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ABSTRACT

Fornul ation of given conputer system or network problems into abstract
stochastic nodels is considered. Generally speaking, nodel formulation is
an art. Wiile analytic results are clearly not powerful enough to provide
a "cookbook" approach to nodelling, general nethodology and difficulties on
model formulation are discussed through examnations of various conputer
system and network nodels. These nbdels are presented in a systematic way

based on the hierarchical approach
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| INTRODUCT | ON

In this report, fornulation of given conputer system or network
problens into abstract stochastic nodels is considered. The node
formulation task is very crucial and sonetimes nore difficult than nodel
solving. Generally speaking, nodel formulation is an art. There do not
exi st systematic rules which can convert conputer system or network
problenms into abstract stochastic nodels- Furthernore, the stochas-
tic nodel for a given problemis by no neans unique, The sane prob-
| em can be modelled tovarious |evels of details under various degrees
of conplexities. Since it is inmpossible to include all the details
of a probleminto a single stochastic nodel, we have to determ ne the
nost crucial factors affecting the performance and try to incor-
porate theminto the stochastic nodel. |f the problem can be modelled
by a conventional queueing nodel, there often exist systematic ways to
obtain an exact or approxi mate solution of the nodel. CQherw se, we can
only try to attack the problem using nore general stochastic nodels
and ad hoc techniques.

W will consider the nodel fornulation of typical conputer system
or network problens in fairly details. A nultiprogrammed tine shared
computer System nay consist of several |oosely coupled conputers sharing
secondary storage devices. Each |oosely coupled conputer may consi st
of several tightly coupled CPU s contending for nain nmenory. The
computer system itself nmay be part of a conputer communication networKk.
En important modelling nethodol ogy referred to as hierarchical nodelling
i s intrccduced and used as the basic foundation for systematically
modelling various problens in a bottomup fashion. Problenms being
modelled consist of the interference problemand software | ockout
problemin a tightly coupled nultiprocessor system simlar problens
in a loosely coupled nultiprocessor system the performance of a
multiprogrammed tinme shared conputer systemand finally the transm ssion



delay in a store and forward conputer conmunication network via terres-
trial links. W hope the reader can gain sone feeling on nodel formulation
t hrough these models. There usually is a tradeoff between mathe-

matical tractability and fidelity of a nodel. W are just presenting

or conparing possible nodels of a given problem



2. QUEUEING NETWORK MODELS W TH PRCDUCT FORM EQUI LI BRI UM STATE
PCOSSI BI LI TIES

A job or process in the conputer system usually will go through a
sequence of service requests on different devices at different stages
of its lifetime. To be nmore precise, starting with a request for CPU
service, a process will later request service from a paging device
when a page fault occurs. After service conpletion at the paging
device, it wll request CPU service again. The same story repeats
It may al so request service from /O devices later on. To capture
this kind of correlations anong different service devices in a
conput er system queueing network nodels have been proven to be very
effective. There is a broad class of queueing network nodels whose
equilibrium state probabilities are in product form That is to say

P(Sl" L Sy ) =G P(sl). .o P(SM)
where Mis the nunber of service centers in the network. P(Si) is the
probability that the i-th queue is in state Si and P(Sl, Ce e, SM)
is the probability that the network is in state (Sl" Coe SM).
Gis a normalization constant, chosen so that the sum of the proba-
bilities of all network states is unity.

Queuei ng network nodels were first introduced by Jackson [42] where
the service time at each server has negative exponential distribution
A good survey on the devel opnent of the theory of queueing network nodels
up to 1972 can be found in Muntz and Baskett [61]. The recent npbst note-
worthy progress in extending the class of analytically solvable
queuei ng networks has been done by Baskett, Chandy, Mintz and Pal acios
[4]. These authors have succeeded in casting into a unified theory of
previously known but unconnected results such as queue size distributions
for MMI with FCFS discipline, general service time distribution for
processor sharing, infinite server discipline and LCFS preenptive
resumed discipline and queueing systens with various classes of
cust oners. For ease of illustrating model formulation in later sections



we summarize the characteristics of these network nodels bel ow

1. There is no restriction on network topology.

2. There is no restriction on the number of service centers.

3. Four kinds of service centers are allowed, nanely

a. First come first served (FCFS)

h. Processor sharing (PS)

¢c. Infinite server (19

d. Last come first served (LCFS) preenptive resuned.

