assumed to be



- 20 -

independent and to form a Polsson process. Next, a delay-throughput analysls Is
presented for finlte population system. It Is shown that for sufficlently large
populatlion sizes, e.g., 50 statlons (at the ratlo of propagation delay and mean
message transmission time equal to 0.01), the maximum throughput predictions
of the finlte and infinite population analyses converge, relatlvely Insensitive to
the number of statlons. Lam[63] used a single-server queueing model to approxi-
mate the distrlbuted protocol of the Ethernet. The analysls Is attractive as the
expressions for delay and throughput are simpler than those obtalned by Tobag!
and Hunt. The balanced star 1s also assumed. New messages are assumed to
arrlve from an Inflnite population of users In a Polsson process. As in the
Metcalfe and Boggs model, the channel I1s assumed to be slotted with a slot dura-
tlon of 27. Unllke the Ethernet, the retransmission algorithm is assumed to be
such that the probabliity of a successful transmisslon in each slot 1s 1/¢.

In most cases, the classlc approaches to modelllng CSMA/CD LANs are Marko-
vian models for the medium with the assumptions of a Polsson arrival process.
In these models, an Infinite populatlon Is assumed and an Incoming message
always arrives at an empty station|{62]. Recently, the classic Markovian model is
extended[64] to deal with a finlte population with dissimilar arrival rates among
stations. Since the local concentration at a station will reduce medlum conten-

tlon, 1t should Improve the overall performance of a CSMA /CD LAN.

In the following, we use some of the results reported In [50] and [51} to com-
pare the efliclency of the two most commonly used medlum accessing technlques:
CSMA/CD and token passing. The result used by Bux([51] for his comparison Is
the solutlon glven by Lam(63]. This solution has been derived under the assump-
tion that the system Is stabllized by using a sultable adaptive algorithm. A slight
modificatlon has been made by Bux. A consequence of the assumptlon of siotting

the channel with slot length 2r Is that even If the utllizatlon approaches zero,
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messages have to walt for the time 7 on the average before they are transmitted.
Therefore, Bux heuristically modified the delay formula in[63] by reduclng the
mean delay by 7. With this modification, the mean delay (transfer time) d of the

bus with CSMA and colllslon detection Is given by

4 — MmT+ (4e + 2)rim+57 + de (2¢ -1)r%}

+
2{1 - M/ +7+2¢7)}
(1-e2 )(% + 20 _ge)
+ 2re ~ £ + % (2.5)

2{M(X)e"M l: -1+ c"“}

where A denotes the aggregate arrival rate, M(s) the Laplace transform of the

probabllity density functlon of the message transmission time, m Its mean and

r? 1ts second moment.

Before commenting on the results for CSMA /CD and Token ring, it 1s important
to see how Bux obtalned his results on Token ring. Even though 1t Is only a
matter of substitution, this Introduces some concepts used Iln practice that are

not obvlous from equatlons (2.1-3). In Bux's notation [50]

S = pnumber of statlons A = total message arrival rate

T, = message transmission time  p = ME'[T, ] channel utllization
7= ring round-trlp propagation delay

T Is glven by

7 (sec) = P(sec/km) x I(km) + N x Ly (blts) x C~(sec/bit)

where P represents the signal propagation delay, ! the length of the ring , Lp

the bit latency at each station and C (blts/sec) the transmission on the ring. Bux
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results are for exhaustlve service. Thus, by substitution
A

T A
N =S, 1 =5 8—0, X\=z, m® =E(Tp%, p=ZET,| =&

In eq. (2.1), we get

_ 11-p/S) PE(T,?
FVI= = T - pET,)

(2.6)

Adding to the above equation for mean walting time the mean message transmis-
slon time E [T,] and the mean propagation delay to the destinatlon (assumed to

be uniformly distributed over the ring) 7/2, we have the mean message delay d

as

7(1 - p/S) pE(T,?
2(1 - p) 2(1 - p)E [T, )

exhauslive =

d

+ E[T,| + 7/2

For the other types of service, we obtaln by the same way

_mte/S) , _PEITY

d goled = 2(1 - P) 2(1 - P)E[Tp]

+E|T, |+ 7/2

E (T,?
dl" __ fi+p/S) P= 1 »
limited (l_p_xf) + 2(l-p->\T)E[Tp]

+ E[T,] +1/2

Flgures 2.3(a) and (b) lllustrate the delay-throughput relation of token ring
and CSMA/CD bus for two data rates: 1 Mbps and 10 Mbps. From these results,
the following concluslons can be deduced:

1) both systems perform equally well at a data rate of 1 Mbps;
2) token ring has better performance characteristics over a wide range of param-

eters, when the data rate Is Increased to 10 Mbps.

The valldity of the remarks earlier about the ratlo of slot time (propagatlon

delay) to average message transmission time, Is supported by Fig 2.3(b). In
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F1g.2.3(b), all parameters are the same as before except for the length of the
cable, which 1s now 10 km instead of 2 km. The curve for the CSMA/CD bus at
10 Mbps lllustrates the Impact of the propagation delay, and confirms the Impor-
tant sensibility of CSMA/CD to the ratlo of propagation delay to mean message
transmission time. As a practical consequence, all CSMA/CD systems specify a

maximum distance less than 10 km.

The maximum throughput dependency on transmisslon speed Is demon-
trated 1n Fig. 2.4(a) and (b) for the CSMA/CD bus and the token ring, respec-
tively. Figure 2.4(a) shows the maximum throughput for different values of the
mean Information-fleld length. It can be seen that the efficlency of the
CSMA/CD protocol decreases slgnificantly with Increasiug speed and decreasing
Information-fleld lengths. From Fig. 2.4(b), we can notice that the eflclency of
the token protocol 1s much less sensltlve to Increased transmisslon rates and
decreasing Informatlon-fleld length compared to CSMA/CD. The single token
operatlon performs reasonably well even though the multiple-token operation is
more efliclent at high data rates. The token ring standardt defines data signaling
rates of 1 and 4 Mbps. Consequently, token passing access on rings Is open to
significantly higher transmisslon rates than the ones currently standardized and

in use.

t This standard specifies the formats and protocols used by the Token-Passing Ring medium ac-
cess control (MAC) sublayer, and the means of attachment to the token-passing ring physical

medium.
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2.6 CONCLUDING REMARKS

Since there I1s no predetermined order of access by statlons In CSMA/CD,
there 1s no guaranty of a maximum walting time before getting access to the
channel. However, since each statlon randomly bids for the channel, a statistical
guaranty can be calculated. In many local area network CSMA/CD implementa-
tlons, the falr distribution of access to the network s combined with a high-
speed, high-bandwidth channel, so that the channel iIs virtually always avallable
to particlpating statlons. Polling networks, on the other hand, offer a determints-
tic guaranty of access to the channel by each station. Access Is prede.ermined by
a schedule that truly guarantees each statlon a chance to transmit at a specific
point In the polllng order. The advantage of the polllng approach 1s that 1t pro-

vides graceful degradation of performance with Increasing load.

The performance llmitatlons of CSMA/CD-type contention systems and the
fact that these systems do not easlly scale up to slgnificantly higher speeds, led
to new approaches, the so-called unldirectional broadcast bus systems. Two
prominent examples are, Expressnet[85] (modified version of the Unidirectional
Broadcast System-Round Robin, UBS-RR) and Fasnet[86). The approach used In
Expressnet 1s to fold a unidirectlonal cable onto ltself so as to create two chan-
nels, an outbound channel ont» which the stations transmit messages and an
Inbound channel from whlch stations recelve messages. The Expressnet achleves
a conventlona! round robin disclpline In that statlons are given the chance to
transmit In a predescribed order which Is determined by thelr location on the
unidirectional bus. If a statlon has no message, it decllnes and walts for the next
round before getting another turn. The baslc link confliguration of Fasnet con-
sists of two unldirectlonal buses with slgnals propagating In opposite directions.
In Fasnet, statlons are stlll ordered according to thelr position on the bus; how-

ever, following a transmission, the next station to transmit 1s always the most
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upstream one which has a message and has not yet transmitted in the current
round. In thls case the order of transmisslons within the round may vary
depending on the Instant at which messages arrlve to each statlon.

Glven a unldirectlonal bus to which statlons are connected, an implicit ordering
exilsts among stations of which the access control schemes under conslderation
make use. The baslec operatlon of these access protocols is cyclic, and each sta-
tlon has the opportunity to transmlit once in a cycle. The access method In elther
case Is closely related to a ring protocol and may be regarded as a varlant of
impllcit token passing. The Information flows In only one dlrection on the
m .um, unlike the usual CSMA/CD conflgurations, but llke CSMA/CD, the

essentlal passivity of the medlum 1s retalned.

Optical fibers enJoy a number of “"charming” propertles that make them
natural candldates for high-capacity transmission systems. The well-known
characteristics of filber links such as thelr capabllity to allow very high data rates
over distances required In real systems, thelr Immunlty 4o electromagnetic
Interference and thelr small physlcal dimenslons make them attractlve for use In
LANs. The fact that the FDDI ring will employ optical-fiber links was mentioned
earller. The first optical fiber networks, Fibernet(optical version of Ethernet){67]
and Hubnet[68], were bullt In the star conflguration. More recently, examples of
systems using the ring topology have appeared 1n the Iiterature[69]. Some recent
proposals have been foldea bus[85] and double bus structures(66]. Despite the
very desirable features of optical fibers, there are stlll unsolved problems and
debates pertalning to the optical components to be used which have prevented a
pervasive use of optical fibers In LANs. The tools and procedures for fleld fault
isolatlon and repalr are only 1n the early stages of development and not widely
avallable. Issues such as optlcal tap losses (bus systems) or losses In optical

bypass relays (ring systems) stlll deserve much attention.




CHAPTER 1II

Asymmetric Prioritized Token-Ring

We have seen from the previous chapter that polling is one of the channel
accessing technlques which allow messages generated by different statlons to
share the same tranmission medlum. The advantage of the polling approach Is
that 1t provides graceful degradation of performance with Increasing load. The
polilng model can be used to study a varlety of systems Including Token-
Passing. The queuelng model of a Polling system Is a single server, multiqueue
system with a cyclic service discipline. Pollilng systems can be classified by the
buffer capacity at each statlon. Two buffer capacity models have been studled
extenslvely; these are single message buffer and Infinite buffer. There has been

little work on the general finite buffer system.

In the conventlonal one-message buffer system, each station has a buffer
which can store at most one outstanding message. New messages arriving at an
occupled buffer are lost, or new messages are generated at each station only after
the service completion of the prevlious message. Analysls of the conventlonal
one-message buffer systems can be found In [1,2,3,5] for example. Another varla-
tlon of the single buffer system 1Is the buffer relaration system. In the buffer
relaxation system, newly arriving message can be stored in Its bufler after the
previous message's transmission has been started. An exact analysls of asym-

metric single buffer relaxed system can be fcund in [4].

In the case of Infinlte buffer systems, the buffer can hold any number of
messages without loss. Three baslc types of service discipllnes have been
identifled. These are: exhaustlve service discipiine, gated service discipline, and
limited service. In the exaustlve service scheme, the server will contlnue to serve

a station untll its bufler becomes empty before polling the next station. In the
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gated service disclpllne, the server continues to serve only those messages which
are walting at the station when 1t Is polled. Those messages which arrive durlng
the service time are set aslde to be served at the next polling. And In the limlted
service scheme a statlon Is served untll elther the buffer Is emptled or a specific
number of messages are served, whichever occurs first. Analyses of Infinite buffer

systems can be found in [5-11,186].

Most of the papers which appeared about polling systems considered only
models without prlorlty structure. However, for systems with priorities, only few
treatments have been published [12-15]). The reality Is that In data communica-
tlon networks there often exist different kinds of messages, such as real-time
volce, short Interactlve data, long flle transfer, acknowledgement and network
control. Therefore, 1t 1s desirable to have a priority structure among these mes-

sages classes, since the different classes usually have different delay requirements.

This chapter 1s an attempt to Introduce priority mechanism In single server
cyclle service disciplines. Our work 1s based on [16] In which Ibe gave an approxi-
mate analysis of asymmetric single-service polling systems without priority struc-
ture. Here, we present a mean value analysis of asymmetric priloritized token-
ring operation v'ith nonpreemptive priority queuelng discipline at each statlon.
At a station, higher class messages are glven non preemptive priority over lower
classes. The number of prlority levels and the walktime vary from one statlon to
another. Moreover the message arrlval process and the message transmisslon
time distributlon vary not only from one statlon to another but also from one
class to another. Under a Ilmited service disipline, the performance, as measured
by the expected waltlng time for each message class at cach station 1s obtalned.
As mentloned earlier, the Ilmited service system 1s falr (as compared to exhaus-
tive and gated systems) In the sense that It prevents heavlly loadcd statlons from

hogging the server. More Interesting characterlstics of this service discipline such
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as statlon and system stabllity will be discussed later on In this chapter.

A related study of a two prlority model appears in [13]. In thls two-priority
model, a statlon can be polled at high or low priority: a low-prlority poll always
begins with a low-priority service, and occurs only If there 1s no high-priority
messages present anywhere In the ring at the polling instant; otherwlse, the sta-
tlon is polled at high priority, and only high-priority messages are transmitted.
Within a given priority level, each station Is sequentlally polled for messages.
When all messages at a glven prlority are exhausted(from the system), the prior-
Ity of the server drops to the highest priority level of avallable messages, and
polling continues at this new level. Conversely, If while polling at a glven level, a
message of a higher prlority arrlves somewhere In the system, then the server
prlority jumps nonpreemptively up to the priorlty of this new message, and pol-
ling contlnues at that level. This requires that all the statlons have the exact
knowledge about the priorliy level of all the messages In the system at the end

of a message transmission tlme. Clearly, this 1s physlcally impossible and such

model Is not reallstlc.

We should note that the IEEE 802.5 token ring protocol[12] provides multl-
ple levels of message prlority by speclfylng a reservation scheme In which the
token Indicates the global ring priority level. The token contains a 3-bit fleld
which Indicates the lowest priority that may be currently transmitted; the proto-
col allows a maxImum of elght priority levels. A statlon may capture the token
and transmit messages only If 1t has at least one enqueued message whose prior-
Ity Is equal to or greater than the priority of the token. If all of a station’s
enqueued messages have prioritles less than the token's priority, the statlon may
bid for a token of lower priority by attempting to set a 3-blt reservation fleld In
the token. The transmitting station always emits a reservatlon fleld with a zero

value In message headers, thus ensuring that all statlons have a chance to bid for
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the token. Upon completion of its transmisslon, the transmitting statlon emlts
the token at the highest requested priority, saving the previous priority If it was
lower. If a statlon ralses the prlority of the token from X to Y, and later recelves
a token of priority Y, with no reservations higher than X, 1t returns the priority
of the token to X. It Is Important to notice that since the transmitting statlon
issues a token at the higher prilority, stations of lower priority cannot selze the
token, so It passes to the requesting station or an Intermedlate station of equal
or higher priority with messages to send. Even though the effect of these steps Is
to sort out competing claims and allow the statlon with the highest priority mes-
sage to selze the token as soon as possible, this has the disadvantage of allowing

stations with higher prlority messages to monopolize the token.

The layout of the chapter 1s as follows. The description and analysls of the
system are given In Sectlon 3.1. The stabllity condltlons for the system are dls-
cussed In section 3.2. The stmulation flow dlagram and results based on relevant

examples are given In Sectlon 3.3. and 3.4 respectively.

For most of the development In thls and subsequent chapters, the notation
formalized In the appendlx should suffice. However, where necessary, we will

Introduce further notatlon.

3.1. DESCRIPTION AND ANALYSIS

We conslder a multi-queue system with N statlons numbered from 1 to N,
Flgure 3.1a shows a queueing model of the system and the priority mechanism Is
described in Figure 3.1b. Each statlon ¢ (i = 1,...,/N) has an Infinite buffer and
recelves a certaln fixed number of Independent Polssont message arrival streams

which belong to one of a set of I; ( = 1,2,..,N) different prlority classes. The

t For the Poisson distribution, the probability of k message arrivals In T seconds s
P, = (\T)texp(A\T)/k! k = 0,1,2... where X is the average arrival rate. The Interarrival
time is exponentially distributed.
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number of prlority classes varles from one station to another. Our convention Is
that the smaller the Index assoclated with a class Is, the higher Is the priority of
that class. At a station, higher class messages are glven nonpreemptive priority
over lower classes. The distrlbution of the message transmisslon tlme varles from
one station to another and also from one class to another. We consider a limited
service model In which server administers service to one message at a time, If
any, from one station and with a finite walkitme, and then 1t goes to Inspect the
next station. The walktime varles from one station to another. We are interested
In the mean walting time (the mean time from the arrlval instant to the begin-
ning of transmission) for any arbitrary message of priority ciass j. at any station

X" Xl? eoe Xl(l le X” Ooolez AN] xNa oo ANIN

M/  NY/
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Station 1| ——

mi{i. ) 1ISISN; je1,2,..4)

Fig. 3.1a: Queuelng Model.
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Next, we glve some useful terminology. For any strictly cyclic-service sys-
tem, we can define a cycle time as the time between two successlve arrivals of
the server at a statlon. The passage ltme from statlon j to station i glven
event A Is the time from the Instant event A occurs to the tlme the server com-
pletes serving station i. The visit time of the server at station s 1s the tlme
between the arrival of the server at station ¢ and its subsequent departure from
that statlon. The snlervisit time of statlon ¢ Is the time from the Instant the
server leaves statlon 1 to the next time 1t completes walking to station i. The
walktime of station { is the time between the Instant the server leaves station
1 ~1 to the Instant It starts service at station i.

We consider a class j, tagged message which arrlves at station 1. A well-
known attrlbute of polnt processes Is that the distribution of the cycle in which
a random message arrives and the general distribution of cycles Is not the same.
An arrlving message selects longer cycles. An exact study 1s complicated since

the analysis of these cycles Is not easy. In order to simplify matters, we assume

that the general cycles and the cycles In which our tagged message arrives have

1dentical distributions.
Let W;; be the walting tlme of this class j, message at statlon ¢. The mes-

sage wlll see the system In one of the following mutually excluslve situations :

[1] The server Is performing a walktime,
[2] The server Is serving a class [ message at statlon ¢, [=1,2,....};

(3] The server Is serving a class [ message at statlon j, j54i; [=1,2,...l;.

We shall take advantage of the powerful technique of conditloning used so
often In probabllity theory; thls technique permlits one to write down the proba-
blllty assoclated with & complex event by conditloning that event on enough

conditlons, so that the conditional probabllity may be written down by simple
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inspection. The unconditional probabllity Is obtained by multiplying by the pro-
babllity of each conditlon and summing over all mutually exclusive and exhaus-

tlve conditions.

Before our class j, tagged message which arrives at statlon 1 gets transmitted,
not only messages belonging to the same class j, at statlon § seen by the mes-
sage when It arrives should be served but also all higher class messages seen or
arrived at the station while 1t 1s walting should be served. The conditlonal mean

walting time of the class j, tagged message at statlon s 1s glven by :

E[W”‘/ Mj‘=n,-‘, M‘ =n, Nw,-, =nw,; (l=l, 2, .., jc"l)]

Jem1 Je-1
= n; {my, + EU; ]} + ‘E n {my + E[Uy)} + ‘}3 nw {my + E [Uy]}
o] -]
N | N
+ 3 EPm,-‘ {moj, + E[VJ',',]} + 2 Pr,- {ro_,- + E[V,,l} (3.1)

J=1u=1 )=1

where (see Appendix A):

N,«.,-‘ A Number of class j. messages seen by the class j, tagged message at

statlon ¢ when It arrives.

