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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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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-












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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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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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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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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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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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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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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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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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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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.
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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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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/

— P4

Station 1| ——

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

Fig. 3.1a: Queuelng Model.
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Fig. 3.1b: Priority Mechanlsm.
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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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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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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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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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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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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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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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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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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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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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(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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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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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



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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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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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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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:






- 110 -

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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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









- 116 -

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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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)







- 121 -

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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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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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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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



- 138 -

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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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.
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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










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
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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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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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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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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