4.  Custoners traverse through the network under sone fixed

routing chains.

5. A routing chain may be open or closed depending upon whet her

external arrivals and departures are all owed.

6. The external arrival process is Poisson.

7. The service time distribution at each type of service center

is as follows

a. FCFS: exponential distribution

h. PS, IS, LCFS: any distribution with a rational Laplace
transform

8. Custoners can have different classes. Custoners in different

classes can have different routing chains and service tine
distributions at PS, IS or LCFS service centers.

9. The service rate may depend upon the nunber of custoners in

a service center.

Rei ser and Kobayashi [67] generalize the above result to the case
in which custoner transitions are characterized by nore than one closed
Markov chain. The technique of generating function has been applied to
obtain closed form solutions. Kobayashi and Reiser [54] further extend
the job routing behavior to high order Markov chains, i.e. the
transition probability of a job from one station to the other can
depend on, at least, the last two stations it has visited and not just
the last one. In Lam[55], the class of queueing networks with a
product form solution is extended to include state dependent | ost
arrivals and trigger arrivals. Such queueing network nodels can be
used to model store and forward packet switching nodes and nulti-
programming conputer systems with storage constraint. Chandy et al [16]



introduces a property of queueing discipline, station balance, which
seens to explain why some service disciplines yield product form
solutions for queues and networks with nonexponential service time and
other disciplines do not. Previous results on local balance are also
generalized to arbitrary differentiable service distribution functions
In addition to the stationary queue length distribution and
performance neasures derivable fromit, such as device utilization and
job throughput, distributions of response tines or passage tines
which are the times required for a job to traverse a portion of the
network, are other neasures receiving a great amount of interest
Nevert hel ess, anal yses based on nunber-in-queue state space can only
yield the expected values of passage times. Yu [8] obtain passage
time distributions for the closed network nodels in Baskett et al [4]
by transformng the passage time probleminto a hitting tine of a
Markov process. Efficient nunerical approximation and generalization

to open queueing networks are also considered in Yu [8].



3. DI FFUSI ON APPROXI MATI ON

There still is a large class of queueing systenms which do not fit
into the queueing network nodels described in the previous section
One particular exanple will be a general queueing network with first
come first served discipline and general service time distribution
at each service center. Recently, considerable effort has been nmade
for obtaining approximte solutions to these queueing systems using
the diffusion approximation when the systems are congested. The
advantage of diffusion approximation lies in the fact that explicit
results can be obtained for relatively conplex situations where the
only, possible alternatives are sinulation experinents or sonetines
nunmerical methods (polynom al root finding methods) [4]. This. greatly
extends our capability in modelling practical problens.

In order to alleviate the difficulty due to the general service
time distribution, the diffusion approximation replaces the discrete
junmp process such as the queue size process by a diffusion process which
is a continuous path stochastic process. The probability distribution
of the diffusion process which satisfies a partial differential equation
is quite often nore amenable to mathematical analysis than that of the
junp process. However, the approximation by diffusion process requires
the heavy traffic assunption

Based on central limt theorem Kingman [46] has shown in his
treatnent of heavy traffic theory that the waiting tinme distribution
is as an approxi mation exponentially distributed, where the paraneter
depends only on the mean and variance of the interarrival time and
service tinme distribution, i.e., itis insensitive to the detailed form
of the distribution, as the traffic intensity approaches 1. The
di ffusion approxi mati on based on the same idea attenpts to overcome the
limtation of the exponential nodel by considering both the mean and
variance of the service time and interarrival time distributions.

Newel | [62] gives an extensive treatnment of queues with tine dependent
arrival rate through use of the diffusion approximtion in his nonograph.