Nuw; A Number of higher prlority messages which arrive during the walting

time of the class j. tagged message ( [=1.2,...,5.-1 ).

Ny A  Numberof higher class messages seen by the class j. tagged message at

statlon { when It arrlves ( |=1,2,..,5. -1 ).

i A Number of priority classes at statlon &
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Arrival rate of class /| messages at statlon ¢ , [=1,2,..,/;.

ll
Total arrival rate at station s. \; A RN
=1

Mean transmission time of class | message at statlon i.
Mean residusl life of a class | message at station 1.
Mean residual life of the polling time at station s.

Probablllty that the server Is serving a class /| message at station j

when the tagged message arrives.

Probabllity that the server Is polling station ; when the tagged mes-

sage arrives,

Passage time from statlon j to statlon i, glven that the tagged message

arrived when the server was serving a class | message at station j. This
time Is measured from the time service to the class / message at station

J ends.

Passage time from statlon j to station ¢, given that the tagged message

arrived when the server was walking to station j. This tlme s meas-

ured from the time the walktime to statlon j ends.

The Intervisit time for station ¢, glven that a class I message Is served

at statlon 1.
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By definltion E [V;] = 0.

It Is Important to note that in reality the Intervisit times for statlon { are not
Independent. There Is also a correlatlon between U; and the conditioned vari-

ables. The same dependency can be observed for V;; and V.

Let:

1",-,,J A Prob. that n; class j. messages are walting at statlon ¢ at the arrival
e

time of the tagged message.

Py, 2 Prob. that n (1= 12,.75.-1) messages are walting at statlon 1.

Piny, A Prob. that nw, class | ( [=1,2,..,5.-1 ) messages have arrived at station i

whille the tagged message Is walting.

Uslng the above definitlons, the unconditlonal mean walting time of a class j,

message at statlon ¢+ may be written as:

E[W; )= g PinJ‘ cnj {my; + EU;; 1}

n1‘==0

j:'l [+ 4]

+ 3 Y P, - m{my + EUyl}

l=ln,==0

jt_l [o¢]
+ 5 Y Py - nw{my + E[Uyl}

{=1nw =0

N
+ 3 S Pmji{mo; + E(Vyl}

j=tl=1

N
+ 3 Prj{ro; + E[V;]} (3.2)

Jw=1
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But
0
> P, . nj, =E[Ny] (3.32)
n, =0 ¢
00
2 Piy - m = EINy) (3.3b)
n; =0
and
(-]
b3 Pl'nw, . nwy = E [Nwy] (3.3¢)
nw; =0

From Little's formula, the average number of class 5, messages walting at sta-
tlon ¢ may be related to the mean waltlng time of class j. messages at station ¢
as follows:
E[N; | = X5, E (W) (34)
A simllar relatlon exists between the average number of higher class messages
(Il = 1,2,..,j.-1) and thelr mean walting tlme, that is:
E [Nyl = g E[Wy] (3.5)

The newly arrived higher class messages which recelve service before the tagged

message are those which arrived whlle It Is walting, and therefore on average, we

have :

E [Nwy] = Ng E[W,; ] (3.8)

Uslng equations (3.3), (3.4), (3.5) and (3.8), equation (3.2) becomes

E\W; )= {m; + EU; ]} EN;,]
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vit -1 jc -1

+ lzl{m,-, + E [U,,]}E[Nw,,] + ‘E {fﬂg + E [U“]}E [M‘]
= =]

N ‘J N
+ zuE,Pmﬂ{moﬂ + E[VJu]} + 2 Prj{ro,- + E [Vﬁ]} (3.7)
Jmallm= 3 =1

Thus the average walting time of a class j. message at station ¢ Is given by the

following recurslve relation :

jc'l
S {my + EUy) 3N E W]
E[W;)= I=1

Je
1- 3 Ni{my + E|Uy)}

{e=1
N N
.Elzpmﬂ{moﬂ +E[Vja]} + EP"J-{TOJ- +E[Vj|~]}
F=1l=1 Ju=1
-+ T (3.82)
1- ’Eka {my + E (U1}
-]
which becomes after successive substitutlons
N . N ‘
¥ YL Pmy{moy +E Vul}+ 3 Pri{ro; + £V}
E[W;)= Jg“?_l ’7' (3.8h)
1- 12 Na{my + E[Uu]}} [1 - lE)‘u{mu + E (Uy}
==} Lt} r

Volla!. This simple closed form expression for mean walting time of any class of
message at any station, is the major result of this chapter.

From renewal theory It Is known that
moj; = m,"z)/sz'l (3.93)
and
roj =r; (2)/21',- (3.9b)

Adding to equation (3.8b) for the mean walting time of the class j. message at
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statlon ¢ the mean transmission time m;; and the mean propagation delay to
the destination (assumed to be uniformly distributed over the ring) 7/2, the
mean delay of our tagged message 1s easlly obtalned. Hence, the mean walting
time of class j, message at statlon § and consequently Its mean delay may be
known once Pmj, Pr;, E|Vy], E V)] and E [Uy] are hnown. The determination

of these quantitles Is the objectlve of the follow:ng pages.

Before determining these unknowns, 1t Is Important to remark that when
l;=1, (i=1,....,N) we have an asymmetric single-service polllng system without
priority structure and eq. (3.8, reduces to eq. (3) In [18]. Moreover when N=1
eq. (3.8) reduces to the average weiting of a class j, message In M/G/1 with [,

prioity classes and with some form of server vacations. Let us now proceed to

find the unknowns.

Let P; be the probabllity that a statlon ; has at least one message In queue

at steady state when It Is polled. P,- can be evaluated as follows:

The mean cycle duration C s glven by:

N I Ay
C=x{n+PI¥s—mul} (3.10)
{mey Nk

k=)

By the Polsson assumption, the mean number of messages arriving at statlon )
In one cycle Is X\;C ; and the mean number of messages served In one cycle at
statlon j Is P; . For the statlon to be stable, the flow of messages In and out of

the station during a cycle should balance; that is we must have :

N Y )
NS + Pl —myl}=P; j=12..N (3.11)
k=1 I=1 Mg

The solution to this set of N equations with N unknowns i< :
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N
YIRS
P, = 1=t (3.12a)

N &
1- 3 S umy
bt =}

If P; denotes the probabllity that the message to be served at station j when 1t

is polled Is of class /, then

g = 1P, (3.12b)

The above result may be derlved from eq. (3.11) by replacing P;, \; by Pj, \j.
For notatlon simplicity, we deflne two Intermediate parameters m; which

represents the overall mean message transmission time at statlon j,

mj == Erm‘“ (3.13)

and Pm;, the probablity that the server Is serving a message at statlon i when

the tagged message arrlves,
The balance of flow In a cycle shows also that :

Pm,C = P,.m, (3.14)

The term (Pm;) reprcsents the portion of the time (cycle) the server Is busy serv-

Ing a message at station j. From eq. (3.14) :

m; (3.15a)

Thus, the total rate of messages served at station j which must be equal to the
mean number of messages served at that station per unit of time (cycle), l.e., the

throughput of the statlon j, Is glven by A ;m;.
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From eq. (3.12b), it may be seen that, given that station 5 Is busy at a ran-
dom polnt, the probabliity that the next message to be served Is of class [ Is
Mj /) j. Now assuming that the tagged message arrives when the server Is serving
station j, the probabllity that a class | message Is In service Is llke picking up
an interval among I; discrete possibliltles, each one occuring with probabllity
(Mji1/7;) and mean length of m; . The probabllity that the server Is busy serving

a class | message at statlon j when the tagged message arrlves Pm; 1s then

given by
Ny
SR
Pm,-, ‘) ; . Pm, == )‘Jl m,-, (3.15b)
> ')"J_'mﬂ

which represents the portion of the time (cycle) the server Is busy serving a class

| message at station j.

The probabllity that the server Is performing walktlme to statlon j when

the tagged message arrlves s glven by :

N bk
1~ E 2 XH my
it U (3.18)

N
PR
E=1

I
-

We conslder now the mean Intervisit time E'[Uy] :

E|Uy) 1s not an ordinary Intervisit time, but an Intervisit time 1n which a class /
message Is served at statlon i. Let g;y be the probabllity that statlon j has a

message to serve In a cycle during which a class | message Is served at statlon ¢.
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Then the mean length of such a cycle 1s :

N
Co=my+ 3+ 3 qgam (3.17)
K1 Eoki

and the number of messages served In such a cycle at statlon j 1s given by 9ji+

Thus, for the flow to balance in this cycle, we must have :

N
XJ' {m,-, + gz r. + t{_} Qe My } = 9jit» J=12,..N; =12, ]#l (3.18)
=] i

Equatlon (3.18) represents a system of /V-1 equations with N-1 unknowns which

may be solved easlly. The solutlon to this set of equations is :

N
N\ {ma‘*'kE re )
=]

1- 2 )\k my
k#i

9y = v =12, }; (3.19)

Thus, the mean Intervisit time, given that a class | message Is served at statlon

i, 1s glven by :

N
E [Ud] = 2 ry + 2 Qrit - My, l=l,2,..,l.' (3.20)
k=1 k #i

where q;; Is glven by equation (3.19).

Next, we conslder the mean passage time from station j to station s .

E[V;] 1s a special passage time. It Is subject to the fact that the tagged message

arrlved when a class [ message was belng served at station j.

Let qu;j; be the probablilty that a statlon k3 ; has a message to be served
in a cycle during which the tagged message arrived when a class ! message was
belng served at statlon ;. We should notice that the arrival time of the tagged

message breaks the current transmisslon at statlon j into two rarts. At the time
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the tagged message arrives some messages already arrlved at statlon & durlng
the first part of the transmission at statlon j; which corresponds to its age. Sta-
tion £ will continue recelving messages during the residual life of the transmis-
slon at statlon j. From renewal theory, the total mean transmission time of the
class { message belng transmitted at statlon § when the tagged message arrived
is the mean resldual time plus the mean age of its transmission tlme. Since the
mean residual time and the mean age of Its transmission time are equal, the

total mean transmisslon time of this class [ message at statlon j Is 2moy.

By the same flow balance argument we have used before,

N
e { E'qu"ﬂ m + 2.moy + Y r,} = QUi k=12,.N, k?é] (3.21)

nyéj n=1

The solution Is :

N
{2moy; + © 1y}

Uk = M~ EX:;:‘" . kg =12l (3.22)
nj
Thus :
i i-1
ElVyl= L n+ 3 quime, =12} (3.23)
k=j+1 k=j+1

where we have adopted the same conventlons as in [16); that Is when the sub-
script k£ >N, then k=k (modulo N ). Also, when s <j+1, then the first summa-
tion wlll be taken from j+1 to N, and then from 1 to ¢; and when i-1<j+1,
then the second summation will be taken from j +1 to N, and then from 1 to
i-1.

Finally to evaluate E [ V; ], we use the same method and obtaln :
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{2ro; + T}
— kat)
QU = X,, N (3.2")
1- E k, m;

| m=)

where qu;; Is defilned as the probabliity that statlon & has a message to be

served In a cycle In which the mean walktime to statlon j5 is ro;, the mean res)-

dual walktime.

Thus,

H i-1
E [Vj,'] = 2 ry + 2 QUi My, J;él (3.25)

k=j+1 k=)
This concludes the determination of all the unknowns and therefore the average

walting of a class j, at statlon ¢ may be easlly evaluated from eq.(3.8).

Before considering the flow dlagram of our simulation and some examples, It

Is important to dlscuss the stability conditions for this system.

3.2. SYSTEM STABILITY

Studles on stabllity conditions for polling systems deal malnly with system
stablllty. Station stabllity Is particularly useful in llmited service polling systems
because the Interesting feature of this service discipline Is that a statlon can still
be stable even when all other stations In the system are unstable. However, In
an unlimited service polling system, when one station becomes unstable then all
statlons become unstable. This Is so because the server spends an infinltely long
perlod of time at the unstable statlon thereby causing the queue length of each
station to Increase Infinitely. But in a limited service polling system, the bounded
number of customers that can be served at each statlon prevents any station
from hogging the server. Also, due to the bounded visit (sojourn) time at each

statlon, when priority mechanism 1Is Introduced, some classes may be unstable
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whlle others remaln stable.

We deflne a statlon In a polling system to be stable If the mean message
waiting time is finite [16,53]. In [53] 1t Is shown that for the ilmited-to-one ser-

vice polling system, the conditlon under which a statlon ¢ Is stable Is

N N
by p): ri + Y Mzn()\,,)\,)m, < 1. (3.26)

j=1 i=1
In particular, the stabllity conditlon for the statlon § with the highest arrival

rate 1s glven by

N N
i=1 i=1

N
Since Min( i h;)m; < 37 mj, every statlon will be stable If the statlon with
j=1

the highest arrlval rate ln the system 1s stable.

3.3. SIMULATION FLOW DIAGRAM

Before conslderlng the examples, It Is Important to note that the simula-
tlons, In thils thesls, make possible the systematic studles of the problems since
exact solutlons are not avallable and experiments on the real systems are not
avallable. Our simulatlon models (see appendix C for the prioritized token ring
and appendlx D for the Interconnectlon of token rings to be analyzed in chapter
V) describe the operation of the systems In terms of Individual events of the
Indlvidual elements In these systems. The Interrelatlonships among the elements
(such as queues) are bullt Into the models. Each simulation Involves a description
of the real way In which the system changes over some perlod of time; then each
model allows the computing device to capture the effect of the elements’ actlons

on each other as a dynamlc process. The flow diagram of the simulation of the
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prioritized token-ring shown below 1s composed of ten blocks.

S

Initialize
1 varjables &
parameters

First there is
2 sn arrival

8

Departure Departure

handling

Terminate

Yes

Arrival simulation
bandling ?
10
No Report
generation

- Generation
termination

O

Simuiation flow diagram for token ring.
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Block 1 : Initialization of the system variables and parameters

Here, we make necessary declaratlons, set the Initial conditions of the sys-
tem, and read data cards. The number of statlons In the system and the walk-
time duration are given. The minimum and max!mum number of messages to be
generated are glven. Four starting wvalues for random number generators are
inputs. They are for the aggregate message arrival process, the message
transmission time, the message source station and finally the determination of
the message class. The portlon of each message class Is glven and all the vari-

ables for statistlc gathering are Initlalized.

Block 2 : First there ts an ‘arrival

The simulatlon really starts with the arrival of the first message. The aggre-
gate message arrlval to the system Is generated according to a Polsson process. It
Is necessary to supply the expected number of arrlvals In a chosen Interval and
only one unlformly distributed random number. It 1s important to note that two
types of event may occurs In the system. These are arrlval of a message and
departure of a message. To ensure that the first event to conslder is an arrival, {t
Is necessary to assign a large value to the departure event 1n the Inltlalizatlon

block.

Block 8 : Arrival handling

Since we need to keep track of message’s movement In the system, a mes-
sage table Is necessary. Conceptually, the message table Is a list of messages that
are generated durlng the slmulatlon run. Assoclated with each message are
message's arrlval tlme, message source queue, message class, and message
transmlisslon tlme. Thls block allows us to assoclate an arrlval time, a source
queue and a class to each message. A message source queue 1s determined using

discrete mapplngs of standard uniform varlates. All that Is necessary 1s to divide
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up the range of the uniform varlate Into portions, one for each station source
queue. The width of each portion corresponds to the probabllity that a particu-
lar station will be chosen. The ratlonale behind this scheme Is that since the ran-
dom wvarlates are unlformly distrlbuted over the entire range, then the number of
times a random varlate falls in a glven portlon s determined by the width of the
portlon. We can notlce that, for symmetric system, the portions should have the
same width. To perform these mapplings, It Is only necessary to check the value
of the random varlates. Since bifurcations of a Polsson process are themself Pols-
son processes, the message arrival process 1o a station s Poisson. For the aggre-
gate message arrival to the system, we have seen that 1t 1s necessary to supply
the expected number of arrlvals In a chosen Interval and only one uniform ran-
dom number. A message class I1s determined by the same way and the number of
portions needed (at each statlon) Is equal to the number of priority levels at that
station. Thls block Increases by one the number of messages in the system and
the number of arrivals to the system. Since the message source queue and class
are known, the number of messages in that station queue and the number of
messages of that class at that statlon are also increased by one,

The portion of arrivals of that class Is computed by dividing the number of

arrivals of that class by the total number of arrlvals to the system.

Block 5 : Test for terminating generation of message

This test determines when enough messages have been generated. The fol-

lowlng two blocks constitute the possible situatlons which may arise.

Block 6 : Stop generation of message

To terminate generating new messages, one of the followlng two condltions
must be satisfled. The first conditlon 1s when the number of messages generated

so far Is less than the maxlmum number of messages we have given. In thls case,
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not only the calculated portlon of each message class should be equal to the
given value, but also the total number of arrivals to the system should at least
equals the minimum number of messages we have glven. The second condition is

when the number of messages generated Is equal to the maxXximum number we

have glven.

Block 7 : Next arrival generation

The generation of the next arrival Is done as In block 2. All that 1s neces-
sary 1s to supply the expected number of arrlvals In a chosen interval and only

one uniformly distributed random number.

Block 8 : Departure handling

This block allows us not only to assoclate with each message a transmlission
time, but also to handle the dynamlc of the system by the cyclic movement of
the server. Initially, the server Is at the statlon where the first message arrlved.
At each statlon visited by the server, the prlority mechanism deplcted In Fig.
3.1b applies. If the station visited 1s empty, the scheduled server arrlval time to
the next statlon In the polling order Is simply obtalned by adding a walktime to
the server arrlval timc at the previous statlon. Otherwise, 1t Is obtalned by
adding a walktime and a transmisslon time to the server arrlval time at the pre-
vious statlon.

For generatlng exponentlally distributed message transmisslon tlme, 1t Is neces-
sary to supply a mean and only one uniformly random number. If the statlon
visited Is not empty and after transmisslon Is accomplished, the number of mes-
sages In the system and the number of messages In that statlon are decreased by
one. The number of messages of that class which was served 1Is also decreased by
one. On the other hand, the number of departures from the system and from

that class are Increased by one. The remalning messag-~ In that class statlon
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queue move one step forward. This structure allows us to save memory space for
the message table since the table entries are created and destroyed as messages

arrlve and depart, respectively.

Block 9 : Test for terminating stimulation run

This test determlnes when the simulation run should be terminated. Since
block 4 ensures that enough messages have been generated, the simulation run is

terminated when all the generated messages depart from the system.

Block 10 : Report generation

‘When the simulatlon run Is terminated, the report generation block allows

us to print out summary statisties of the simulation run.

After belng constructed, the slmulatlon models are driven by generating
Input data (probabllistic simulations) and then simulate the actual dynamic
behavior of the systems. As any technlque of conducting sampling experiments
on the model of the system, the slmulated experlments should be regarded as
ordinary physical experiments, and shoild be based on sound statistical tech-
nlques. For the data analysls, we have used the method of replicating the simula-
tlon experiment. We run the experlment slx times using different and indepen-

dent streams of random numbers for different runs.

The simulatlon program ERIC-MAUREEN In Fortran/77 runs In a VAX-
UNIX environment, but Is easily transportable to other machines. The minimum
and maximum number of messages to be generated are glven as inputs and In all
the independent runs, more than 100,000 messages were generated. Six replica-
tlons of the slmulatlon were used in order to obtaln each polnt. Thus, a

t -distribution with five degrees of freedomt were used.

t For calculation of degree of freedom see appendix B.
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3.4. EXAMPLES

We consider, In thls sectlon, some relevant examples with comparlsons to
computer simulations to lllustrate the performance of our system; In each exam-
ple, the values as calculated using our analysls, are compared with the results of
a simulatlon, given as 85% confidence Intervalst . In all cases, the maxlmum
error! remalns well below 10%. The simulation program can be found in appen-
dix C.