Gaver applies the diffusion approximtion method to the waiting time in a
M G| queue [30]. Gaver and Shedler [32][33] apply this technique to
anal yze a nultiprogramed conputer system modelled as a two stage

cyclic network. Kobayashi [50] considers the nulti-dinmensional

di ffusion approximation as a technique for treating general queueing
networks. Reiser and Kobayashi [67] study the accuracy of diffusion
approxi mati on techniques and propose a way to treat each server in the
queuei ng networks separately. @ eenbe [34][35] suggests a different way
to handl e the boundary condition of the diffusion process, nanmely using
Feller's elementary return process [24]. In [36], Gelenbe also investi-
gates the idea of deconposing a queueing network into separate single
Servers. Hal achni and Franta [38][39] extend diffusion approximation
to multiserver queueing systems. Yu [80] i nvestigates the
applicability conditions of diffusion approximtion and the deconposa-
bility of queueing networks, which have been neglected in the past, and
improves its accuracy by enploying a new way to estimate the diffusion
parameters. Generalization to servers with a queue dependent service
rate is also considered in [80]. An application of diffusion

approxi mation to analyze the performance of an ALCHA-1ike system can

be found in Kobayashi et al [53].



4. MODEL FORMULATION

In this section, we sumarize sone basic guidelines for formulating

a conputer system and network problens into queuveing models below:

(1) ldentify service centers and customers ina given problem For
exanple, in a multiprogramed conputer system nodel, CPU, drums and
disks are service centers and processes are customers. In the

comuni cati on subnet of a conputer conmunication netwecrk, channels are
servers and messages are custoners.

(2) Identify the type of each service center. In the !Markovian queueing
net wor knmodel s descri bed by Baskett, Chandy, Mintz and Palacios

[61 , four kinds of service centers are allowed, nanmely, FCFS, PS, IS
and LCFS prenptive resumed. |n a multiprogrammed conputer systemnodel,
CPU is usually modelled as PS or LCPS prenptive resuned type of service
center where PSis the limting case of round robin scheduling and

LCFS prenptive resuned represents an efficient preenptive resumed CPU
scheduling. Furthernmore, drums and disks are usually modelled as FCFS
"type of service centers. To be nore specific, let us take a closer

| ook on how drums and disks are modelled. As a first order approxi-
mation, we often nodel a multiple spindle disk drive, which consists

of several moving head disks connected to a single I/0O channel, under
FCFS spindl e scheduling [79] by a FCFS service center. Recall that
accessing a record on noving head disks requires three sequentia
operations, i.e., the seek operation, rotational positioning operation
and the data transfer operation. In the seek operation, the read/wite
heads are nechanically positioned to the cylinder containing the

record that was requested. In the rotational positioning operation, the
records passing under the read/wite head are examined to find the one
to be transferred; the disk is said to be latent during this operation
and the tinme taken is latency time. Finally, in the data transfer
operation, data is transmtted through the 1/0O channel to or from nmain

menory. Each spindle of a nultiple spindle disk drive can seek indepen-
dently of the other spindles. However, the seek commands, which initiate



the seek operations, and the transfer commands, which start the latency-
transfer sequences, nust pass through the channel to the spindles. The
I/ O channel can only pass a conmmand or performa rotational positioning
or data transfer operation for one channel at a tine. Apparently,
the FCFS service center is only a very rough approxi mation of the actua
system  The main probl emon nodel | ing comes fromthe fact that three
operations are involved where sone of them need dedicated service froa
the 1/0 channel and some of themonly need to be initiated by the I/0
channel. More sophisticated nodels capturing this preblem and the
effect of scheduling disciplines can be found in WIhelmI[79] . For
pagi ng drums, we often nodel each sector of a drumas a FCES service
center when shortest-latency-time-first scheduling is used or nodel
each drum as a FCFS service center when FCFS scheduling is used. Note
that the access of a record on druns consists of a rotational |atency
and the actual transfer of data. The latency can be reduced by
appropriate choice of scheduling policy, To capture the effect of
| atency and scheduling policy on system performance, again nore com
plicated stochastic nodels nust be used (see Fuller and Baskett [29]).
In a conputer communication network via random access channel, the
server, i.e., the random access channel, behaves very differantly from
conventional servers. For exanple, under the ALOHA scheme, when the

custoner (the message) arrives it receives imediate service fromthe
server. If the service time of nore than one custoner overlaps in

tine, the service is in vain. Al custonmers have to be served again
after a randomdelay. This is referred to as the nessage conflict pro-
blem In this case, the conventional queueing network nodel will not be
sufficient to nodel the system performance. Ad hoc techniques or nore

sophi sticated stochastic nodels must be enployed to evaluate the system
performance (see Kleinrock [49], Yu [82])

(3) ldentify different custoner classes in the system Different
classes of custoners can have different service tine distributions at
'S, PS and LCFS service centers, and different routing probabilities.



In a multiprogranmed conputer system wusually the CPU bound and 1/0
bound processes are distinguished as two different classes of processes
or custoners.

(4) Determine whether the queueing model is open or closed. i.e.,
whet her external arrivals are allowed. O osed queuefng nodels will

be chosen if the total nunber of customers is fixed, e.g., a rulti-
progranmed conputer systemwth fixed degree of multiprogramming under
saturated | oad.

(5) Determine the service time distribution of each service center

and the interarrival time distribution if the queueing nodel is open
by enpirical data or hardware specifications. Exponential distribu-
tion is often used as a first order approximation. in this case, only
the mean of the distribution needsto be neasured. Notice the nmean
service time or service rate may be queue dependent. The conventional
G Mm(nultiserver) queueing systemis a special kind of service center
wi th queue dependent service rate.

(6) Determine the routing chain (hence the network topology) for each
_class of custoners by its characteristic and enpirical data.

10



5. HI ERARCH CAL MODELLI NG

Let us further consider sone difficulties encountered in
nmodel | ing conmputer systems and networks. [51] The nost apparent one is
the multiplicity of interacting parameters which are related to activi-
ties of different time scales from nano- or mcroseconds to minutes
Anot her source of difficulty is that tasks or processors in a conputer
system often occupy nore than one resource at a time. For exanple,
an executing task holds not only a CPU but also a portion of main
memory.  The anmount of main menory allocated to the task clearly has
an inportant effect on system performance. Furthernore, the very sane
subject can be viewed either as a custoner or as a server depending on
the probl em addressed. A problem of this sort which we will encounter
in later sections is that in the menory interference problem the roles
of processors are servers, but in the software |ockout problem they are
cust oners. Since a subject cannot be both server and custoner in the
same queueing nodel, these two problenms cannot be fornulated in terns of
a single queueing nodel

The multiplicity of interacting parameters or the size of a conputer
system or network nodel can be reduced by properly deconposing the node
into submodel s and evaluating them in a hierarchical fashion starting
from the bottom level if the systemis nearly conpletely deconposable
[20]. This approach is referred to as hierarchical nodelling which is
proposed and fornul ated by Sekino [71], Courtois [20], Browne et al [11],
Brandwaj n [9], Kobayashi [51], Brown et al[10]. Furthernore, the concept
of hierarchical nodelling provides a partial solution to some of the
difficulties cited above besides size reduction of a nodel as we shal
see later.

A systemis called nearly conpletely deconposable [20], if al
variabl es can somehow be clustered into a small nunber of groups such
t hat
(a) The interactions anong the variables of each group may be

studies as if interactions amng groups did not exist

11



(b) Interactions anong groups be studied with reference to the

interactions within groups

Alternatively, if intergroup dependencies are sufficiently weak
as conpared to intragroup ones, in the short run the systemmay be con-
sidered as a set of independent subsystens which may be approxi mately
anal yzed separately fromone another. In the long run, the whole system
appears to evolve keeping roughly the state of relative equilibrium
wi thin each subsystem

A basic requirenent for near conplete deconposability as observed
by Courtois [20] is that the intragroup interaction has transient time
constants which arenmuch shorter than the mean time between intergroup
interactions. To be nore concrete, let us consider howto apply the
concept of near conplete deconposability to conmputer system modelling.
Since the time scale of the interaction plays an essential role in the
deconposition, it should not be surprising that the nodelling hierarchy
and storage hierarchy related. A diagram of a storage hierarchy is pre-
sented in Fig. 5.1 and that of an abstract nodelling hierarchy based
on thatin Kobayashi [51] is presented in Fig. 5.2. |n thisrepresenta-
tion of hierarchical modelling, nmodel A is at the lowest |evel. The
tinme between events being modelled in nodel Ais on the order of a
m crosecond. The highest |evel storage involved in the storage
hierarchy is main menory. An exanple of a systemat this |level will
be one with tightly coupled CPU s, each of which has a cache and
occasionally makes read/wite requests to large nain menory or inter—
| eaved memory. Problens to be analyzed at this level of medels wll
include menory interference of a multiprocessor, the effect of inter-
| eaving, cache mapping algorithm etc. Mdel B is one |evel higher
than nodel A and the tine between events in model Bis on the oxder of
a mllisecond. The highest |evel storage involved in the storage
hierarchy is the paging device. An exanple of a systemat this |evel
will be one with |oosely coupled CPU s, each of which has its own main
menory and shares common pagi ng devices. Problems such as nenory
managenment shoul d be studied using nodels at this level. Model Cis