Examples are glven for a fifty-station token ring, and for two and three
priority levels at the statlons. The extenslon of the conclusions to more than
three classes Is stralghtforward. Message transmission time Is assumed to be
exponentlally distributed or deterministie, 1dentical for all prlority classes and
with a mean as an Integer muitiple of the total propagation delay 7 which Is
taken as one unit. For all the examples, mean message transmission time s
chosen to be 100 (in units of 7) and the walktime s constant at r = 1/N (in
units of 7) for all statlons. These values are reasonable for practical systems. For
the cases with two priority levels, the arrlval rate of class 1 messages at a station
represents 50 percent of the tetal arrlval rate at that statlon. For the cases with
three priority levels at a statlon, each message class takes one third of the total

arrival rate to that statlon.

Example 1 : Fifty statlons symmetric system with two priority levels

F1g.3.2 shows the slmulated and approximate mean delay for each class for
d:fMerent values of the total throughput. The values obtalned from the slmulation

are summarized by table 3.1. The declmal parts are truncated since they are

$ For definition and calculation of confidence intervals and maximum error. sce apvendix B.
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negligible.

Example 2 : Fifty statlons asymmetric system with one heavily loaded station

A\ =4\and \; = )\, { = 2,..,50.

The approxlmate mean delays and the simulation result are illustrated In
F1g.3.3 as functlons of the total thoughput. The simulaclon values for mean

delays at statlons 2 and 50 are also summarized by table 3.2.

Exaniple 3 : Fifty statlons asymmetric system with five heavily loaded stations

kl = Xl‘ = Xal = XSI == X41 = QX and X" == X, '. # 1.11,21,31.410

The approximate mean delays at station 1 are plotted in Flg.3.4a and for
stations 2 and 50, the mean delays are lllustrated in Fig.3.4b. Simulation values

for mean delays In sets 1 and 2 are summarized by tables 3.3a and 3.3b respec-

tively.

Example 4 : Fifty statlons symmetric system with three priority levels

F1g.3.5 shows the approximate average delay for each class for different

values of the total throughput.

Example 5 : Fifty statlons, One heavlly loaded station and three classes

The approx!mate mean delays for each class at statlons 2 and 50 are plotted

In F1g.3.8 as functlons of the total throughput.

.6 243 + 11 247 + 12 |
7 320 + 15 320 + 17
B 8 484 + 25 401 - 27
9 240 + 53 965 + 72
.95 2120 + 132 2515 + 186

Table 3.1 : Simulation mean delays. Two-priority symmetric system.
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3

8 248 + 16 252 & 21
7 324 + 22 335 + 29

8 488 + 37 517 4 46

0 889 + 74 1012 + 83

.95 1685 + 118 2207 + 147

Table 3.2 : Simulation mean delays at station 2. One heavlly loaded statlon.

[Nean L1 ad. 1141} Bl
5 202 + 14 208 + 17
8 246 + 18 260 + 21
i 335 4 31 367 + 36
R 500 + 38 506 + 52
9 853 + 71 1280 + 104
.94 1740 - 132 2605 + 218

Table 3.3a : Simulation mean delays in set 1. Flve heavlly loaded stations.

e iz oughput SS ! ‘
8 212 1 18 245 4 22
.7 321 + 14 332 4- 19
& 470 + 32 518 + 46
.0 826 4 53 007 + 72
906 2180 4+ 182 2460 + 217

Table 3.3b : Simulation mean delays in set 2. Flve heavlly locaded stations.

From the above examples we make some Interesting observations with

respect to the average delays.

1) In all cases, a deterministlc message transmlssion time provides less delay

than an exponentlal one with the same mean.

2) Only In the symrm.etrical situation the stations have the same mean delay for

each class.
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3) In an asymmetric system, ldentical statlons (stations with the same arrival
rate, same transmission and walklng tlmes) do not necessarlly have the same
average delay. The latter depends on the distance of the stations relative to the
heavlest loaded statlon l.e the order In which the statlons are polled affects the
performance. We notlce that If statlons +-1 and i+1 are statistically ldentlcal
and statlon ¢ has a higher arrival rate than these two stations, then the mean
walting tlme of each class at statlon s +1 will be slightly larger than at station
1-1, If the polling order 1s ...,¢-1,¢, §41, - - - Simliarty, all statlons that are
polled directly after statlon ¢ wlll have mean delays for each class that decrease
as thelr "distance” from statlon ¢ Increases. This effect Is emphasized by the
second and fifth exampies and lllustrated In Fig.3.3 and Fig.3.8 respectively. We
notice that If statlon ¢ has the highest arrlval rate and all other stations have
the same arrlval rate (smaller than that of statlon ¢), then each class mean delay
decreases from station 141 to 1-1. The reason for thils phenomena may be seen
Intultlvely. Suppose a tagged message arrives at statlon j( j%i) and has to
walt. If statlon ; Is Just the successor of statinn ¢ In the polling order (l.e
j=i+1), from the Instant the tagged message arrived, most likely station i will
be between the statlons to be polled before statlon j;; and since statlon ¢ has the
higest arrival rate, most probably i1t will hold the token for transmission. The
situation changes with the position of statlon j In the polling order. The farther
away statlon j Is from statlon i In the polling order, the less likely siation 1 will
be between the statlons to be polled before statlon j. Since the probabliity of
the heaviest station to be polled before statlon j decreases, the walting time of

the tagged message at statlon j decreases consequently.

It Is Important to note that, In general, a message delay (from its arrlval to
Its service), consists of a resldual cycle, plus a number of romplete cycles. The

complete cycles are ldentical for all statlons. However, the 1+ -1 tnal cycle s larger
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for the statlons following the the most heavlly loaded station in the polllng order
since "thelir” resldual cycle Is more llkely to Include the most heavlly loaded sta-
tlon. This Is the reason for the position dependency of the delay at a station In
nonsymmetrlc systems.

In the nonsymmetrical cases, we notice also that lower priority classes
appear more sensitive to the poliing order. From the fifth example, we notice (at
saturation 0% load) that the difference 1n mean delays for each class between
statlon 2 and 50 Is approximately 4 times a mean message transmission time for
class 1, 8 tlmes for class 2 and 19 times for class 3. This Is 8lso to be expected
since a priority class blocking probabllity at a statlon decreases as 1ts distance
from the heavlest statlon Increases. The third example further emphasizes all vhe
above observatlons. In this example with 5 heavy statlons, we can note some ele-
ment of symmetry. In fact, statlons 2, 12, 32, and 42 sre 1dentical in the sense
that all of then are Immedlate successors of heavy statlons with the same rate.
Under thls concept, we can ldentify the following ten sets of ldentical stations
with the zet number specifled by 1ts first element:

{1.11,21,31,41}, {2,12,22,32,42}, {3,13,23,33,43}, {4,14,24,34,44},
{5.15,25,35,45}, {6,16.26,36,48}, {7,17,27,37,47}, {8,18,28,38,48},
{9,19,20,39,49}, {10,20,30,40,50}.

Mean delays for each message class are identical for statlons belonging to the

same set.

3.5. CONCLUDING REMARKS

We have extended Ibe's result to asymmetric polling systems In which each
statlon recelves different priority classes of messages. The number of prlority
classes vary from one statlon to another, and at a statlon higher class messages

are glven nonpreemptive priority over lower class messages.
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Several examples of asymmetric systems have been also consldered. In these
cases the approxilmate analysls I1s compared with simulation results. We also
observe that each message class delay at a station Is affected by the order In
which that station is polled. A simllar observation was made by G.B. Swartz [54)
who noticed that although the average cycle time s Independent of the station 1t
1s measured from, the varilance of the cycle time, on the contrary, s dependent
on the statlon and on the polling order. This second-order effect causes the delay
to be position- dependent. At heavy loads, the model seems to underestimate
high priority classes and overestimate low prlority delays. This reflects the fact
that at these loads, slnce queue lengths are no more stable over time, low prlor-
Ity messages are blocked more often than predicted for steady state network

behavlor, resulting In a reductlon of load for high prioritles,

‘We showed that operation of the priority mechanism 1s not free. There 1s a well-
defined cost assoclated with Its Implementation. This cost Is an easlly comput-
able functlon of varlous network parameters. The results obtained are very sim-
ple and the expresslons "sympatiques”t. This 1s not always the case. The Glanini
and Manfleld (G&M) analysis[13] of the two-priority polling system 1Is rather
complex even under symmetry. In the next chapter, we compare our results with
some others reported In the literature. The description and results of the G&M
model are glven and the varlous schemes of the prioritized versions of

CSMA/CD|70] are presented.

+ Sympatique is a french word. Its meaning here is pleasant, attractive to see and easy to under-
stand.
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CHAPTER IV

Priority Access Schemes in LANs: A Comparison

We have seen that the Introduction of priority mechanlsm In LANs was
motivated by different delay requirements among different types of messages
which exist In data communlcatlon networks. Even though this dlversity of mes-
sages In data communication Is not new, the concept of priority structure among
different types of messages does not have a long history In LANS, This explains
why only a few prioritized schemes In LANs have been reported In the technleal
literature. In 1985, Choudhury and Rappaport [70] developed a technlque to
approxlmate prloritized verslons of CSMA /CD, and have applled the technique
to a number of nonpreemptive and preemptlve schemes.

By the same time, D.R. Manfleld [71] presented the queuelng analysls of the
transmlssion delays for the two-way data trafllc between a central processor and
a set of peripheral controllers, where the communication is based on a complex
polling cycle glving eJective prlority to outgoing messages from the central con-
trol. The Incoming (low-priority) queues are served non-exhaustively whille the

outgolng (high-priority) queues are served exhaustively.

More recently, Glanin! and Manfleld studled the two-priority model[13]
where a statlon can be polled at high or at low prlority: a low-prlority poll
always begins with a low-priority service and occurs only 1f there are no high-
priority messages present anywhere In the system at the polllng Instant; other-
wise, the statlon Is polled at high prilority, and only high-priorlty messages are
transmitted. In Glaninl and Mansfled model[13] the declslon of transmitting a
message at a statlon Is based on the priority level of the whole system. Even

though our model Is much falrer for statlons and classes, thelr model (even not
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physlcally realizable) iIs closer to the one of IEEE standard than ours In which

the decislon of transmitting a message Is locallzed at the station.

In this chapter, we compare the results obtalned from our model (developed
In the previous chapter) with some of the results reported In [13] and [70}. The
delay-throughput characteristic of the schemes and the system behavlor at load
saturatlon polnt, constitute the two major performance aspects of primary

interest.

The layout of the chapter s as foliows. The description and results of Glan-
In1 and Manfleld's two-prlority mode] are glven In section 4.1. Some of thelr
results reported In [13] are compared with ours. The prloritized versions of
CSMA/CD are presented in sectlon 4.2 and the results compared with those

obtalned from the prioritized token passing mode! we have analyzed.

4.1 GIANINI and MANFIELD's TWO-PRIORITY MODEL [13]

In [13] Glanini and Manfleld (G&M) consider a multiqueue system with N
stations. Each statlon transmits varlable-length messages at two priority levels,
The conventlon in [13] 1s that the smaller the Index assoclated with a class s,
the lower 1s the priorlty of that class. Each statlon has two queues: a low-
priority queue (priority 1) and a high prlority queue (priority 2). Arrivals at sta-
tlon ¢, prlority j (i=12,..,N, j=1,2) are 1ndependent Polsson processes with
parameters >\,-,-; message transmisslon times are arbitrarlly dlstributed random
varlables with LST M;;(s). The overhead time needed to switch from statlon i
to statlon ¢ +1 s rnodelled by a random varlable with LST R, (s). A station can
be polled at high or at low priority. A low-priority poll always begins with a
low-priority transmisslon, and occurs only if there are no hlgh-priority messages

present anywhere In the ring at the polllng Instant; otherwise, the statlon 1Is
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polled at high priority, and only high-priority messages are transmitted. The

priority mechanism of the exhaustlve system Is described in Figure 4.1.

TOKEN ARFIVES
AT # NEW STATION
B PRIORITY = P
le

MESSAGES NEPE
AT PRIDKITY

TRANSMI Y
ALSSAGE

RAISE TOKEN
PRIGRITY 10 ||
HIGHEST PRIORITY
UN RING

ANYWIERE AT
PRICRITY P2

LONER TOKEN PRIORITY 10
HIGHESY PRIORITY ON RING

Flg. 4.1: Prlority Mechanism of the Exhaustive Service System|13].

As In our case and In cycllc queues In general, the mean delay analysis of
the two-prlority model I1s related to the study of cycle times. However, In the
two-prlorlty model, since a statlon Is polled at low priority only If there are no
high-priority messages enqueued anywhere on the ring at the polling 1nstant, the
time between low-priority polls at a glven statlon, a supercycle time s defined.
The analysls of the mean delay for low-priority messages 1s based on characterls-
tics of the supercycle tlme much In the same way that mean delay analysls In
the single-priority model Is based on a study of the cycle time. Glaninl and
Manfleld consldered separately the exhaustive and the gated service disclplines.

For each of these service disclplines, an approximatlon to the mean delay for
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both types of priority messages at each statlon Is found. Obtalning the results
requlres long and tedlous algebralc manipulations. Our objective Is not to derive
these results; however, even the expresslons are strongly dependent, we give here
the maln results obtalncd In the case of exhaustive service disclpline. The same

approach was followed for the case of gated service.

We deflne

Pij = )\"J' mg;, 1=1,..N, j=12

pi = pi1+ pia 1=1..N

N
p= 3 pi

i=1

Durlng a high-priority poll, transmisslon contlnues at statlon s untll the
high-priority queue is empty. The amount of service generated by a single high-
priority message enqueued at the polling Instant In the high-priority queue of

statlon ¢ Is a bus; perlod B; with LST given by

Bi(s) = M2 (5 + Mg - N2Bi(s)) (4.1)

The first two moments of B; are given by

. . (2)
E(B;) = l'"‘: . E(B‘2)=Hﬁ;">7
~ P2 = Pia

(4.2)

The duration of a poli at high priority Is the sum of as many busy periods, B,,

as there are high-priority messages enqueued at statlon ¢ at the polling Instant.

Durlng a low-priority poll, however, transmisslon continues untll both prior-
1ty queues are empty. The service discipline In each queue 1s FIFO, but high-
priority messages have nonpreemptive prlority over low-priority messages. The

amount of service generated by a single low-priorlty message enqueued .t statlon
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i at a low-priority polling instant Is a modifled busy perlod, which Is Inltiated by
a low-priority message, but In which all arrlving messages at elther of the two
priority classes are transmitted until both priority queues are empty. Let B,~ be
the length of this modifled busy perlod and §; the length of an extended service
at low priority. We may relate the LST of the modified busy perlod ( B;(s) ) to

the LST of the extended service at low priority ( S;(s) ) by
Bi(s) = 5; (5 + M1 - M1Bi(s)) (4.3)
with

Si(s)= M, (5 + N1 = N2Bi(8)) (4.4)

where B;(s) Is as defined In (4.1); the mean and second moment of B; can be

obtatned as follows:

(4.5)

m (1 = pig)m B Xigmiymy,®
EB.)= l_:_}n-' EBH = (1 —zp.- )sl (21 —)p,- ):

The duratlon of a low-prlority poll Is the sum of as many modifled busy perlods

as there are low-priority messages enqueued In the station ¢+ at the low-priority

polling Instant of that station.

It Is Important to notlce that for the gated service disclpline, only the high-
priority messages already enqueued In the statlon ¢ at a polllng Instanv are
transmitted during a high-pricrity poll, whereas durlng a low-priority poll, only
the low-priority messages already enqueued in statlon § at the polling Instant are
transmitted. The amount of work generated by a singie hlgh-priorlty mecsage
durlng a high-prlority poll has thus a LST slmply glven by M;(s) , and the work
generated by a single low-priority message during a low-priority poll has a LST

given by M; (s)



-77 -

To find an approximation to the mean delay, first ‘e Joint probabllity gen-
erating function of all queue lengths at polling Instants is determined. The first
two moments of the lengths of both priority queues at station ¢ are then used to

calculate the mean delay of messages In station i.

Let L;;(t) denote the number of class j ( j = 1,2 ) messages at statlon ¢ at
time ¢ and define the Joint and marginal generatlng functlon F; for |
Li(t)i=1,.,N;j=12 ] at time t=r;(m) (where m 1Is sufficlently large for
steady-state to have been achleved), l.e. the time when statlon ¢ 1s polied. The
equation governing the two-priority model may be obtalned by relating F; to

F; 11+ We have
Fi+1(z 108N 2 1' ...,ZN' )

N
=R,- 2 ()\jg(l—Zj)‘i')\jl(l—Zj' ))'

j=1

N
. [F, [z,,...z,-_,,B,- ( E)\,g(l - ZJ) -+ 2 )‘jl(l - ZJ" )] R alr BN 2 l’ ...,ZN' ]
J#i

j=1

- F;(0,..,0,z, ,...2xn")

N
+ F,' [0,..,9,21' ,..,Z,'_l' .B,’ [ E >‘j2(1 - ZJ) + E le(l - ZJ" )] .Z",H' ,..,ZN' l] (4.6)
Y F#i ]

i=1

We deflne
0%F;(0,..,0,z, ,...zx'
gi(o)(j k)= '(a ' al ’ w) ) (4.78)
2§ Y 2) =gy =1
2 '
Ji(j.k)= Tt ‘ (4.7b)
azjazk Fyae o mmaymzy gy ]
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and

aF'- (Zl..,ZN,Zl' ,..,ZN’ )

9.0))= 35,7 (4.7¢)

Iy= - gy mz! o mgy! w=)

To find an expression for the mean, the queuelng system In statlon & 1Is
modelled as an M/G/1 with server vacation time. It Is proven by G&M that In
the symmetrical case, the mean delay for class j messages at statlon ¢ (E(D;;) )

can be expressed as a functlon of ¢;°(¢,i) and f;(i,7). For low-priority messages,

we have
1-piq 0,08 Nym; @ Nigfiym; Y
E(D“) - Pig 9i" (1 '2) 1My igPi1Mig _ (4.8)
1-p; 2C)\;, 200 - )1 - pid) 201 - ;)1 - pig)
and for high-priority messages, we have
Ji(i,1) Pi1 mil(z) )‘izmiz(z)
E(D;p) = — 4.9
'2 1-p; 2C N2 1-pip 2my, 2(1 - p;y) (4.9)
where
C 1Is the expected cycle length given by
N
3
C == )
T (4.10)
Xail(l - P )2
(1= Npio)1 - p;) + (N = 1)p;1pi2)
2Nr.(1 - Np;
Nr;® 4 (N - 1)r; C - 2Nr; (1 - Np;)(1 - p;)C + il fis 9: (1)

Nia

+ NXi2(1 - p;2)°(1 - p;)CE (B;?)
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+ON =Nl - pigpil1 - Npi =2 CE(8,) (111)

12

and

Ji(ii)= )‘32 ”" [N @+ (N -1y C + (N = D)\5(1 - p; )1 - p,)CE (B%)

(2)

+ (N - l)ﬁ-(l - piz)g; V(i i) (4.12)

The computation of mean delay experlenced by each message class would have
been exact If g;(¢), the expected number of low-priority messages at an arbitrary
polling Instant of statlon ¢ was known exactly. Unfortunately, the equatlons
Glanin! and Manfleld obtained do not suffice to determine this quantity. Based

on regenerative points, an approximate expression for g, (1) 1s obtalned, making

thelr results approximate.