12
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Fig. 5.1 A STORAGE H ERARCHY
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E
conmput er communi cation network nodels

D

interactive tine shared conputer system nodel s

C

mul ti programed conputer system nodel s

B
| oosely coupled nmulti-
processor nodels

A
tightly coupled
mul ti processor nodel s

Fig. 5.2 A H ERARCH CAL EXAMPLE MODEL STRUCTURE
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one |evel higher than nodel B and the tine between events is an order

of magnitude |arger than that under nodel B. The highest |evel storage
involved in the storage hierarchy is the filing disk. The nmost conmon
exanple at this level is a nultiprogranmed system nodel where customers
are tasks currently in the nultiprogramming mix. If a |oosely coupled
mul ti processor system comuni cates through filing disks instead of paging
druns, it should al so be modelled at this level. Problens such as file
I/ O scheduling should be studied using nmodels at this level. Mdel Dis
one | evel above nodel C and the tine between events in nodel ¢ is expressed
in seconds. One exanple at this level is an interactive time sharing
system nodel. The highest |evel storage device involved in the storage
hierarchy is the external 1/0 devices, such as termnals. Problems to be
modelled at this level include termnal response tine, job scheduling
algorithm etc. Finally, on the top of the level D nodel will be the
model of a conputer conmunication network.

15



6. THE MEMORY | NTERFERENCE PROBLEM IN A TI GHTLY COUPLED
MULTIPROCESSOR SYSTEM

Starting from this section, we exam ne various conputer system and
network nodels in a bottomup fashion according to their levels in the
model [ing hierarchy cited in the previous section. A tightly coupled
nul tiprocessor system is first examned. In this system the main store
which is usually interleaved is shared by all processors. There are
two inportant perfornmance problens receiving a great deal of interest,
namely the nenory interference problemand the software | ockout
problem In this section, we consider the nenory interference problem
Since any of the processors nmay access any of the memery nodul es, when
more than one processor try to access the same menmory nodule, only one
of them can get access to the menmory nmodul e and the other processors wll
be queued up. This nenmory contention has the effect of stretching the
average menmory access tine.

Performance anal ysis of memory interference has been studied by
Ski nner and Asher [74] , Bhandarkar [8] , Chow [18], Kobayashi [51]
and others. Neverthel ess, when each processor has a private cache, the
mermory interference problem becomes nore conplicated due to the
difficulty in maintaining data integrity. Tang [75] has recently
proposed a cache system design of a tightly coupled nultiprocessor
system W first briefly summarize the design of this systemand then
denonstrate how to convert the design specifications into an abstract
queueing nodel. The nultiprocessor systemis displayed in Fig. 6.1
The effect of /0O channelsw |l be neglected in the modelling of nenory
interference as usual. Each processor has a private cache in this
configuration. In a typical uniprocessor cache design, a directory is
used to translate main store addresses into cache locations for data
bl ocks in the cache. In a nultiprocessor system the sane cache
organi zation can be used for each processor, with additional controls to
facilitate comunications among caches. The "store only in cache"
algorithm is adopted in this design. It means that if a processor wants

16
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Fig. 6.1 A TIGHTLY COUPLED MULTIPROCESSOR SYSTEM W TH CACHES
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to wite and a mss occurs in the cache, the data is always brought to
the cache so that the processor can always wite to the cache.