Results

Here, we present some numerical examples for a system with two priority
levels. In each example, the delay-throughput characteristics for each message
class, as calculated under our model are compared with the results In [13]. The
first eyample(Fig.4.2) Is for a system consisting of 8 statlons; the walktimes are
constant and equal to unlty; message transmission times are exponentlally distri-
buted with mean at both priorities equal to 10. The low-priority utllization 1s
equal to 40% of the total utllizatlon; and the service disciplines are exhaustive in
G&M model and limited in ours. The second example(Fig.4.3) Is for the gated
service dlscipline In G&M model. All parameters, as well as the distributions of
walktimes and of message transmlsslon times, are as In the flrst example. For the
third example(F1g.4.4), we conslder a system of 20 statlons with the same param-

eters as In the previous two examples. Both exhaustlve and gated service




-80 -

disciplines in G&M model are consldered.

From these results, the following conclusions can be deduced.
1) In all cases, high prlority messages perform better under G&M model com-
par:d to the llmited service of our model.
2) At low load, low prlority messages In G&M model(exhaustive or gated service)
perform better than all classes under Ilinlted service. The ranges in which this
phenomenon Is observed appear larger under exhaustive service than under the
gated one.
From F1g.4.2 where exhaustlve service Is considered, we can see that low priority
messages In G&M model show lower delay than class 1 and class 2 messages in
limited service for load less than .5 and .8 respectively; these ranges are reduced
when the service s gated (see Fig.4.3). In fact, at low traflic level, a priority
mechanism does not show a significant effect and the discrimlnation between
classes 1s not slgnificant. The tlme between low-prlority polls at a glven stailon,
a supercycle tlme, 1s not so different from 3 normal cycle. The system behaves
Just llke a normal token ring with exhaustive, gated or llmited service discipline
and It 1s well known that the exhaustlve and gated services perform better than
the limited one.
3) The limited service discipline (under our model) exhibits lower discrimination
among prloritles than exhaustlve or gated service disciplines (under G&M
model). This Is emphasized In Filg.4.4. Because of the large number of statlons,
comblined with the long walktimes (the time between polls of statlon ¢ when no
message Is sent durlng a cycle Is equal to 20, or two times the mean message
transmission time), the low-priority delays In exhaustlve or gated services are
extremely large, even at relatively low utllizatlons. As mentloned 1n [13], the
approximation appears qulte accurate Iln all cases except for low-priority mes-

sages at 80% utllizatlon; however, at that polnt, the low-priority delay Is so huge
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(approximately 200 times the mean message transmission time) that it would be
unacceptable In some applications. Under the llmited service and at the same

utilization(80%), low-priority delay 1s only 20 times the mean message transmis-

slon time.
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4.2 PRIORITY ACCESS SCHEMES USING CSMA/CD [70)

In [70]. an approximate technique for analyzing prioritized verslons of
CSMA/CD 1s developed and applled to a number of nonpecmptive and preemp-
tive schemes. The priority mechanism Is introduced durlng bus access, and at
the same time a general retransmisston strategy 1s used and the reteansmisston
delay 1s a function of priority as well as the number of previous sttempts, An
arbitrary number of priority levels ¢ 18 assumed, with the conventlon that w
smaller priority Index Indieates higher priority. ‘T'he channel 1% slotted In tQime
with slot duration ( r ) equal to the maximum propagntion delny between any
two statlons. Messages (with transmisston time assumed (o be genernally distl-
buted) arriving during a slot thme walt until the start of the next slot nt which
all ready statlons simultancousty attempt transmisston, The stability of the ays-
tem depends cructally on the avernge message rescheduling delay d,,. for the o th
priority after j unsuccessful transmission attempts, The system exibits a stable
operating polnt and only the average delay for each class at this point 1s con-
sldered. For purposes of analysls, the rescheduling delays are assumed arbitrarily
large; hence, the arrivals of tew and retransmitted messages ean be assumed to

be Independent and to form a Polsson process,

For simulation purposes In [70]. the new message areival process 1¢ the
channel Is assumed to be Polsson. The retransmitted messages are gene-ated
according to the reschedullng algorithm belng stimulated. A finlte popuiaiion of
statlons Is stmulated. New messages are consldered (o be generated only By thowe

stations not having n message outstanding,

Three schemes have beetr analvzed, ‘These are:
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Scheme 1: Nonpreemptive Priority. All messages transmitted tn One-persistent
mode.

In this scheme, all messages are transmitted in One-Persistent M~de. A sta-
tlon seeking access to the channel and finding 1t busy walts one slot and checks
again. Upon finding the channel ldle, the station transmits an intlalizatlon signal
of length g -i+1, where ¢ is the priority of its outstanding message. At the end
of the Initlalizatlon, it determlnes by sensing whether or not there Is a colllsion.
If so, the statlon restarts the algorithm, following a random backofl delay of
average d.~,- , Where j 1s a counter Incremented by one each tlme that the statlon
incurs a backofl delay In Its current access attempt; iIf not, 1t transmits its mes-

sage.

Scheme 2: Nonpreemptive Priority. Higher priorities transmit in One-persistent

mode, lower priorities tn nonpersistent mode.

FIx m. A statlon with outstanding message of prlority i <m s one-
persistent. It operates exactly as In scheme . except that when finding the chan-
nel busy, the statlon walts the backoff delay of d;; slots rather than one slot,
before trylng agaln; as In scheme 1, j Is Ilncremented by one each tlme the sta-

tion Incurs a backofl delay durlng its current access attempt.

Scheme §: Preemptive Repeat Priority

As In the previous two schemes, a message transmission 1s permitted only
upon successful completion of an Inltlallzation perlod of length g-+-i. This
scheme differs from the others In the followlng respects: 1) the channel Is sensed
busy by a statlon with outstanding message of priority ¢ only If an Initializatlon
slgnal, or a message of higher priority than ¢, Is In progress; 2) a backoff delay
d;; 1s Incurred each time In the current access attempt that the channel Is sensed

busy or a colllslon detected; 3) the channel I1s monltored durilng message
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transmission, and the transmission aborted at the onset of a colliston. Low-

priority transmissions are thus Interrupted by high-priority initializatlon signals

and a preempted message Is entlrely retransmitted.

Results

The delay-throughput characteristics for typleal prioritized CSMA/CD and
token passing (our model) are shown In Fig.4.5-8. Agaln, In all cases, a deter-

ministic message transmission time with the same mean provides less delay than

an exponentlal one.

From Figure 4.5, we can notlce that In token ring, class 2 message In the
deterministlc case performs better than c¢lass 1 with exponentlal message

transmission tlme for a very wide range of throughput. CSMA/CD exhibits an

identical behavlor, but only at low loads.

Fligure 4.8 conslders the eflect of message length varlatlon among priorites,
The shorter messages are given higher priority. In the prioritized CSMA/CD, we
observe that the higher priority messages experlence low delay at low
throughput, but the delay Increases slgniflcantly at higher throughput. This Is
due to the fact that shorter message transmission times Increase the ratlo of pro-
pagation delay and message transmilsslon tlme, thereby reduclng the channel
utilization. We should note also that once a lower prlority message gets access to
the channel, the short higher plority messages experlence a long walt, due to the
nonpreemptive nature of the priority mechanlsm. As In the cases without prior-

ity structure, the token ring Is less sensit!ve to the message length variation than

CSMA/CD.

Flg.4.7 shows the delay-throughput characteristlcs of a three-prioritized
CSMA/CD and token ring. As expected, delay for the highest priority remalns

relatively small even for high throughputs. However, there is rapldly Increasing
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discrimination among the prioritles as throughput Increases In CSNA/CD. For
all these throughputs, mean delay for all classes Is lower for token ring than even

the highest priority for CSMA/CD.

Flg.4.8 1s a comparison of the delay-throughput charateristics for schemes 1,
2, and 3 using a typlcal two-priority CSNA/CD and for a typlcal two-priority
token ring. In CSMA/CD, the difference In delays among prioritier s minimum
for scheme 1, Intermediate for scheme 2, and maximum for scheme 3. However,
the priloritlzed token ring under limited service discipline shows a discrimination
between classes which Is lower than In the three schemes. In scheme 1, both the
prioritles are one-persistent and the only difference among the priorities 1s in the
length of the inltlallzatlon signal durlng access. In scheme 2, on the other hand,
the lower prloritles are further penallzed by using nonpersistent access, In
scheme 3, also, the lower priority 1s additlonally penallzed because of preemp-

tion.
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4.3 REMARKS

It Is Important tc emphasize agaln that the operation of the priority
mechan'sm Is not free. Taere Is a well-defilned cost (measured In terms of
Increased average delay for low classes In order to galn for high classes) assocl-
ated with Its Implementation. In general there 1s a minlmum dlscrimination
made between the varlous priority levels and more we galn for higher classes, the
more we lose 7 r lower classes. The Intrigulng polnt Is the degree of satlsfactlon
we are looking for; how much we wish to galn and conversely until which point
we would accept losing.

The simplicity of our analysls, despite its generality, may show that the cost of
the prlority mechanism 1s an easlly computable function of varlous network
parameters. Glanin! and Manfleld's analysls confirms the contrary. They treat
only a two-prlority system: moreover, they are not able to find all expressions for
the asymmetric case desplte the complexity of the expressions they obtalned.
The extenslon of thelr analysls to systems with three or more priority levels will
Involve solving large systems of llnear equations. Under the same parameters, the
following Interesting polnt can be made. The lower bound for the delay of the
lowest priority message In G&M model Is glven by the delay for the lowest prior-

Ity message In our model which Is easlly computable.

Although the analysls of the prloritized CSMA /CD Is general, its complexity
1s not negligible. It Includes a determlnation of the nonutilizatlon perlod for the
sth priority and the activity factor defined as the average number of attempts
required for a message to be successfully transmitted. Although the nonutlliza-
tlon perlod can be obtalned through the solutlon of 2¢+1 slmultaneous llnear
equations, on the other hand obtalning the actlvity factor requires the solutlon

of ¢ simultancous noniinear equatlons.
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Limited service discipline can be easlly Justified elther under G&N model or
under ours. In fact, this service discipline possesses a characteristic desirable In
both models, however for contradictory reasons. In all cases, we wish to restrict
service to one In order to reduce the variance of the token cycle. Applying Iim-
Ited service to G&M model wlll have the effect of lowering the delay for the
highest priority, and giving better guaranteed service at a large cost for the
lowest. priority. We can Intultlvely affirm that In G&M model, one of the clr-
cumstances where the prlority mechanlsm results In a large and severe discrim}-
natlon between prioritles Is when service Is llmlited to a single message per token.
Applylng exhaustlve or gated service disciplines to our model will have the effect
of lowering the delay for highest prlority (however not to the same level as 1n
G&M model) and still at relatlvely acceptable cost of increased delay for the
lower priorities. Under our model, we can Intultlvely say that the largest discrim-
ination between prioritles Is achleved when the service Is exhaustive, while the
smallest 1s achleved when the service iIs llmited-to-one, Between priority classes,
the paradoxal falrness (1n our model) and unfalrness (In G&M model) Is essential
and In both models, limited-to-one service dlscipllne 1s necessary (but not
sufficlent) to galn "maximum desired beneflt” from priority operation. An {mpor-
tant consequence of the vartiabllity in diserimination among the prioritles 1s that
one has the cholce of moderate, Intermedlate, and severe delay difference among
priorities, depending on the system requirements under normal operation (usu-
ally at low to medlum load) or at extreme conditions. Therefore, an 1deal priori-

tized token ring would be a mixture of the models.

The discrimination between prioritles 1s not great unless the network 1s
operating under overload. A comblnation of other parameters such as the load,
the number of statlons, and the message transmission times may also contribute

for the discrimination among prloritles.
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General

The Increasing ase of distributed processing applications and personal com-
puters has led to a need for z flexlble strategy for local networking. Support of
premises-wide data communlications requires a neiworking and communications
service that Is capable of spanning the dlstances Involved and that Interconnects
equipment In a single (perhaps large) bullding or a cluster of bulldings. Although
1t Is possible to develop a single local network to Interconnect all the data pro-
cessing equipment of a premises, thls 1s probably not a practical alternative In
most cases. There are several drawbacks:

Reliabality: With a single local network, a single interruption, even of short dura-
tlon, could result 1n major dlsruption for users.

Capactty: A single local network could be saturated as the number of devices
attached to the network grows over time.

Cost: A single network technology Is not optimized for the dlverse requirements
for Interconnectlon and communlcatlon. The presence of large numbers of low-
cost minlcomputers dlctates that network support for these devices be provided
at low cost. Local networks that support very low cost attachment will not be
sultable for meeting the overall requirement.

Performance: With a single local network, the performance Is degraded as the
number of devices attached to It grows over tlme. Furthermore, when the local
network Is augmented by a prlority mechanism, lower class delays may become
so large that It would be unacceptable In any realistic application even when the

minimum discriminatilon among classes Is achleved.

A more attractlve alternative Is to comblne lower-cost, lower-capaclty local
networks wlthin bulidings or departments and to llnk these networks with a
higher-capacity (and therefore, high cost) local network. This latter network 1s

referred to as backbone local network. Although many studles have shown that
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Intradepartmental and Intrabullding communlcations greatly exceed interbulld-
ing communlications. 1t Is to be expected that the backbone network In a large
distributed processing environment will have to sustaln high peak load and, as
the demand for communicatlons grows over time, high sustained loads. Thus, a
major requirement for the backbone Is high capaclty. In the next chapter, a
topology together with accesslng technlque for Interconnection of LANs by a
backbone network, both of which use token passing, Is studled. Bux and

Grillo[52] Investigated flow-control Issues In this kind of system.



CHAPTER V

The Performance of Interconnected Ring Networks

Local Area Networks connect data sources In a limited geographical area to
one another and to a central facllity. Such networks have been widely deployed
and constitute an essential component of many information processing and infor-
matlon gatherlng systems. Because of thelr wide utllity and limited area of ser-
vice, 1t 1s becoming Increasingly necessary to Interconnect them to one another in
order to offer better service. The basic motivation for network Interconnection is
the same as that which led to networking In the first place: a desire to Intercon-
nect devices, malnframes, and so forth, to promote or allow sharing of resources
and communlication among users. In a sense, then, internetting creates the 1llu-
slon of a single large network. A loglcal Interconnectlon conflguration Is a high
speed backbone network which offers a common path for all traflic between
LANs. Our Interest Is In a general topology which would allow for growth and
flex1blltty. In this chapter, a topology together with accessing technlques which is
a loglcal solution to the Interconnectlon problem 1s studled. The specific prob-
lem under study s the Interconnection of LANs with a ring topology. In order to
simplify the development and operation of such systems, 1t s reasonable to use

the same ring topology for the backbone network.

It 1s of Interest, If only from a historical polnt of view, that the first net-
works which were dedlcated to data traflic were 1n the form of a hierarchy of
ring networks(19,20]). The resulting topology 1s shown In Figure 5.1. We have a
set of outer-rings, which are the LANs connected together by an lnner-ring, the
backbone network. The polnt of contact between the LAN and the backbone

network where the Internetwork traflic flows Is the gateway.
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The gateway depicted In Figure 5.2 has two buffers together with the attendant
clrcultry. A message destined for a distant local ring passes through a gateway
to the Inner-ring. The Inner-ring conveys the message to the gateway of the dis-

tant ring.

From operatlonal polnt of view, each outer-ring consists of a number of sta-
tlon queues and a half of a gateway referred to as outer-ring gateway queue.
Inner-ring queues are the other halves of the gateways carrylng trafllc from the
inner-ring to the outer. They are referred to as Inner-ring gateway queues. A
fundamental assumption of the study is that token passing is used. (Once the
ring topology has been chosen, token passing as the access technique follows logi-

cally since 1t 1s an almost universal standard).

In the Token Passing technique, a logical token clrculates In an outer-ring.
The capture of the token by a statlon allows It to place a message on the ring,
The message 1s accompanled by the address of the destination statlon. Each sta-
tlon reads the addresses of messages passing through and removes those with Its
address. In the same fashlon messages from local statlons are transmitted to the
gateways. After a single message Is transmitted (llmited-to-one service), control
of the ring Is rellnquished by passing the token on to the next station In a loglcal
sequence. We also assume that the gateway queues are treated In the same
fashion as all the other queues In the outer-ring networks. The same protocol 1s
followed In the Inner (backbone) ring. A token clrculates among the inner-ring
gateway queues; Its capture by an Inner-ring gateway queue allows 1t to transmit
a message to an outer-ring gateway queue.
In this chapter, we determine the mean delay for both local and Internetwork
traffic for two modes of operation at the statlon queues. The basic mathematical
model which 1s used In this study Is as before that of polling. The Polsson arrlval

of messages to the outer-ring statlons has been assumed, with two classes of mes-
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sages. Class 1 1s an Inter ring message, while class 2 message stays on the same
ring. We should note that the message Interarrival times to the gateway queues
are not exponentlal; consequently, the arrlval processes to the gateway(outer sund
inner-ring) queues are non-Polsson. An outer-ring conslsts of N statlon queues
recelving messages according to a Polsson process and an outer-ring gateway
queue with non-Polsson arrival process. The Inner-ring connects A Inner-ring
gateway queues with non-Polsson arrival to each of them. Thus, the aggregate
message arrivals to both outer and Inner-ring gateway queues are non-Polsson
and the results developed In chapter III do not apply. By means of a certaln
Independence assumpt!on and under a llmited service disclpline, outer-ring sts
tlons are modeled as an M/G/1 queue In this chapter. The gateways are modeled
as G/G/1 queues. In both types of queues, a message Initiating a busy perlod
recelves speclal service. The numerical resuilts derlved from the analysis are vall-

dated by simulatlion (see appendlx D for the simulation program).

5.1. THE MODEL

The mathematlcal model assumes M 1dentlcal outer-rings Interconnected by
means of a backbone Inner-ring. Each outer-ring consists of N station queues
and a half of a gateway referred as outer-ring gateway queue. The inner-ring
connects M halves of the M ldentical gateways. The outer and Inner-ring gate-
way queues transfer messages to/from an outer-ring from/to an inner-ring
respectively. The statlon queue j(j=12,...N) on ring i(i=1,2,.,.M) will be
referred to as g¢;;. The outer-ring gateway queue on ring « and the Inner-ring
gateway queue recelving messages from the ring i are referred to as G,; and Gy,
respectively. Messages flowlng In the network are classifled as class 2 or 1,
respectively, according to whether they are destinated for the same or another

ring than the one on which they are generated.
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Each station, with Infinite storage capacity, recelves an Independent Polsson
message arrival stream at a rate A messages per second. With probabliity o a
message 1s In class 1, and Its destination Is equally llkely to be any other outer-
ring. When the outer-ring ¢ server arrlves at queue g¢;;, service Is glven to only
one message, If any Is present and then 1t goes to Inspect g¢;; .4, (note that g;n 4, Is
called G, for the outer-ring gateway queue on the outer-ring i), following a
walktime required for the transfer of the token. The Inner-ring functlons In the
same way. If the token is at station j on the Inner-ring and there 1s at least one
message In G,,- , 8 message Is transmitted. The token Is then passed on to queue
Grj 41
Two service disciplines are considered. In the fIrst case, all messages at a station
queue are treated equally. In the second case, inter-ring messages are glven non-
preemptive priority over local messages since thelr path in the network Is much
longer. In both cases we assume that the probabllity that a queue Is busy Is
independent of all other queues. This and other approximations are justifled

through slmulation.

5.2. THE ANALYSIS

The dependency between statlons, gateways, outer and Inner-rings, coupled
with the non Polsson property of the arrivals to the gateway queues make an

exact analysls untractable; accordingly we present an approximate analysls.

The focus of thls analysls Is tc determine the delay for class 1 and class 2
messages. Since a class 2 message stays on the same outer-ring, Its delay Is equal
to the delay In an outer-ring statlon queue. In contrast, a class 1 message goes
through an 1nitlal outer-ring, Inner-ring and a final outer-ring. The delay com-
ponents are outer-ring statlon queue, Inner-ring gateway queue, and outer-ring
gateway queue delays, respectively. The objective of the following analysis will

be to determine each of the delay components. Thus we shull focus on three



- 102 -

distlnct types of queues In the system: the outer-ring statlon queues, the outer-
ring gateway queues and the Inner-ring gateway queues. All these queues are
assumed to be Independent except for a weak dependency among thelr service

times to be expialned laiter on. The outer-ring statlon queues are modeled as

M/G/1 with two classes of messages.

Our problem d!ffers from the classical one In that a message arriving at an
empty statlon recelves speclal service since It arrives at a random polnt during
the server cycle. An extension of previous work on non-preemptive priorities Is
carrled out for exceptional first service In order to model the system [55]. The
arrival processes to : oth the outer and inner-ring gateway queues are non Pols-
son; consequently, they are modeled as G/G/1 queues. As In the previous case, a
message arriving at an empty gateway queue recelves speclal service; thus exlst-
Ing G/G/1 results are not applicable and an extenslon of previous analyses 1s
necessary [55). Before starting the analysls, 1t 1s Important to note that the key
step of the analysls Involves a feedback mechanlsm which is cruclal for the solu-
tlon. The utilization factors for each of the three types of queue we will consider
are assumed known quantities. All the desired expresslons and speclally mean
service times are calculated as functlons of these utllizatlon factors. Only at the
end, these utilizatlon factors are obtalned from thelr baslc definition, as product
of mean service time and mean arrival rate. In order to obtaln these quantities,

It is required to solve a system of three nonllnear equations.

5.2.1 The Outer-Ring Stations

5.2.1.1 Case Without Priority

In this section, each station Is modeled as M/G/1 queue. Consldering a par-
ticular outer-ring station queue, the outer-ring server Is fictively always there.

However, the service time of a message 1s no longer 1ts transmission time as ina
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normal M/G/1 queue, but It Includes the walktlmes and the resldence tlmes of
the token In the other queues on that outer-ring as well as Its transmission time.
The objective 1s to determine the service time of a message arrlving at a statlon
to be served by the outer-ring server. In order to calculate thls service time, it Is
necessary to distinguish between messages that arrive at a busy queue and those
that arrive at an ldle queue. A message which has walted In a gueue wil] see a
departing token when 1t comes to the head of the queue. The token returns after
all the other stations on the ring have had access; whereupon, the message 15
transmitted. The tlme elapsing between the .ccesslon of a message to the head
of a queue and 1ts departure 1s counted as Its service time. This service time Is
made up of several components, resldence of the token at station queues and the
gateway queue, the time required to pass :he token between queues and the time

required to transmit the message ltself.
Under the assumption of symmetric trafflc on the outer-ring, the LST of the

probabllity distribution for the time of resldence of the server (token) In a sta-

tlon Queue may be written as

F(s)=oap,M(s)+ (1 ~0a)p, Mx(s)+1-p, (5.2.13)

where M,(s) and M (s) are the LSTs for the distributions of the class 1 and
class 2 message transmisslon times, respectively and where p, Is the probabllity
of a statlon queue being busy. a Is the portlon ¢f class 1 messages. Thls quantity
#, 1s the traflic load on a statlon and Is a varlable to be determlned as part of
the analysls. The time that the token resldes In an outer-ring gateway queue has

the corresponding LST

Gy(8)=p,M(s)+1-p, (5.2.1b)

where p, Is the utilizatlon factor of an outer-ring gateway queue which gives the
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probabllity of it belng occupled. Agaln p, Wil be determined as part of the
analysls. It Is important to note that when a message which arrlved at a busy
statlon queue reaches the head of the queue, the token has Just left that station,
hence the message sees a complete cycle. Under the Independence assumption
and ldentically distributed walk times the LST for the complete service time of 8

class j message arrlving at a busy queue Is glven by:

Y,i(s) =[G, (s IF (VR )V M, (s) j=1,2 (5.2.21)

where M;(s) and R(s) are the LLST of class § message transmisslon time and
walktime respectvely.

The arrival of 2 message to an ldle queue 1s assumed to occur at a random point
during a cycle of the server In which the statlon where the message arrives Is
found empty. The message which arrlves to an empty queue sees only part of a
token's cycle through the ring, the residual life of this token's cycle. Thus the
Laplace transform of the pdf of the service time of a class j message which

arrives at an ldle statlon Is assumed to be glven by:

1-X(s)

ch (s)= X

MJ(S) =12 (5.2.2b)

where X(s) end X are the LST of the distribution and the mean for the special
cycle during which the statlion where the message arrives Is found to be empty.
The term {1 - X(s)]/sX} represents the LST of the resldual life of this speclal
cycle.

X (s) and X are glven by :

X(s)= G,(s).IF(s )" IR (s)V*
and

X = - X)) (5.2.3)
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From the above equations, the mean and second moment of the service time

of a class j message arriving at a busy or empty statlon ¢an be determined.

The assumption that enables the analysls to be carrled through Is, of course,
that of independence among the queues. Previous analyses based on this assump-
tlon have glven reasonably accurate results [56,59]. In vlew of the other features
of th: analysls, particularly, the application of the exceptlonal service to non-
Polsson arrival, the assumption seems Justified. Finally, as we shall see, the

analytical results show excellent agreement with simulation.

We assume that the service times are l.1.d with transforms determined by
equations (5.2.2a) and (5.2.2b) for messages arriving at a busy and ldle statlon
respectively. Thus a statlon may be modeled by an M/G/1 queue with two types
of messages In which a message Inltlating a busy perlod recelves different service
than the others. When both types of message are treated In the same way, the
mean delay of a class j message and the other quantitles may be determined by
stralghtforward computatlon [26,58]). The Laplace transform of the overall mes-

sage delay, Including queuelng and service times can be shown to be[26,58]:

___ (l —p,)[)‘Y,(s)-—()\— 3)Yo(3)]

D,(s) = NATSETERY (5.24)
where
Y,(s)=aY,(s)+ (1-a)Y,(s) (5.2.5a)
and
Y,(s)=af,(s) + 1-a)¥,4s) (5.2.5b)

represent the LST of the pdfs for the overall service times when arrived at a
busy and an Idle outer-ring statlon queue respectively. Y,;(s) and Y,,- (s) (

J =12) are glven by equatlions (5.2.2a) and (5.2.2b) respectively.
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It Is Important to note that the queueing delay (walting time) Is the same

for both types of messages. The transform of its pdf Is given by:

D, (s)
P Yo(3)+(l —p,)f',(s)

W(s)= (5.2.6a)

and the transform of the delay distribution for a class j message Is glven by:

ch ()= W(s) [P, Yaj(s) +(1- pn)ch(s )] =12 (5.2.6b)

By successlve differentiations, the mean delay 3;' can be determined. Equation
(5.2.6b) and d,; represent respectively the transform and the mean delay experl-
enced by a class ; message at a statlon queue. These two terms are functions of
p. and p, ( utlllzatlon factors of a station and an outer-ring gateway queues

respectively) which will be determined in the sequel.

5.2.1.2 Case With Nonpreemptive Priority

Now, we conslder the case where class 1 messages are given non-preemptive
prlority over class 2 messages. Also In this case, it 1s necessary to distingulsh
between messages that arrive at a busy statlon queue and those that arrive at an
ldle queue. As the service times are deflned, equations (5.2.2a) and (5.2.2b)
representing the LST for the complete service times of a class ; message arriving
at a busy and an ldle outer-ring statlon queue, respectively, still hold. We shall
rely on the Markov chaln Imbedded at a class j service completlon epoch, indi-
cated by the term ™ j class epoch™, where j=1 or 2, to obtaln the mean delay
of each message class at an outer-ring station queue. The results we derlve in
this section are general results applicable to any prloritlzed M/G/1 queue In
which a customer Inltlating a busy perlod recelves speclal service. For our maln
Interest, we conslder only two priority levels. Howevcr. the results can be

extended easlly to more than two prioritles. This will cou~11tute an extenslon of



- 107 -

the results obtalned by Cox and Smith{72].

It 1s assumed that each statlon, with Infinlte storage capaclty, recelves an
independent Polsson message arrival stream at a rate of A messages per second.
WI1th probabllity a, a message I1s In class 1 and Its destinatlon iIs equally likely to
be any other outer ring. If X\; (7==1,2) 15 the arrival rate of class j message,

then;

Ay = ak and A = (1 - &)X

Let n;; denote the number of class j messages In an outer ring station
queue at the ith departing point.
n;; can be expressed In terms of the number In the queue at the previous epoch
and the number of new arrivals.
We may wrlte for n;, > 0.

n;_“_l = n" 1 - l + a 11 (5.2-73-)
where a;; (j=1,2) Is the number of class ¥ messages to arrive during a class j

message service time when the queue Is nonempty.
If the (i41)st departure Is a class 2 epoch, there could not have been any
class 1 message In the queue at the s th departure and we have for n; 2> 0.
Ny = Gy (5.2.8a)
n"+l.2 == n" 2" 1+ 022 (5-2.8b)
The final equation can be obtalned by considering the sltuation when the
fth departure leaves the queue empty. Since probablilty of the next arriving
message belng class j Is A /), It Is clear that, at the (i+1)st departure, all mes-

sages In the queue arrlved durlng the service time of thls message.
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Thus with probabllity X; /X, we have

n.‘ +1.! = a‘j * loj=102 (5-2-9)

Where 8;; 1s the number of class [ messages to arrive during the service time of
the class j message which Initiated the busy period.

We deflne
P2 Prob. [n,-.,>0]

Pz—A_= Prob. [n,-_,=0 » Mg > 0] (6.2.10)

and

P, A Prob [n,-’1 = N g = 0]

We calculate the two-dimenslonal probabllity-generating functions of n,,,, and

n; 1.2 DY conditioning on these three events. From equatlons (5.2.7a,b) to (5.2.9),

we have

1+

E[Z;'-ﬂ.x 2;'.+x.2] — PIE[Z;'"‘- °n z;-a+°a| / "x'.l>0]

+ PzE[Z:m z;.,g-Ham / n; y=0, n; 4 >0]

2 \; i, 4
+P, 3 _)\L E[zl" 2,7/ n,-,,=n,-,,=0] (5.2.11)
We follow the same steps as In the one-dimenslonal case to solve for the proba-
bllity generating function. The number of message arrivals Is Independent of the
number of messages In the statlon queue. Since the message arrivals to the
outer-ring station queues are Polsson, we have the followlng famlilar relations for

the number of arrivals durlng message service times:
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E[z:li Z;”] =Y (M-2)+70- zz)) (5.2.12a)
and

i, i,
E[Zl ’ Zz’]=Y,)' (xl(l-zl)+X2(l'—Zg)] (5.2.12b)

where Y,,-(a) and Y,,-(s ) are the LST of the pdf for the service time of a message
when arrived at a busy and an outer-ring statlon queue respectively.

Agaln by condltlonlng on the same events, we may wrlte

v o] <relie 4o ]
+ P2 E[z;'.ﬂ.z / n..+l'l.'=0, 12 >0]

+1-P1—P2 (5'2'13)

By assuming equilibrilum has been attalned, we may write

G(z1,29) EY E[z,"‘ z:"’ / n,~,1>0]
=FE [z g g2y n,-+m>0] (5.2.14a)
and
02(22) é E[ Z;"ﬂ / n."l"—_"o » n"'2>0]

= E[Z;'.“'2 / n.'+1.1=0. ﬂ,’+1’2>0] (5-2-14b)

Substltuting equatlons (5.2.12a,b), (5.2.13) and (5.2.14a,b) Into equation (5.2.11),
we obtaln after some rearangements the following expresslon which describes

completely an outer-ring statlon queue.
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P\Gy(23,23) 232, - Y,1(8,) ) + P3G ol2g) 24 [ 25~ Y, (8, ) )

3
+P, z,2,(1- EXTkY,*(s,)]=O (5.2.15)
k)

where we define
8 =N(1-z)+N(1-2z2,)

By differentiating equation (5.2.15) with respect to z, and z, and setting

2,=z,=1, We obtaln two equatlons. Solving this set of equations ylelds

A
P, 2 Pprob. [n,- ',>0] = -;\‘-p, (5.2.16a)
a Ay
P, = Prob. [n,-‘,=0 » g > 0] =P (5.2.18b)

with

Py él—Po =1—Prob[n,-.,=n,~.,= ]

2 —
kE e Gt
=]
= - — (5.2.16¢)
1- 3N [yak -9.::]

k=i

By differentlating a second tlme equatlon (5.2.15) with respect to z, and with
respect to z,, we obtaln three partial derlvatives corresponding to all pairs of z
and z,. Settlng 2z, = z, =1 In these equatlons ylelds three simultaneous equa-

tlons which can be reduced to the following expressions:

2 2
M{h 2"&%&”‘*‘(1-?.)2&9&”}
=1+ kel ke (5.2.17a)

(1-X\7)

_ 2 —
P X23/01(”11‘ 1)+ P.)‘z-faz(”zz‘ 1) + XYM [pn Yok o+ (1-94 ) Yok ]
g = b=l {5:2.17b)
Py (l - xl.?/-u)
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— 2 —(ﬁ
20, M¥nn + T M [Pa Yok -+ (1-p4 )0k ]
flgg =1+ dad (5.2.17¢)
2p, (l - >‘2-!702)

where
__  0G(z1.22)

Ny = az
1

=E[n, /n,>0]

Zymxg o]

n,y = ——— =E[n2 /n,>0]

822 ‘|=‘9’=1

and

Ngg ==

9G,(z2,)

622 =E["2 /n,=0,n2>0]

l‘=12=1

The expected number of class 2 messages at a 2-epoch Is then found by substl-

tuting eq. (5.2.17b) In eq. (5.2.17¢) as:

2 2 __m
>‘2{Pn Exkyukz +(1_P0)2xkgak }
— k=1 k=1

n22 =1 <+ (5.2-18)

2p, (1 -M% 1] (1‘)\1% 1'*27:2)

and after applving Little's results to customers In each class queue we have for

the average walting time of each message class

2 2 —7
Pe 35 AL Vs V+0- Py )kE M Dok
am]

iy =2 (7, -1) = 2= (5.2.198)
M 2(1-M\7,.)
2y T 2 T
P Zxkylk +(l-po)zxkgck
Tog = %(;.—,,_ 1) = —4=2 = (5.2.19b)

2(1-NTo1) (1-MT, 1000 2)

and the average delay of a class j message Including Its service time 1n an outer
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ring statlon queue is:
&y =w; +00; +1-p);. §=12 (6.2.20)

We should note that In both cases d,, represents the average delay of a
class 2 message not only In the outer-ring statlon but also In the complete sys-
tem. d,, Is the first of three components of the delay experlenced by a class 1
message. The other two components of this delay, denoted by d; and d, for

mean delays In the lnner-ring and destination outer-rings respectively, will be

determlned next.

5.2.2 The Gateway Queues as Generalized G/G/1

The arrival processes to both the outer and lnner-ring gateway queues are
non-Poisson. Consequently, they are modeled as G/G/1 queues. In this section,
each outer-ring and lnner-ring gateway queue Is to be modeled as a G/G/1 queue
In which a message Initlating a busy perlod recelves speclal service. First, let us

conslder an outer-ring gateway queue.

We conslder the situation where messages arrive at an outer-ring gateway
queue according to an Independent Increment process, l.e. the intervals between
arrivals are a set of Independent, identically distrlbuted random varlables. Mes-
sages may queue whlle awalting service. We assume that the outer-ring gateway
queues may have Infinite capaclty. We distinguish two different probabllity dis-
tributlons for the service times. The service tlme of messages which arrlve at an
empty outer-ring gateway queue, thereby Initlating a busy perlod, may be
different than those for messages which have walted In the queue. T he probabli-
ity distributlions of the service times are otherwise arbltrary except for a con-

straint on the average service time which Insures stablllty.
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In order to proceed with the analysis we deflne the followlng quantitles:

C, 2  the event of the nth customer arriving to the queue.
ty 2  interarrival time between C,; and C, .

Yon a service time for C, when arrived at a busy queue.
fon A service time for C, when arrived at an 1dle queue,
), 2 waiting time (In queue) for C, .

We assume that the random varlables {¢, }, {v,, } and {g,,} are Indepen-
dent and are glven, respectively, by the distribution functlons A(t), B(g,) and

B(y,) Independent of the subceript n.

For conventence we deflne two new random varlables
A
en =Yon — th 1

A
by =Yon ~ th 41 (5.2.21)

These random variables are merely the difference between the service time
for C, and the Interarrival time between C, ., and C, . For a stable system, we

wlll requlre that the expectatlons of e, and &, be negative,

The walting time of the (n +1)th message may be expressed In terms of the

walting time of the nth message as follows:

Wop 41 = max{o. Wy, + €, U(w,) + &, [1 - U(w,p )]} (5.2.22a)

where
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1 for w,, >0
U(Wen) = lo for w,, <0 (5.2.22b)

In equation (5.2.22a) we note the difference between messages which arrive at an
empty queue (w,, =0) and a non empty queue (w,, > 0). The term
Wop + €y U(w,, ) + &, 1 - U(w,,)] represents the sum of unfinished work (w,, )
found by C, plus the service ( y,, or §,, ), which it now adds to the unfinished
work, less the time duratlon ( ¢,,, ) untll the arrival of C, ,,. For a stable sys-
tem, we will requlre that the expectation of {e, U(w,,) + ¢, [1 - U(w,n )]} be

negative. This Is equlvalent to the expectations of e, and &, belng both nega-

tive,

We now deflne, as In [57], another random variable which 1s the "other half

of the walting tlme, and corresponds to the length of the idle period which 1s

terminated with the arrival of C, ,,, namely

v, = —min{o, Wy, + e, U(w,,)+ 8,1 - U(w,, )]} (5.2.23)

We note that either w,,,, or v, must be 0, l.e. the product {w,, ,,v,} 1s always

nul. From these deflnitlons we observe that

Won41= Uy = Wy, + ¢ U(wy) + &,(1 - U(w,,)) (56.2.24)

Formlng the transform on both sides of eq.(5.2.24), we obtaln

-o{w,. +e Uw, )+ ¢,1 - U(w,.)]}
e (5.2.25)

E [c"(wo-+l'”-)] — E

The left hand slde of eq.(5.2.25) may be written as:

E[e“'(w"+l '"')] = E[e'"‘/v,, >0] .P [v,. >0]
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+E [c TWeatlyy = 0] P [v,, = 0] (5.2.26)

Allowing the llmit as n —oo, we obtaln the following transform expression from

eq.(5.2.26) :

E[c-.(w.-u)] =1 -p)M,(-8)+ W,(s8)-(1-p,) (5.2.27)

where w,, —w, and v, —v

I, (s) 1s the Laplace transform of the 1dle perlod and

= P| arrival finds the outer-ring gateway queue ldle |

We may also write the limit form of the right hand slde of eq.(5.2.25) as :

E [e-a(w,+e)/wo >0].P [w, >0] + E [e—u /w, =0].P [w, =0}

= [”,o (3) - (1 o )]Co (8) + (1 ~Po )Co (3) (5'2'29)

where C,(s) and C,(s) are the Laplace transforms for the density describlng the
random varlables e and é respectively. Thus, from the eq.(5.2.27) and (4.2.29),

using (4.2.25), we obtaln Immedlately

(1 =p ) (=8)+ Wo(s)=-(1-p,) =W, (s)-(1-p,)]C,(s) +(1-p, )Co (s)(5.2.30)

This last equatlon flnally glves us

(l ’po)[l _Io(_8)+ 00(8)— 00(8)]
1-00(3)

W,(s) = (5.2.31)

It 1s Important to notice that equation (5.2.31) I1s the LST of the pdf for a custo-
mer walting time in any G/G/1 queue In which a customer Initiating a busy

perlod 1s glven special service. This constitutes the generalizatlon of the result
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obtalned by P.D Welch [58] and which now applles to the system G/G/1.