A "line" is blocks that are associated with a given main store
address. In a uniprocessor cache, a line is a block, whereas in a
mul ti processor system a line can exist in nore than one cache. A line
can be either a shared line or a private line. A shared line is aline
whi ch exists at caches and has not yet been nodified with respect to
its copy at the backing store by a processor. A private line is a line
which exists in a cache and has been nodified with respect to its copy
at the backing store or is going to be modified by its corresponding
processor. A private line should exist in only one cache so that at
any nonment, throughout the system only one version of data exists for
any address. To control communications among caches, status bits woul d
have to be used in each entry of the cache directory to identify whether
it is shared or private. Furthernore, a "store controller" is necessary
The store controller uses a central directory to keep track of the
status of every line in each cache, and makes sure only one version of
data exists. At the occurrence of a cache fault, either due to a read
"or awite, or awiteinto a shared line in a cache, a request is sent
fromthe corresponding cache to the store controller to take appropriate
actions, e.g. to bring inamssing line and to set the status of a |ine
to private, etc. If nmore than one processor require the intervention
of the store controller, only one processor can be served, and the others
will be queued up. So the store controller becomes the critical resource
of the system

Furthermore, there is another kind of interaction among processors
whi ch degrades the performance. Wen a line is granted the status
private in one of the caches, the store controller will scratch the
other copies of the line appearing in other caches. Cearly, each copy
being scratched is very likely still in the working set of the corres-
pondi ng process and wi |l be requested to send back to the cache shortly
afterwards through a cache fault. Hence the interaction increases the
cache fault rate of each processor and degrades the perfornmance. Let
S(n) be the scratched rate at each cache when there are n processors
concurrently in execution, i.e., not pending for service at the centra

18



controller. It is apparent that as the nunber of active processors
increases, the scratched rate at each cache will increase. It seens
quite reasonable, as a first order approximtion, to assume that

s(n) =c¢ (n-1)

for sone ¢, when n is not too large

The queueing nodel in Fig. 6.2a is proposed to nodel the nenory
interference problem The store controller is represezted as a FCFS
server. Each of the NCPU s is modelled by an independent server.
Since we do not switch tasks at cache faults, there are exactly N
processes corresponding to the N processors. That is to say, there
will be no queue in front of any of the processors. So we should in
fact represent the processor service in terms of an infinite server
station as in Fig. 6.2.b. Let p be the request rate to the store
controller either due to a cache fault or a change of line status when
there is only one processor active. Cearly u depends upon program
behavi or, cache size and the line replacement policy of the cache. Let

d be the probability that [ines will be brought in again shortly
after they are scratched. Then the service rate of the infinite server
to each process will be (u+ds(n)) when there are n processes
inthe infinite server.

There are five different types of requests which can be issued
froma cache to the store controller, namely shared read, private read,
declare private, replace private line, and replace shared line. A shared
read or private read request is issued when a cache fault occurs due
to aread or a write, respectively. A declare private request is issued
when a processor wants to wite into a shared line in its cache. A
replace private line or replace shared |ine request is issued when the
repl acement of a private line or a shared line is necessary to make
roomin the cache for the new |ine comng fromthe backing store,
respectively. Certain requests, such as declare private and replace
shared line, do not involve menory transfers. A replace private line
request requires a wite into nenory. A shared read or a private read

19
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Fig. 6.2 A QUEUEING MODEL FOR THE MEMORY | NTERFERENCE PROBLEM OF A
TI GHTLY COUPLED MULTI PROCESSOR SYSTEM
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request normally requires a read fromnenory, but if the line requested
is a private line in another cache, a wite into nmenory is required.

Let Ti be the nean service time required by the i-th type of requests
at the store controller and oy be its percentage. Then the mean service
tinme of the store controller is

If we assume the service time at each station of the queueing network
to be exponentially distributed, this queueing network nodel will fall
into the class of analytically tractable queueing network wodels cited
in Section 2 where queue dependent service rate at eachserver is allowed.

21



7. THE | NTERFERENCE PROBLEM IN A LOOSELY COUPLED MULTIPROCESSOR SYSTEM

A computer systemis referred to as a | oosely coupled nmulti-
processor systemif the processors communi cate through secondary stor-
age devices instead of main menory. The nodel for a tightly coupled
mul tiprocessor systemis at level A and that for a | oosely coupled
mul ti processor systemnmay either be at level B or |evel C depending
upon whet her the processors communi cate through paging drums cr filing
di sks according to our nodelling hierarchy introduced in Section 5.