The transform of the message delay, Including queuelng and service times,

In an outer-ring gateway queue D, (s) Is given by:

— Po 'Io - Ca - Co
D, (s =Lz ll (lf);(s)(” L (p Ya(e) + 115, 17,00)) (52.32)

where

C,(8) =A4,(-8)Y,(s)
C,(s) =A,(-8)Y,(s) (5.2.33)
Thus, the transform of the message delay In an outer-ring gateway queue
may be known once A4,(s) (the transform of the Interarrival to the outer-ring
gateway queue), J, (s) (the transiorm of the 1dle period), Y,(s) (the transform of
the service time when arrived at a busy queue), ¥,(s) (the transform of the ser-
vice time when arrived at an empty queue) are determined. The approach used
In sectlon 5.1 can be followed 11 urder to obtaln Y, (s) and ¥, (s). An outer-ring

gateway queue 1s served by the server on an outer-ring, therefore:

Y,(s) = [F(s)V R (8)V*M,(s) (5.2.34)

where M,(s) and R(s) are the LST of class 1 message transmission and walk
times respectvely. F(s), the LST of the probabillty distribution for time of
residence of a token In an statlon queue Is given by eq.(5.2.1a).

When a message arrives at an empty outer-ring gateway queue, the transform of

its service time Is glven by:

1-X(s8)

Yole) = —%

M(s) (5.2.35)

with

X(8)=[F@)V IRV
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and
X = - Xx80) (5.2.36)

X(s) and X are the LST of the distribution and the mean for the speclal cycle
during which the outer-ring gateway queue where the message arrlves Is found
empty.

It 1s important to note that equatlon (5.2.35) 1s an approximation for the
LST of the service time of a message which arrlves at an empty outer-ring gate-
way queue. This approximation s not valld for D/D/1 queues.

Now let us determine A4,(s), the transform of the Interarrival time to an
outer-ring gateway queue. The arrlvals to an outer-ring gateway queue come

from the Inner-ring gateway queues.

Let:
] a inner-ring gateway queue number which generated the last arrlval to this
outer-ring gateway qucue.
k& number of complete cycles the server went through since the last arrival
untll the next arrival to the same outer-ring gateway queue.

e

number of inner-ring gateway queues visited by the inner-ring server fol-

lowing the last complete cycle.

Bt A probabliity that a message from the Inner-ring gateway g;; Is destinated

to the outer-ring gateway queue g, (k745)

If we assume that a message from an Inner-ring gateway queue Is equally

likely to go to any one of the (M -1) outer-rilng gateway queues, then

=1 _
Bjk_(M—l) P

Under these assumptions, the LST of the Interarrival time may be written as:
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0o M-1M-j-1 N . . )
A,(8)=B 5 2 (1-BpM-D¥-16, (G (s))F [Hy(8 )M +I-1[R () F -1+ pf (s)

k=0 ==l §n=)

+ (5.2.37)

oo M- M . . \
By 2’ Y (1= Bp)M20, Gy () H (8 )M HUR (8 ) F MDY AL (a)

k=0j=18=M-j+1

where G;(s) represents the LST of the pdf for the token resldence time In an
Inner-ring gateway queue (see eq. (5.2.44).

H;(s) Is the LST of the probabllity distributlon for residence time in an lnner-
ring gateway queue, conditioned on the event that there s no message addressed

to the outer-ring gateway queue. H;(s) Is glven by:

Pl(l"ﬁ)M (x-p1)

Hi(s)= Y

(5.2.38)

where p; iIs the probablillity that an inner-ring gateway queue is busy.

pi(1 - B)
1-p,8

Is busy glven that 1t does not have a message to the desired destination, while

(1-p1)
1-p8

1dle glven that 1t does not have a message to the deslred destination.

The term represents the probabllity that an inner-ring gateway queue

the term represents the probabllity that an Inner-ring gateway queue is

The token goes to (kM + ¢ — 1) Inner-ring gateway queues before the next
message to the same outer-ring gateway queue s generated. In each of the cycles
of the token, there are visits to the Inner-ring gateway queue serving the same
outer-ring; these visits cannot generate the next message. Each one of the
k(M - 1) + ¢ other vislts Is assumed to generate the next message with probabll-
1ty (Bp;), and not generate it with probabllity (1 - Bp;). Thus the number of

visits In between two arrivals to the same outer-ring gateway queue is assumed
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to be geometric. In the final Incomplete cycle, the token may or may not go to

the Inner-ring gateway queue serving the same outer-ring, and this accounts for

the two terms In the expression.

To obtaln /,(s), the transform of the ldle perlod In which the queue Is
empty, we have assumed that the departure of the message which leaves the
outer-ring gateway queue ldle may occur at any random point durlng the
Interarrival time of the messages. Under this assumption, the ldle perlod may be

seen as the residual life of the Interarrival time and its transform 1s glven by:

1'140(8)

1;(3) =
st,

(5.2.39)

where T,, ,» & function of p;, Is the mean interarrival time to an outer-ring gateway
queue,

Agaln, at this point, 1t s Important to note that eq. (5.2.39) is an approxi-
matlon not valld for D/D/1 queues but completely valld only for random depar-

ture.

Now, all the transforms are known. By successlve differentlatlons of equa-
tlon (5.2.32) and after some algebra, we can determine d,, the mean delay
suffered by a message In an outer-ring gateway queue (queuelng time plus service

time).

of +of +(-p, ), + 7, - 7
2(1-p, XI; + §o - %)
o, -op + (T - BT + T - 2h)
«(L+ 8 -0
L@
AR AN )

7, =

+0,% + (1-p,), (5.2.40)
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Equatlons (5.2.32) and (5.2.40) represent the Laplace transform and the mean
delay In an outer-ring gateway queue respectively. Even If Y, (s), Y, () A, (8)
and I, (s) are known and thelr corresponding moments easlly evaluated, these
two expresslons remaln functlons of p,, p, and p; which will be determined fol-

lowing analysls of the inner-ring gateway queue.

Next we shall analyze the lnner-ring gateway queues., The arrival process to
these queues Is also non-Poisson. Thus, an inner-ring gateway queue may be
modeled as a G/G/1 queue. However, the analysls of the Inner-ring gateway
queue Is very simllar to that of the outer-ring gateway queue just presented and

thus we may wrlte simllarly the following equations:

The transform of the pdf of a message delay In an Inner-ring gateway queue

Is glven by the following modificatlon to eq. (5.2.32).

(- p)t = Ij(-s) + Cy(s) - Cy(s)

Dy(s) = YA 5 (o Yi(s)+ (1= pp 1¥1(8)) (5.2.41)

Ci(s)= A (-8)Y,(s)
Ci(8) = A;(-8)¥y(s) (5.2.42)
p; represents the probablilty of an Inner-ring gateway queue being busy and

A;(s) Is the LST of the Interarrival time to an lnner-ring gateway queue.

We should note that there are only class 1 messages In the Inner-ring. We
assume that thelr transmission time is the same as in the outer-rings and the
walktime between Inner-ring gateway queues Is also the same as In an outer-ring.
In this case, If M Is the number of gateways, the conditlonal transform of the
pdf of the service time of a message which arrives at a busy Inner-ring gateway

queue Is glven by:
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Yi(s) = [Gr(a MR (8 )Y .M (s) (5.2.43)
where G;(s) represents the transform of the pdf for the resldence time In an
inner-ring gateway queue.

Gi(s)=p M\(8)+1-p (5.2.44)

When a message arrlves at an empty Inner-ring gateway queue the LST of

the pdf of Its service time may be approximated by:

. - l—Xl(S)
1(8) —x My(s) (5.2.45)
with
Xp(s) =[G (s )M [R (s )M
and

Xy = -X;"0) (5.2.48)

Now let us determine A4,(s), the transform of the Interarrival to an Inner-
ring gateway queue. The arrtvals to an Inner-ring gateway queue come from the
outer-ring gateway queues.

Let:

jé outer-ring statlon queue number which generated the last arrival to thls

inner-ring gateway queue.

ké number of complete cycles the outer-ring server went through since the

last arrival untll the next arrlval to that Inner-ring gateway queue,

ig pumber of outer-ring statlon queues visited by the outer-ring server fol-

lowilng the last complete cycle and which did not have message des-

tinated to the Inner-ring gateway queue.

]2

probabllity that a message from the outer-ring station queue Is des-

B
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tinated to the Inner-ring gateway queue /

If we assume that the new arrival Is equally likely to come from any of the

N outer-ring statlon queues, then 8, = 1/N.

Under these condlitlons, we can write A,(s), the transform of the pdf of the

interarrival time to an Inner-ring gateway queue as:

oo N N-j . . ,
A[(s )= TIV_ 2 E 2’(1 _ap.)kN-fl—!ap‘ [Go (s )]k [Fo(s )]EN+I—1[R (s )]i(N‘H)-HMl(s)
k=0 =1 § ==]
+ (5.2.47)
1 & XN A EN+i-30, 10 (s ) EHIE. (5 YIEN +-31R (5 JIEIN #1049 \f
~ Z=) 2 33“2(1-01’.) ap, [G,(8))" T [F,(s)) [R (s)) i(e)

where G, (s), the transform of the resldence time 1n an outer-ring gateway queue

Is glven by

G,(s) = p, M1(3 )+1-p, (5°2'48)

F,(s) Is the LST of the probabllity cistribution for residence time In an outer-

ring statlon queue, conditioned on the event that there 1s no message addressed

to the inner-ring gateway queue. F,(s)Is glven by:
Pa(l'a) (I-P,)

F,(8)= ———M)s) +

(5.2.49)
1-p,a 1-p,a

The transform of the pdf of the idle perlod can be obtalned under the same

assumptlon as for an outer-ring gateway queue.

I(s) = ——— (5.2.50)

where {;, a function of p, and p;, Is the mean Interarrival time to an Inner-ring
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gateway queue.

The mean delay suffered by a message In an lnner-ring gateway queue Is

glven by :

op +af + (-p) T + 0y - 41)
21-p)I7 + 91 - 91)
g - op + (U - 0 Nur + 8 - 24)
27 + & - 9D
L@

- e 40T + -0 (5.2.51)
2l + 9 - ur)

Jl=

Since Y;(s), ¥;(s), A;(s) and I;(s) are known, thelr corresponding moments can

be easlly determlned, but stili these terms are functlons of p,, p, and p;.

For the case when local and Inter-ring messages are treated equally, the
LST of the pdf for the delay of a class ;7 message ( D,;(s) ) Is glven by equation
(5.2.6b). When there Is a prlority structure at the outer-ring statlon queues, the
mean delay experlenced by a class j message is glven by equatlon (5.2.20). The
transforms of the pdf of a message delay In an outer and inner ring gateway
queue are glven by equatlons (5.2.32) and (5.2.41) respectively. Thelr respective
averages are glven by equatlons (5.2.40) and (5.2.51). Since all the Intermediate
quantities required to obtaln the mean delays and in some cases the distribution
of the delay are functlons of p,, p, and p;, the only unknowns are these utlliza-
tlon factors. We have assumed that p,, p, and p; (probabllity that an outer-ring
station queue, outer and Inner-ring gateway queues are busy respectively) were
known quantitles. All the expressions and particularly the service time distribu-
tions were calculated In terms of them. From the definitlon of the utlilzatlon fac-

tor as the product of mean arrival rate and mean service time:
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Pe = aN 9, Ty + (1-p,\0, 1 | + (1-0IN 5, T, 4+(1-9,)T, 5 | (5.2.52a)

Po =X, [0, ¥, +(1-p,)0, ] (5.2.52b)
and

pr =N1p1% + Q—p)iy | (5.2.52¢)

where the expressions In brackets are the unconditional mean message service
times for the three Kinds of queues we have analyzed. A, and \; represent the
arrival rate to an outer-ring and an Inner-ring gateway queue respectively. They
are glven by 1/1, and 1/f; respectively.

Equatlons (5.2.52a,b,c) constitute a set of three non-linear equations In p,,
p, and p; which can be solved numerlcally. Solving for p,, p,. p; and substitut-
ing Into the corresponding expresslons determlnes all the quantities we are look-

Ing for. The mean delay experienced by an Inter-ring (class 2) message 1s given

by:
a-l-=al_l-+ao_+al_ (5.2.53&)

and for local (class 2) messages

d; =d,; (5.2.53b)

This concludes the analysls of the system of Interconnected ring networks.

5.3. NUMERICAL RESULTS

In thils sectlon, some numerical calculations and simulation resuits are
presented to verlfy the assumptions Introduced in the analysls. In each example,
the mean delays, as calculated using our analysls, are compared with the results

of a slmulation, given as 95% confidence Intervals., In all cases, the maximum
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error remalns below 15%.

The simulation program ANAIS In Fortran/77 runs In a VAX-UNKX
environment, but s easlly transportable to other machines. The outer and Inner
rings work baslcally as descrlbed by the flow dlagram In chapter III. The major
difference 1s that we can not predict a schedule-arrival event clock for the gate-
way queues since the Interarrival times to these queues are not exponentlally dls-
tributed. Since each ring has 1ts own server, there 1s one schedule-departure
event clock for each of them. However, the only one schedule-departure to con-
sider 1s the minimum of all of them.

The minimum and maximum number of messages to be simulated are glven as
Inputs and In all runs, more than 100,000 messages were simulated. Six usable
replicatlons of the simulatlon experlment were used In order to obtaln each
point. The total number of outer-ring statlon queues (nq) Is given as an integer
multliple of the number of outer-rings (nrgs). The value of a Is glven but also
computed Interactively. To ensure that the glver: and the computed values are
equal, we may have to run the program more than once In order to obtaln a
usabie replicatlon. Flve startlng values for random number generators are also
Inputs. They are for the aggregate message arrlval process, the message
transmisslon time, message source statlon, determination of the outer-ring gate-
way destinatlon queue for internetwork messages, and filnally the determination
of the messages class. Message arrlval process, message transmlission times, mes-
sage class and source statlon queue are determlned exactly as explalned In
chapter IIl. The determination of the outer-ring gateway destinatlon queue for
Internetwork messages 1s obtalned through discrete mappings of standard unl-
form varlates. All that Is necessary Is to divide up the range of the uniform varl-
ate Into AM-1 portlons, one for each possible destinatlon outer-ring gateway

queue. This I1s equivalent to attributing a zero wildth portlon to the outer-ring
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gateway queue which Is on the outer-ring from where the Internetwork message

Is originated.

For the examples we conslder, messages are assumed to be exponentlally
distributed with mean length 100 In units of the total propagation delay of the
outer-ring. The walktime per station In the same units 1s 1/(N +1). The theoretl-
cal mean delay results are plotted agalnst the total arrival rate ( Ay == NM. )\
per unit of total propagation delay) for different values of N (number of statlons
on an outer-ring) and M =4, number of outer-rings In Flgures 5.3-8. We should
note that the three types of queues constitute three kinds of bottienecks in the
system. Our oblectlve Is to reduce the delay of Inter-ring messages but at a small
cost for local messages. To reach these objectlves, the proportion of the Internet-
work trafllc (a) Is first chosen as .1, which Is a reasonable value. Cases of 20 and
40 statlons per outer-ring are consldered. For a=.1, the simulation results for
the case of four outer-rings with 20 stations each are given in tables 5.1 and 5.2.
Table 5.1 summarlzes the simulated mean delays In an outer-ring and table 5.2
summarizes the total mean delays for Inter-ring messages. For this value of a,
outer-ring gateway queues are bottlenecks since they tend to saturate faster than
outer-ring station queues. Inner-ring gateway queues are not saturated and the
delay In the lnner-ring appears negligible when outer-ring gateway queues are
under heavy loading. At outer-ring statlon queues, the trlangles and the circles
on the corresponding figures show the simulatlon results for class 1 and class 2
messages, respectively. For the total mean delay of class 1 messages, the trian-
gles on the figures show the simulatlon results for the case without priority while
the crosses are for the prlority case. For class 2 messages at outer-ring station
queues, only slmulation results for the prlority case are shown. Because of the

small value of a, the difference with the nonprilority case 1s not significant.

In Flgures 5.3 and 5.5, the slngle solld llne shows the mean message delay in




- 127 -

an outer-ring, with class 1 messages glven priority while the broken lines show
the case without priority. As may be seen, the class 1 message delay has been
reduced compared to the non-priority case whille the Increase In class 2 message
delay Is very little and not distingulshable from the broken llnes, which 1s to be
expected because of the small values of a. Since outer-ring statlon queues are not
heavily loaded (compared to outer-ring gateway queues), the discrimination
between priority classes Is not subtantlal. For 20 and 40 statlons on an outer-
ring, the outer-ring gateway queues carry, respectively, double and quadruple of
the traflic on an outer-ring statlon. Consequently, with 40 statlons, outer-ring
gateway queues reach saturatlon faster than In the case of 20 stations; and the
priority beneflt with 40 statlons per outer-ring 1Is smaller than for the case of 20

stations.

Figures 5.4 and 5.8 show the end-to-end mean message delay for class 1
with and without prlority. Agaln prlority achleves more reduction !n delay for
the case of 20 statlons. Even though outer-ring gateway queues saturate faster
than outer-ring statlon queues, outer-ring statlons dominate the ring because of
thelr number. The approximatlon seems to overestimate the arrlval rate to
outer-ring gateway queues and therefore the delay In these queues. We notlce
that the computed values glven by the analysls overbound the slmulation. Simi-
lar results have been observed for an analysls of a star network using a simllar

analytical approach [59].

The solutlon In this case where outer-ring gateway queues are bottlenecks Is
to conslder another service disclpline at these queues. However, thls may have a
negative eflfect on outer-ring station queues In which messages (In both classes)
may experlence longer delay than before. For outer-ring statlon queues to
become bottlenecks, the value of o should be small (less than 1/N ). This 1s llus-

trated by Figures 5.7 and 5.8 for a system of four outer-rings, each connecting 20
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stations and for a=.02. Agaln because of the small portion of internetwork mes-
sages, local messages are almost not penallzed by the prlority mechanlsm and
class 2 mean delays for the two cases are not distingulshable from each other.
We can see that at heavy loading, mean delay for Internetwork messages Is sub-
stantlally reduced to the same level as for local messages. The reason Is that for
this value of a outer-ring statlon queues saturate faster than the gateway queues,
which enable us to emphaslize the advantage of giving priority to Internetwork

traflic at an outer-ring statlon queue.

)\ 3 —
.016 185 + 16 198 + 18

.02 203 + 22 253 + 27

.024 286 + 31 Bt 349 + 35

.03 497 + 50 502 + 63

032 880 + 74 815 + 83

,034 898 -+ 02 1306 + 160

035 1358 + 168 2370 + 253 |

Table 5.1 : Simulatlon mean delays 1n an outer-ring station queue.
4 outer-rings, 20 statlons per outer-ring, a=.1.

W W

018 510 + 42 513 + 48
02 590 + 49 812 + 57
.024 704 + 54 703 + 89
.030 1109 -, 93 1215 + 130
.032 1512 &+ 137 1640 + 196
.034 3095 + 322 3864 + 428

Table 5.2 : Simulatlon total mean delays for Inter-ring messages.
4 outer-rings, 20 statlons per outer-ring, a=.1.

Remarks

It Is clear that the outer-rings are not symmetric systems because of the
presence of outer-ring gateway queues. Consequently, mean delays in outer-ring

statlion queues should be affected by thelr posiiion relative to the outer-ring
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gateway queue. For the simulation (see appendix C), we had to take the average
delay over all outer-ring station queues. We did not attempt to give mean delay

at each statlon. This was not wseful because It was not possible to obtaln from

the mathematlical analysls.
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CHATER VI

CONCLUSIONS AND FUTURE WORK

This thesls has been concerned with the prlority mechanism In token ring
and the Interconnectlon of token ring networks through gateways. The maln
difficulty with these Issues arises from the mathematical complexity of polling

systems In which the statlons Interconnected are strongly dependent.

The maln contrlbutlons of the research described In this thesls have been to
provide analytlcal solutions, even though approximate, to these lmportant issues
In LANs. There are stlll some open problems related the priority mechanism in
LANs and thelr interconnectlon. The results presented In this thesls and related

Issues that may benefit from further investigations are summarized next.

In chapter III, an asymmetric prioritized token ring operation with
nonpreemptive priority queuelng and a limited-to-one service disciplines at each
statlon was consldered. In nonsymmetric cases, we found that message delay at
statlon 1s affected by the order In which that statlon Is polled and lower classes
are more sensitlve to the polling order effect. The problem remalns since an exact
solutlon even for the case of only two statlons is not avallable. Other Interesting
varlations that need further Investlgations are the gated and the exhaustlve ser-
vice disclpllnes. We think that the limited service discipline allows a moderate
discrimination among priorities while the gated service offers a medlum diseriml-
nation and the exhaustive service a severe delay difference between priorities.
However, rigorous mathematical treatments are needed to quantlfy these levels

of discrimination.

The results obtalned from our model developed In chapter III were com-

pared with some results reported in the literature In chaptar I'V. We observed




- 137 -

that at low loading even lower classes In Glaninl and Manfleld's model (under
exhaustive or gated service) perform better than all prloritles In our model. Also
at low trafc, all the schemes 1n the prioritized CSMA/CD give better delay.
The most Important result Is that the mean delay for the lowest prlority class,
which can be easlly calculated In cur model, constitutes a lower bound for the
average delay of the lowest priority class In G&M model. We aflirm that the cir-
cumstance where the priority mechanism would result In a large and severe
discrimination between prloritles In G&M model Is when service Is limlited to a
single message per token. A systematic and rigorous study should prove
Interesting. In both models, the paradoxal falrness (In our model) and unfalrness
(In G&M model) of the limited-to-one service Is necessary, but not sufficlent, to

galn "maximum desired beneflt” from priority operation.

Finally In chapter V, the problem of the Interconnection of LANs by a
backbone network, both uslng toKken passing, was considered. Two general
results were developed. The extenslons of the prloritized M/G/1 and the G/G/1
to cases where a message Inltlating a busy perlod recelves speclal service have
general applicabliitles. Recently, a network with star topology has been accu-
rately modeled as an M/G/1 queue In which messages arriving at an empty
queue recelve service different than those which arrive at a busy queue. We think
that the prloritized M/G/1 results ri1ay constitute a good approximation for the
star augmented by a prlority mechanlsm at the source queues. Since the service
times as deflned In [59] still hold, 1t Is only a matter of substitutlon. It appears
evident that allowing mixed service strategles on outer-rings, that Is for the
outer-ring gateway queues to transmit more than a single message per token will
reduce one of the delay components of the Inter-ring messages. Unfortunately,
the pseudo-conservation law Is not helpful because of the non-Polsson charac-

teristic of the arrlval process to outer-ring gateway queues. A generallzatlon of
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the pseudo-conservation law to the case of general arrival process should prove
very Interesting. Rigorous mathematical treatments are needed to quantify and
compare the reductlon of delay in an cuter-ring gateway queue and the Increase
of the delay In a statlon queue,

The advantage of the ring In allowing a large number of statlons to be connected
to the system Is Important in practical applicatlons for the outer LANs. Since
the number of the statlons on the backbone network Is usually not large, a back-
bone star will also be a viable alternative. Benefitting from the characteristics of
a star topology, It willl be possible for the backbone statlons to transmit and
recelve simultaneously at the full bandwidth of the medlum. We think that this
would Improve the performance of the system significantly when inner-ring gate-

way queues are bottlenecks.
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APPENDIX A

NOTATION
l; Number of priority classes at statlon s
i Arrival rate of class | messages at statlon ¢ , I=1.2,..};.

l,
A\ = 33 \; Total arrival rate at statlon 1.
l=1

M;(s) Laplacc-Stieltjes Transform (LST) of the pdf of & class ! message

traasmission time at queue ¢,

m; Class | mean message transmisslon time at queue ¢.

my? Second moment of a class | message at statlon .

mo; Mean resldual life of a class I message at station ¢,

R, (%) LST of the pdf of the reply Interval (walktime) at queue 1.

r; Mean walktime at statlon i.

r; @ Second moment of the walktime at statlon §.

ro; Mean resldual life of the polling time at statlon 1.

Pm;, Probabllity that the server Is serving a class !/ at statlon 5 when the

tagged message arrives,

Pr; Probabllity that the server Is polling statlon ; when the tagged mes-
sage arrives.

Via Passage time from statlon j to station &, glven that the tagged mes-
sage arrlved when the server was serving a class /| message at statlon

§. This time Is measured from the time service to that ciass | mes-

sage at statlon j ends.
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Passage time from statlon j to statlon i, glven that the tagged mes-
sage arrlved when the server was walking to statlon j. This time is

measured from the time the walktime to statlon j ends.

The Intervisit time for statlon ¢, glven that a class ! message Is

served at statlon s.

Number of class j. messages seen by the class j, tagged message at

station ¢+ when It arrives.

Number of higher prlority messages which arrlve during the walting

time of the class j, tagged message ( {=1.2,...,5.-1 ).

Number of higher class messages seen by the class j, tagged message

at station ¢ when It arrives ( [=1,2,...,7.-1 ).

Probablility that an outer-ring statlon queue Is busy (its utilization

factor).

Probabllity that an inner-ring gateway queue is busy (its utilizatlon

factor).

Probabllity that an outer-ring gateway queue Is busy (its utilizatfon

factor).

LST of the pdf of the service time of a class j message arriving at a

busy statlon.
Mean class j message service time when arrlved at a buy, statlon.
Second moment of class j message when arrived at a busy statlon.

LST of the pdf of vhe service time of a class j message arrlving at an

1dle statlon.
Mean class j message service time when arrlved at a busy statlon.

Second moment of class j message when arrlved at a busy station.
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LST of the pdf of the service time of a message arriving at a busy

outer-ring gateway queue,

Mean message service time when arrlved at a busy outer-ring gate-

way queue.

Second moment of a message service time when arrlved at a busy

outer-ring gateway queue.

Variance of a message service time when arrived at a busy outer-ring

gateway queue.

LST of the pdf of the service time of a message arrlving at an idle

outer-ring gateway queue.

Mean message service tlme when airlved at a busy outer-ring gate-
way queue,

Second moment of a message service time when arrlved at a busy
outer-ring gateway queue.

Varlance of a message service time when arrived at a busy outer-ring
gateway queue,

LST of the pdf of the service time of a message arriving at a busy
Inner-ring gateway queue.

Mean message service tlme when arrlved at a busy inner-ring gate-
way queue.

Second moment of a message service time when arrlved at a busy
inrer-ring gateway queue.

Varlance of a message service time when arrived at a busy Inner-ring

lateway queue.
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LST of the pdf of the service time of a message arriving at an ldle

inner-ring gateway queue.

Mean message service time when arrived at a busy Inner-ring gate-

way queue.

Second moment of a message service tlme when arrlved at a busy

inner-ring gateway queue,
Varlance of a message service time when arrived at a busy inner-ring
gateway queue.

LST of the pdf of the Interarrival time to an outer-ring gateway

queue.
Mean messages Interarrival to an outer-ring gateway queue.

Varlance of the Interarrival time at an outer-ring gateway queue.

LST of the pdf of the Interarrival time to an inner-ring gateway

queue.

Mean messages Interarrival to an inner-ring gateway queue.
Varlance of the Interarrival time at an Inner-ring gateway queue.
LST of the pdf of the walting time In an outer-ring gateway queue,
LST of the pdf of the walting time in an Inner-ring gateway queue.
LST of the pdf of an outer-ring gateway queue 1dle perlod.

Mean outer-ring gz.eway queue ldie perlod.

Second moment of an outer-ring gateway queue idle perlod.

LST of the pdf of an Inner-ring gateway queue ldle perlod.

Mean 1nner-ring gateway queue ldle perlod.

Second moment of an inner-ring gateway queue idlc perind,




APPENDIX B

CONFIDENCE INTERVAL AND MAXIMUM ERROR OF ESTIMATE

For each simulation conduced In thls thesls, the method of replicating the
simulation experlment Is used for analyzing the data. The experiment is run
many times using different (and presumely Independent) streams of random
numbers for different runs.

Suppose that we replicate the experiment m tlmes, and each replication gen-
erates n observatlons,
d;); 1<i<n, 1< <m.
The number n corresponds to the total number of messages generated and d; ()
Is the delay of the {th message In the jth experiment. Thus, we have the total
of n’=mn usable observations. We denote the sample mean delay of the j
replication by

2"3 d; )

d0) — -'iln—- , FJ=12,..,n

Then, the set {m 1<j<m} forms m Independent and Indentlcally distrl-

buted random varlables. The best estimates of the mean and varlance o4 of the

varlables d“ j's are given by the overall sample mean delay

Ma

naT— L

L
m e n j

d = é d; (J)
li=1

and the sample variance

el UL
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respectively. Since the number messages generated 1s sufficiently large, the varl-

ables dU7's are approximately normally distributed., Then, the distribution of the

variable

d - mean.(s;}/m)'/*

can be approximated by the t-distribution with m -1 degrees of freedom. Thus,

the confidence iInterval for the mean Is given by

d +E

ta/z:m -1

where £ =
ml/2

.84 1s the maxlmum error of estimate.




APPENDIX C

PROGRAM ERIC-MAUREEN

CONBEBISRERINIS S SIS AER SR ESRINAER S SKSORE RS SR A SES kR kb

ceesnsseasess PRIORITIZED TOKEN- RING ssssssssnnssssssns

[ I YIS T TR R T RI 2R R R A PR RIS R RS TR RS2RS0T 2R RS 22283 2 8
program Eric-Maureen

program priority

Integer qs(2,50),qst(50),nar(2,50),nars(50),nofd(2,50)
integer seed(4),xy1,xy2,2y1,2y2,c,2t,tng,not,nq,narv
Integer nofdt,gse,narcl(2),nofdcl(2)

real sum3,sum,su(2)

real gavdel(2,50),v(2),N(2),u1,u2,r1,r2,wt,sumi,sum?2
real st,at,x1,x2,2

real cat(2,50,900),avdel(2,50),del(2,50)

real alfa,alfal,sdel(2),adel(2),avwt(2)

Chkdddknxikinkk 1q : number of queues 1IN the SYSUEIL ik sk ik sk ks ok sk sk ok kok ok

printx,’how many queues(nq)?’
prints,'nq="?%
read#*,nq

cxxxkk Generatlion of starting values for random numbers generators*x
CHxkkkkdokkkkkkxx], arrival time of messages
Cookdokokkok ok k ko ok k%2, essage class
Ckokokkokok ok ko % k%3, TNessage transmission time
Cokodokk kkkkkkokkd, message source queue
¢
do 15 1=1,4
print*,'lseed(’,l,')=2?"
readx,Iseed(1)
15 continue

¢ wxxxkkkkkkaxkGeneration of arrival rate V(1) and #sskkkkokkokkokkokk
C sxkkkokkkkkkakxV(2)(the transmisSION Tate) ki ksk ko kkokk ko kok ok kokok

do 16 11=1,2
print*,'v(',i1,")=""
read=,v(l1)

16 continue

Chixkxxiikkk NOt : minimum number of customers to be generated *x*kikx*
Chxkxtkkkks NOL ¢ MmInimum number of customers to be generated #¥*xkkx%
Chkkxkkkrkkkkadk WL o WAlKLIINE kxdokkokokokokdkokok kokokdkokok sk ok &

prints,'alfa=="%"

readx,alfa

print*,'not="?"

readx*,not

printx,'notsup="*"

read*,notsup

wt=(1./float(nq))

write(10,108) v(1),v(2),alfa,wt,not,notsup
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106 format(' *,5x,'v(1)=",11.5,"v(2)="f11.5,"alfa=",f11.5
& ,'wt="11.5,'not=",111,'notsup=",11)

¢ gse : system slze
¢ nar(1,J) : number of class 1 arrivals to queue )
¢ gs(1,)) : number of class | messages In queue }
¢ gst()) : number of messages In queue )
¢ nars(§) : number of arrivals to queue }
¢ narcl(l) :number of class 1 arrivals to the system
¢ nofdcl(1) : number of class | departures from the system
c cat(l,),]) : the 1th class 1 arrival time at queue )
¢ cdt(1,4,1) : the 1th class | departure time from queue )
¢ nofd(1,}): number of class 1 departures from queue }
¢ narv : number of arrlvals to the system
¢ N(1) : next arrival time
¢ N(2) : next departure time
¢ tnow : time now
€ ok akokkakaokok ok ok okok kR TNIC1ATIZATTON Hak sk sk s sk sk sk sk ok ok sk e
tnq==nq+1
kb=0
narv=0
nofdt=0
gse=0
t=0.
tnow==0,
sum1==0.
sum2=0.
sum3=0.
sum==0.
servt=0,
trilc==0.
do 19 J1=1,2
sdel()1)=0.
narcl()1)=0
nofdcl(j1)=0
su(J1)=0.
do 191 j2=1,nq
qst(32)=0
nars()2)=0
qs(31,)2)=0
nar(31,)2)=0
nofd(J1,J2)==0
gavdel(J1,)2)=0.

101 continue
19 continue

N(2)=10%%37
Chxkkankkrknkk FIrst there IS an arrival sxkkekksssxk ks

xy1l==Irand(iseed(1))
Iseed(1)=xy1
x1="float(xy1)/2147483647.0
at==-(1.0/v(1))*alog(1-x1)
t=t+at
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N(1)=tnow+t

100 If(N(1).1e.N(2)) then

zy4=Irand(iseed(4))
I1seed(4)=2y4
u2==float(zy4)/2147483647.0
do 21 J20=1,nq
r2=float(J20)/float(nq)
if(u2.le.r2) then

goto 67

else

endlf

21 continue
67 k==J20

qnb=k

zy2=irand(iseed(2))

Iseed(2)=1zy2

ul=float(zy2)/2147483647.0

if(alfa.ge.ul) then
=]

else

c=2

endlf

sum=sum+at

goto 110

else

goto 120

endlf

ckkxxnxnkk s ARRIVALSx* ARRIVALS* % ARRIVALS® %k ko sk d sk sk sk ok skok ok ok
110 tnow=N(1)

qse=qse+1
narv=narv+1
ast(k)=gst(k)+1
qs(e,k)=qs(c,k)+1
nar(c,k)=nar(c,k)+1
narcl(c)=narci(c)+1
alfal=float(narcl(1))/float(narv)
nars(k)=nars(k)+1
cat(c,k,qs(c,k))=tnow
if(narv.eq.1) then
goto 120

else

endif

105 If(alfal.eq.alfa.and.narv.ge.not.and.narv.le.notsup
& .or.narv.eq.notsup) then

N(1)=10%437
else
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kk=0

xyl==Irand(iseed(1))
iseed(1)=xy1
x1=float(xy1)/2147483647.0
at=-(1.0/v(1))*alog(1-x1)
N(1)=N(1)+at

endif

goto 100

¢ *xkkkxxkk*DEPARTURE**DEPARTURE#**DEPAR TURE # % k sk ok ke ke wk
120 kb=kb+1

if(narv.eq.1.and.kb.eq.1) then
J=aqnb

else

endlf

iIf(qst(}).ge.1) then
1f(qs(1,)).ge.1) then
=1

goto 102

else

if(qs(2,)).ge.1) then
1=2

goto 102

else

endif

endif

else

I=J+1
N(2)=N(2)+wt
1f(J.eq.tnq) then
=1

else

endif

goto 100

endlf

102 kk==1

zt=Irand(1seed(3))
Iseed(3)=2zt
z="float(zt)/2147483647.0
st=-(1.0/v(2))*alog(1-2)
sum3=suma3+st

if(l.eq.1) then
su(1)=su(1)+st

else

su(2)==su(2)+st

endif
if(narv.eq.1.and.kb.eq.1) then
N(2)=tnow-<t

else

N(2)=N(2)+st

endif

tnow=N(2)
nofd(l,))=nofd(l,})+1
nofdcl(l)==nofdcl(1)+1
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222

301

310

300
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nofdt==nofdt+1
avdel(l,))=tnow-cat(l,J,1)
gavdel(l,))=gavdel(l,))+avdel(1,))
as(lJ)==as(l,))-1

gse=gse-1

ast())=ast())-1

if(qs(1,)).ge.1) then

do 88 )88=1,gs(l,J)

J89=)88+1
cat(l,,)88)==cat(l,},)89)

continue

else
endif
if(alfal.eq.alfa.and.narv.ge.not,

and.narv.eq.nofdt.and.narv.le.notsup.
or.narv.eq.notsup.and.nofdt.eq.narv) then

goto 222

else

I=J+1
1f().eq.tnq) then
J=1

else

endir
N(2)=N(2)4wt
1f(narv.eq.1) then
goto 105

else

goto 100

endif

endif

do 300 1=1,2

do 301 J=1,nq
del(1,})=gavdel(1,))/nofd(1,})
sdel(l)==sdel(1)+dei(l,})
continue

avint=sum/narv
arate=1./avint
avservtl=su(1)/nofdci(1)
avservt2=su(2)/nofdcl(2)

avservt=alfal*avservtl+4(1.-alfal)«avservt2

adel(l)==sdel(1)/nq

write(10,310) l,adel(l),nofdcl(1),narcl(l),avservt,arate,alfal

format(" ',1x,'1=",111,2x,'adel(1)=",116.5,

‘nofdcl(l)=",111,'narcl(l)==",111,’avservt==",111.5,

‘arate=",111.5,'alfal1=",f11.5)
continue

stop
end



APPENDIX D
PROGRAM ANAIS

€k ok ok ok ok b ke sk ok 3k ok 3k ok ak ok ok 3k ok ok 3k kol ok ok kol ke ok ok ok sk sk koK ok sl kK ok R ok kR ok k ko ke ak ok Rk

Ck kokokokok ok ok ok ok INTERCONNECTION OF RINGS

ok 3k 3k 2 ok ok 3k ok ok ok sk ok 3k K a3k ok kK K

€k 2k ke ke e ok ke ak sk sk ok ok ak ok ok ok ok ak ok ok ak ok ak ok ak ok ok 3k ak ok ok ks kool ok age ol adookook sl ok sk okl ko ook b ok ok e ok K Rk
program anals