In Figure 7.1 we present a general nodel for a |oosely coupled com
puter system Each box indicated by CPU can represent a model of
either a uniprocessor or a tightly coupled multiprocessor. In any
case, based on the principal of hierarchical nodelling, we can replace
each of them by an independent service station. The service rate of
each CPU is obtained fromthe lower level nodel. Al secondary stor-
age devices are represented by FCFS service stations

22
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8. THE SOFTWARE LOCKQUT PROBLEM IN A MULTI PROCESSOR SYSTEM

W now consider the software | ockout problemin a nultiprocessor
system  The software | ocks are the | ocks associated with data base
systens where elenents of the file systemare | ocked by a process to
i nsure neaningful processing by itself and the other processes. The
| ockout problemis a direct consequence of multiple processors' attenpt
to process conmmon data bases asynchronously. The sitvation resenbles
the nmenory interference discussed above except that now the software
resources become servers and the processors beconme custemers to contend
for software resources

Let us assume that locking is at the page level as in Velch [76].
The major difficultyin nodelling is that when a processor wants to
access a shared page it may either place an exclusive lock or a
shared lock on the page. |If a process places an exclusive |ock on a
page then only it can reference the page. A process woul d exclusively
lock a page if it were going to nodify the contents of the page. |If a
process places a share |ock on a page,then no other processes can ex-
clusively lock the page. A process would share lock a page if it did
not wi sh the page to be changed during the tine it was referencing the
page. It is usually assumed that the exclusive | ock has higher prior-
ity than the shared lock. Figure 8.1 presents a diagram of the nodel.
To be nmore specific, a request on a shared page will get access to the
page i mediately if that page is not exclusively |ocked and have to
wait until there are no pending requests for exclusive |ock otherwise.
A request on exclusive lock will get inmmediate access to the page only
if the page is unlocked and have to wait until the requests in service
and all other currently pending requests on exclusive |ock being served
otherwi se. When a page is unlocked, it always chooses, on first cone
first served basis, a request on exclusive lock to serve, if any
Oherwise, it will serve all the requests on shared | ock siniltaneously,
if any.

The fact that each shared page can be put under either exclusive

| ock or shared | ock conplicates the service discipline of the service
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center and makes it different fromthe conventional types of service
centers cited in Section 2. Various authors, e.g. Madnick [58],
McCredie [ 59], Kobayashi [51], Welch [76] etc. have considered the
software |ockout problem A nost all the nodels only allow one kind
of lock - exclusive lock. Welch [76] divided the shared pages into
two categories, one for exclusively lock only and the other for shared
lock only, and treated them separately using MMI| and M/M/«< queuei ng
model s, respectively.

We now consider a rough stochestic nodel for the software |ock-
out problem using a closed queueing network nodel. The shared pages
will be divided into tw categories. The first category consists of
the pages which are alnobst never exclusively l|ocked. The second cate-
gory consists of the rest of the shared pages which are often excl u-
sively locked. Each shared page in the first category will be modelled
by an.infinite server station as if they were never |ocked and each
shared page in the second category will be modelled by a first cone
first served station as if they were always exclusively |ocked. Al-

t hough the assunption is not quite true, it can be considered as a
first order approximation which |eads to mathematical tractability.
Under the above assunption, the closed queueing nodel in Figure 8.2 is
proposed. Since there is no queueing probl emwhen a processor is not
referencing pages in the data base, this stage is in fact an infinite
server station
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9. MODELS OF MULTIPROGRAMMED Tl ME SHARED COMPUTER SYSTEMS

As pointed out at the beginning of this chapter, one difficulty
encount ered innodel | i ngconputer systemis that tasks or processes
often occupy nmore than one resource at a tine. Consider the prcblem
encountered in nmodelling a multiprogramred pagi ng conputer system
Each process executing a CPU holds not only the prime resource, i.e.
CPU, but also main nenory as the secondary resource. This further
conplicates the nodelling work.

A mul tiprogramred pagi ng conputer system consisting of a CPU
page |1/0O devices and file I/O devices can be modelled by the queuei ng
network model shown in Figure 9.1. The CPU station appearing in the
nodel can al so be used to represent a tightly coupled nultiprocessor
system as before. This nodel can be further extended. If k processors
are |l oosely coupled through the page I/0O devices, we can replace the
CPU station by k independent CPU stations in parallel. If h processors
are loosely coupled through the file I/0O devices, we can replicate the
dotted box h times and connect themin parallel