Integer gs(2,5,50),nar(2,5,50),nofd(2,5,50),qst(5,50),1seed(5),narv(5)
Integer gse(5),qp(50),kb(5),anb(5),narcl(2)
Integer ¢,nofdpt,}d,kgo,kgl,ndpl,ndpo,ndps(2)
Integer zy,xv,nq,nrgs,systze,narvis,tnq
Integer not,c0,¢3,¢5,2t,Xy

integer ir,c01,c8,notsup

real alfa,wt,x,z,st,t,u,rl,at,alfal

real v(2),N(2),tnow,D(5),cat(2,5,50,500)

real delsc(2),delgo,delgl,dcl,dc2,dgl,dgo

real Na(1),Nago(5),Nagi(5),avdel(2,5,50)

real gavdel(2,5,50)

ckxx*xNQq IS the number of outer-ring station queues In the system* %
C 3k ak ok ok 3k ak e ok 3k 3k ok ok o ok ok ok sk ke ko ak ok ok sk ok sk ok ok ok ok ok ol ok e ok ok ok ok ok e ol ol ke ok ok ok sl i ok ok ok ok ak ke ko sk ok ool ok ok ok

print*,"how many statlon queues(nq)?’
printx,'nq="
readx,ng

€% 3 3k ok i ok 3k vk vk ke ok ok ok sk 3k ok ok ok ok ke e ok ok ok ok ok ok ok i vk ok ok ok ok e ke ok e ok ok ok ok ok ok ok ok
¢ 1seed(.) For generation of random numbers for

(1) arrlval time of a message

¢ (2) transmlission time of a message

¢ (8) message source queue

¢ (4) for the destinatlon queue(inner-ring messages)

c

c

(¢}

(5) for message class
sk 3k 3k ok ok 3k ok ok ok ok o ok ok k ok a3k ak ok sk ok e ok ak ok ak ok ak ak ok e ak ook ok kol ok ok ok ok ok ok ok ke o ok ok ok ok
do 15 1=1,5
printx,'iseed(’,),’)=?"
reads,iseed())

15 continue

€ %k ok 3k ok ok sk dk 3k ok sk ok ok 2k ok ok ok ok ok ok ok ok ak ok ok ok ok ok ok ok ok ok k ok ok ok ok ok ok ok ok ok ko ko kk ok kk ko kk k kok ok k kK k k
cx*+Enter the arrival rate v(1) and the transmisslon rate v(2)s##
ok ok ok ok ok ok ok ok ok ok ke 3k ok ok ok ok sk ok ok o ok o o ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ook ok sk o ok ok ok ok o sk ok ok ok ok ok o ok ok Ok K

do 16 11=1,2
printx,'v(',11,")=""
reads,v(11)

16 continue

Coikok ook kokkoksk ok ok dkokdkokokk ko kkkkkokkkkkkk kR rd kb kkkrkkkkkkk kR o R b kX

Ck**kxkx%not 1s the minilmum number of messages 1O slmulates*xssx»
c**********t*t#***#***t**t*t##**t*t*t*t##t*#tttttttttttttttttt
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prints,’ not==?"

read*,not
o ok ok ok ok ol e ok ook o ok ook o ok ok ok ok ook o ok ok o ok ok ok ok ok ok ok ol ke ok ok ok ok ol ok ok ok ok sk ok ok ok e ok ok ok ok ok ok ok ok
csxxxxxnOtsup §s the maximum number of messages to slmulatessokkxx
C sk o o ok ok ok o sk ook sk ke ok ok ok ok ok ok ok ok ok k ok ok ok ok ok ok ok ok ok ak ok ke ok ok ok ok ok ok ok ok ok ak ok ok 3K ok ok ok ok ok 3k ok K ok ok ok

print*,'notsup=""

reads,notsup
Chiokkkkiokk k¥ #NrgS 1S the number of outer-ringsskkxx*x

print#,’ nrgs="?"
read*,nrgs
CaxnkxkkxnkkkrksGlven portlon Of class 1 IMeSSAZEeSk kkokk kukok ik dkokk %k k
print*,’alfa=?""
reads,alfa
wt==(1./((float(nq)/float(nrgs))+1))
C ok ok ok o ok ok o ok ok ke e e ok sk ok ok ok sk ok ok e ok ok ok ok sk b ok ke ak ok ok ok ok ke sl ok ok sk ok ok 3k ko ok ok 3l ok ok ok 2k ok ke ok ak o ok

cexx N(1) : next arrival time

csxn N(2) : next departure time

TTT R : time

Cx¥x tnow : time now

c*#xx narvls : number of arrlvals to the system
Cx*% Systze : system slze

cxxx alfal : computed value of o

c+«»x nar(1,J,k) : number of class 1 arrlvals In queue k of outer-ring J
cexx gs(1,3,k) : number of class 1 messages In queue k of outer-ring J
cxxx nar(k) : number of arrivals at ring k

cxxx gst(),k) : number of messages In queue } of ring k

ook ok ok 3K o ok ok o R KKK K Kk ok Kok s kR skook ok ok ko ook ko ok sk koK ok R ok ook ok ok
Conokkoskakakokdkokkkok ek ko k kNI TIALISATTOIN ok ok sk sk sookokok s ook ook ok ok ok ok ok ok
ok oo o oo o oo o oo oo ook ok oo oo o o oo o oo o oo o ok o o oo o K

delgo=0.
delg!==0.
ndpl=0
ndpo==0
tnow=0.
narvis=0
nofdpt=0
systze=0
t=0.
cO=nq/nrgs
iIr=nrgs+1
c01==c0+1

do 113 lc=1,2
ndps(lc)=0
narcl(lc)=0
delsc(1c)=0.
do 11 11=1,Ir
kb(11)=0
narv(l11)=0
gse(11)=0
if(11.eq.Ir) then
ngs=nrgs
else
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ngs==c01

endif

do 19 J1==1,nqs
gst(11,31)=0
nar(lc,11,J1)=0
nofd(lc,11,)1)=0
qs(1c,11,)1)=0
D(11)=10%%37
Nago(11)=D(11)
Nag!(11)==D(11)
gavdel(lc,11,J1)==0,

19 continue
11 continue
113 continue

Coo ok ook 3Kk o R KoK o 3K R 2R Ak o 3o o ok oo ok ko Ko o oo oo ko ok
ok ke 2k 2k o e ok ok 2k 3k a3k ok e ok ok 3l ok ok ok ak ok 3k ok ok 3K ok ok ko ok ok e ke ok ok ak ok s ok ok ok ok o ol ok ok ko ok o ke ok ok o ol ok ok ok ok
CokkokskokokskokokokkkkkFPIFSt there IS an arrivalssims smwbkokok kokdok ko sokokk i
ok 3k 3k 3k ok ke ke a2k 3k o sk ak ok ok ok ok 3k sk o o 3k ok o sk e o ak ok ak ok ke e ke ok ok e ok ok ok ok ok ok ok ok ook ok ok ok ok ok o o sk ook ok ok ok ok
ok 2k ok ko ok ok 3 e ok ak ke ak sk a3k ok ak sk ak ok ok ok ok o e ok ok ok ol ko ka3l ok ke g ok ok ok ok ke e o ak ok ak ok ok e ol ok ok ol ok ok ok ok

kk=0

xy=Irand(lseed(1))

1seed(1)=xy

x==float(xy)/2147483647.0

at=-(1.0/v(1))*alog(1-x)

=t+at
Na(l)=tnow+t

100 N(@1)=Na(1)
do 91 J==1,nrgs
1f(Nago(}).le.N(1)) then
N(1)=Nago(})
kgo=)
else
endif

91 continue

do 92 JI==1,nrgs
if(Nagi(31).le.N(1)) then
N(1)=Nagi(}1)

kgl=1

else

endlf

92 contlnue
N(2)=D(1)

do 93 jd=1,Ir
1f(D()d).le.N(2)) then

N(2)=D(1d)
kjd=J)d
else

endif
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continue

11(IN(1).1e.N(2)) then
1f(N(1).eq.Na(1)) then

ChkkkkkikkskkDetermination of the message Class ok ki dokok kb ko sk ok ok ok

zy2==Irand(lseed(5))
I1seed(5)=1zy2
ul=float(zy2)/2147483647.0
if(ul.le.alfa) then

c=1

else

=2

endlf

CxxkkkkkkDetermination of the message SOUrce QUEUEksk kukokskokk &k kkk &

20
06

zy==Irand(lseed(3))
I1seed(3)=zy
u==float(zy)/2147483647.0
do 20 120==1,nq
r1="float(120)/float(nq)
if(u.lt.r1) then

goto 66

else

endlf

continue
kkk=120

ChkxmokkkrnkkkkkkxDetermination of the outer-rln gk k ok ko o ok sk ook ok ok ok ok okok &

1002
1003

do 1002 }5=1,nrgs
¢3=]5%¢c0
If(kkK.ic.c3) then
g<:0 1003

else

endif

continue
nra=J5

ChkmbkokbdkkkiokkkkxkiokkkkIra 1S the OULEr-PIIE ks sk koo ks dk ok sk ok ¥ ok skookokok 3k ok ok

ka=KkKkKk-((}5-1)*c0)
If(narv(nra).eq.0.and.kb(nra).eq.0) then
qnb(nra)=ka

else

endlf

CakokkkkkkdkkkkkkiokkkkkKa IS the Statlon SOUrce QUEeUe sk ks kkkkk % kkk ¥ % kkk

goto 110
else

If(N(1).eq.Nagi(kgl)) then
ka=Kkgl

nra=\r

c=1

goto 111
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else

If(N(1).eq.Nago(kgo)) then
ra==c01

nra=Kgo

c=1

goto 112

else

endlif

endif

endif

else
J3=kjd
goto 120
endlf

Cokokokok ok ook ok ok ok ok sk ok ok ok oo sk ok ook oo ok ok koo o ok skook ok ook ok s ok ok ook o o ko ok ok ok ok ok o ok ok
Chxmknkkhkkkkk ki kkFOR ARRIVALS sk kokok ok sk ok okok ook ok ok
ook ok ook ok ok ook ok ook o ok o oo oo ok o ok oo o oK o o o ok ook oo o oo oo o ok ok o o

110 tnow=N(1)

narcl(c)=narcl(c)+1
narvils=narvis+1
systze==systze+1
alfal==float(narcl(1))/float(narvlis)
nar(c,nra,ka)=nar(c,nra,ka)+1
gs(c,nra,ka)=qs(c,nra,ka)+1
narv(nra)=narv(nra)+1
gse(nra)==qse(nra)+1
gst(nra,ka)=gst(nra,ka)+1
c8=qs(c,nra,ka)
cat(c,nra,ka,c8)=tnow

ckiokdokkakkkx]l 1t 1s the first arrival at that outer-ring, s sxsxsxnswx
Chkkxikkkxkkwe have to schedule 1tS departure sk ki ik koo ok ok s ok &

if(narv(nra).eq.1.and.kb(nra).eq.0) then
J3=nra

goto 120

else

endif

if(alfal.eq.alfa.and.narvis.ge.not.and.narvls.le.notsup.
& or.narvis.eq.notsup) then

Na(1)==10%%37

else

xy==irand(iseed 1))
Iseed(1)=xy
x=float(xy)/2147483647.0
at=-(1.0/v(1))*alog(1-x)
Na(1)=Na(1)+at

end\l

goto 100

Cokokok kb kokkokokokokokokokkkkkkkokkkkkk kb kk ko kkkkk bk hkkhkk




111
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tnow=N(1)

nar(c,nra,ka)=nar(c,nra,ka)+1
as(c,nra,ka)==qs(c,nra,ka)+1
narv(nra)=narv(nra)+1
gse(nra)==qse(nra)+1
gst(nra,ka)=qst(nra,ka)+1
¢8=qs(c,nraka)
cat(c,nra,ka,c8)=tnow

cooknnkkxakax]f 1t I1s the first arrival to the Inner-ring, k& xkkkokkkxk %
Cesxakknnsirswe have to schedule 1ts departure. sk kikkkkkkkkkki s k%

If(narv(nra).eq.1.and.k(nra).eq.0) then
J3=nra

qnb()3)=ka

goto 120

else

endlf

Nagl(ka)==10#%»37

goto 100

© 2ok ok ok ok o ok kol ok ok o okl ok ok ok ook o ok ok ok ook ok ol ok ok o ol ok ok ok ok ok ok ok e ok ok ok ok ok ko ok ok ke ko kK

112

tnow=N(1)

nar(c,nra,ka)=nar(c,nra,ka)+1
gs(c,nra,ka)==qs(c,nra,ka)+1
narv(nra)=narv(nra)+1
qse(nra)==qse(nra)+1
gst(nra,ka)=gst(nra,ka)+1
¢8=qgs(c,nra,ka)
cat(c,nra,ka,c8)=tnow
Nago{(nra)=10%%37

goto 100

C o ok ok o ko ok ok ok ok ok ok ok ok ko ok ak ok o o ok ok ak ok ak ak ok ok ok ok ok ok ok ok ok ok ok 3k k ok ok ok ok sk ak o ok ok 3k ok ok ok ok ok ok

crkrrkkrrikikkkkkkFOR DEPARTURES %%k kokskokok ok kb kok bk kok ook &
A€ok ok ok ook ok ok ook o o ok o koo o ok ok ok ok ok ok ok ok ook ook ok o ok ok ok ok oK o o o ok o ok ok ok ok o

120

kb(J3)=kb(}3)+1
1f()3.eq.Ir) then
tng==nrgs+1
goto 210

else

tnq=c0+2

goto 209

endlf

c5=narv(}3)
if(c5.eq.1.and.kb(}3).eq.1) then
ap()3)=qnb(J3)
eise
endif
1f(ast(33,qp()3)).ge.1) then
1f(qs(1,33,qp()3)).ge.1) then

=1

goto 102
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else
1f(qs(2.)3,ap()3)).ge.1) then
=2

goto 102

else

endlf

endlf

else
ap(13)=qp()3)+1
k12=qp(}3)
if(k12.eq.tnq) then
qp()3)=1

else

endlf
D()3)=D(J3)+wt
goto 100

endlf

102 kk=1
zt=irand(lseed(2))
iseed(2)=zt
=float(zt)/2147483647.0
st=-(1.0/v(2))*alog(1-z)
if(narv(}3).eq.1.and.kb(J3).eq.1) then
D(J3)=cat(1,}3,qp()3),1)+st
else
D(13)=D()3)+st
endif
N(2)=D(}3)
tnow=N(2)
nofd(1,J3,qp(J3))=nofd(l,)3,qp()3))+1
as(1,43,ap(33))=as(1.33,ap(33)}-1
c8=4s(1,)3,qp(13))
ast()3,ap(J3))=ast(J3,qp(}3))-1
gse()3)=qse(}3)-1
avdel(1,33,qp()3))=tnow-cat(1,)3,qp(J3),1)
dept=tnow
gavdel(1,)3,qp(J3))=gavdel(1,)3,qp(33))+avdel(1,)3,ap(}3))
1f(qs(1,J3,ap(33)).ge.1) then
do 88 J88=1,gs(1,J3,ap(33))
J89=188+1
cat(1,)3,ap(}3),188)=cat(1,3,ap(13).189)
88 continie

else

endlf

1f(}.eq.2.0r.qp(J3).eq.cO1) then
nofdpt=nofdpt+1
systze=systze-1

else

endlf
1f(ap()3).ne.cOl.and.l.eq.1) then

cx*Nagi(J3) : arrival time to inner-ring gateway queue J3#**x»




210

300

202

Nagl()3)=tnow

else

endlf
1f(qp()3).eq.c01) then
ndpo==ndpo-+1

else
ndps(l)=ndps(l)+1
endif

if(alfal.eq.alfa.and.narvls.ge.not.and.narvls.eq.nofdpt.and.
narvls.le.notsup.or.narvis.eq.notsup.and.narvis.eq.nofdpt) then

goto 222

else

ap()3)=qp(33)+1
k12=qp()3)
if(k12.eq.tnq) then
qp(J3)=1

else

endif

D(13)=D(J3)+wt
if(narvis.eq.1) then
xy=irand(lseed(1))
Iseed(1)=xy
x==float(xy)/2147483647.0
at=-(1.0/v(1))*alog(1-x)
Na(1)=Na(1)+at

else

endif

goto 100

endir

c¢5=narv(J3)

If(c5.eq.1.and.kb(J3).eq.1) then

qp(33)=aqnb()3)

else

endlr
1f(qs(1,)3,qp(}3)).ge.1) then
goto 202

else
qpr(J3)=qp(J3)+1
k12=qp(}3)
If(k12.eq.tnq) then
qr(}3)=1

else

endlf
D(33)=D()3)+wt
goto 100

endlf

1=1

zt=Irand(iseed(2))
Iseed(2)=12t
z==float(zt)/2147483647.0
st=-(1.0/v(2))*alog(1-2z)
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1f(narv()3).eq.1.and.kb()3).eq.1) then

D(ir)==cat(1,)3,qp(}3),1)+st

else

D(ir)=D(Ir)+st

endlf

N(2)=D(Ir)

tnow=N(2)

ndpi==ndpl+1

nofd(1,13,qp(J3))=nofd(1,13.qp(}3))+1

qs(1,33,ap(J3))=qs(1,)3,ap()3))-1

qst(13,qp(13))=ast(J3,qp(J3))-1

gse()3)=qse()3)-1

avdel(1,J3,qp()3))=tnow-cat(1,)3,qp(J3),1)

dept=tnow

¢8=qs(1,J3,ap(J3))

gavdel(1,J3,qp()3))=gavdel(1,13,qp(13))+avdel(1,3,qp(J3))

1f(qs(1,)3,ap(}3)).ge.1) then

do 888 )888=1,qs(1,33,qp(J3))

1889=)888+1

cat(1,)3,qp()3),)888)=cat(1,)3,qap(13).)888)
888 contlnue

else
endlf

cxxDetermination of the destination outer-ring gateway queuexx

xv=Irand(iseed(4))
1seed(4)==xv
u=float(xv)/21474830647.0
do 49 J20=1,nrgs-1
r1=float()20)/float(nrgs-1)
1f(u.lt.r1) then

k0=]120+1

if(k0.eq.qp(33)) then
kO=Kk0+1

1f(k0.eq.Ir) then

kOo=1

else

endif

else

endifr

goto 79

else

endlf

49 continue

cxxxxxxxNago(KO) : arrival time to outer-ring gateway queue KOsty 44
70 Nago(k0)=tnow

qp(J3)=qp()3)+1
k12=qp(}3)
If(k12.eq.tnq) then
qp()3)=1

else

endlf
D(J3)=D(13)+wt
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goto 100

C 2k o sk oo ook ok ok ok ok ok ok o ok ok ok ok ok ok ok ok ok o ok ke ke ok ko ok e ok ok e ok ke ok ok ok ok ok ok ok ok ok ok
Coob ok A0 oo o ok ok ok ok ok ok sk ok ok ok ok o sk ok o o o ok ke ke ko o ok ok ok o ok ok ok 3k ok ok ok ok ok ok ok ok ok K

222 do 64 1=1,2
do 85 J=1,Ir
1f(J.eq.ir) then
k)=nrgs
else

=c01

endif
do 68 k=1,k)
if(J.ne.lr.and.k.ne.cO1) then
delsc(1)=delsc(1)+gavdel(1,},k)
else
If(1.eq.1.and.y.ne.ir.and.k.eq.cO1) then
delgo=delgo+gavdel(1,},k)
else
endIf
endlf
If(J.eq.lr.and.l.eq.1) then
delgl=delgl+gavdel(1,),k)

else
endlf
68 continue
65 continue
64 continue

ds1==delsc(1)/ndps(1)
ds2=delsc(2)/ndps(2)
dgl==delg!/ndp!
dgo==delgo/ndpo
del=ds1+dgl+dgo

de2==ds2
ds=alfalxdsl1+(1.-alfal)*ds2

Chiwxkksxandel : class 1 message mean Aelay s ko kkk ko kokdkkokk Kk k &
Chaxukkakxndc2 : class 2 message mean delay* & kkokikdkkkkk kkkkokok k¥ k
Cx¥xxxxxxxkds : overall mean delay at a Statlon GUEUEk % kk kkkkokk ok

write(10,6766) dcl,dc2,ds,alfal

6766 format(1x,'dc1==",11.5,"dc2=",111.5,'ds=",111.5,"alfal==",111.5)

stop
end