In order to capture the menory effect, let us first consider gen-
eral program behavior. As is well known [23], each active process nust
be allocated a sufficient amount of menmory to contain its "working set"”
in order to avoid "thrashing," i.e. performance col |l apse. Experinent
evidence [23] indicates that the mean time between page faults for a
process executing in menory space m has the general shape shown in
Figure 9.2. This function is referred to as the [ife time function

L(m), Chanberlin, Fuller and Liu [14] proposed a two paraneter fit
for the life tine function
2s
L(m = —=
+()

where d is the nunber of pages that provides the process with half of
its largest possiblelifetime and S is the expected execution tine
bet ween page faults when the process is allocated memory space d
Assune that total nenory available is of size M. W can also express
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the life time function in terns of n, the nunber of processes in
menory.  Denoting the function by L*(n), we get
M

L*(n) = L)
under the assunption that nenory is equally shared anmong all prograns
in nenory
We now return to the queueing nodel. Let ¥ be the nean execution

time between file I/ O requests of a process which is independent of
the degree of nultiprogramming. Furthernore, |et ty and t, be the
CPU over heads on handling a page fault and a file I/ O request respec-
tively. These overheads can not be neglected in general. The service
conpl etion rate of the CPU can be approxi mated by (L*(n)+t1)- +(u+tz)_
i.e. the sumof the page fault rate and the file I/O request rate. If
the CPUis in fact a tightly coupled nultiprocessor, we need to pre-
multiply the service conpletion rate by the CPU utilizations obtained
by the menmory interference nodel and the software | ockout nodel to
account for the performance degradation due to interactions between
multiple processors.

Wien a file I/0O request occurs, if we retain the task in main
menory, the nunber of processes in menmory will be fixed, so does the
service rate of the CPU.  Hence, the queueing network nodel will fit
into the class of nodels defined in Section 2. However, a nore real-
istic case is to swap the process requesting a file I/0O operation out
of menory. In this case the nunber of processes in main menory is
equal to the nunmber of processes in the CPU station and page |/0
devices. That is to say the service conpletion rate of the CPU de-
pends on the total nunmber of processes in the two stations, not on
the number of processes in itself alone. This kind of situation does
not fit into the framework of the queuei ng network nodels introduced
in Section 2. Nevertheless, the problem can be solved by applying hierar-
chical nodelling. Using the fact that the nean time between page faults
is usually an order of magnitude smaller than the mean tine between file
[/Os, i.e. the interaction between the CPU and page |1/0O devices is
much stronger than their interactions to the file 1/0O devices, we can
consi der the CPU and page |/ O devices separately fromthe file I/0O
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devices. A closed queueing network nmodel, refered to as CPU PGU nodel,
in Figure 9.3 is proposed to nodel the interactions between the CPU and
page I/0O devices. For a given N, the nunmber of processes in main
menory, the service conpletion rates of the CPU and page |/ O devices
are fixed. So the nodel fit into the class of nodels described in
Bection 2. W can obtain CPU utilization for various values of N,
which will be needed in the next level nodel. Then, going up one |eve
of the nodelling hierarchy, we can use the closed queueing network
model in Figure 9.4 to nodel the overall system Now the subsystem
whi ch consists of the CPU and page 1/0 devices is nodeled by a single
server whose service conpletion rate depending upon the nunber of pro-
cesses at this service center is equal to the CPU utilization, which
we obtain in the |ower level nodel, divided by the nean execution tinme
between file I/0O requests of a process. Some nunerical results on
simlar nodels can be found in [9].

We may further consider a queueing nodel for an interactive time
shared computer system In this system we need to nodel not only the
.multiprogrammed characteristic of the system but also the termna
behavi or and the job scheduling policy of the operating system It is
wel |l known that if we plot the processor utilization obtained by the
mul tiprograxmed nodel in Figure 9.4, the curve should take the shape
of the dotted curve in Figure 9.5. [20] [5] Note that the dotted
curve and the solid curve coincide for N< N . One of the nmjor
responsibility of the job scheduling algorithmis to make sure that
the nenory is not overcommited. That is to say the job scheduling

routine will inpose on upper bound N ... on the nunber of jobs being

X
activated in main nmenory. Let Np be the number of termnals in the

system A closed queuei ng nodel in Kobayashi [51]is presented in
Figure 9.6.a. As we can see the nultiprogramred computer system nodel

appears as a submodel of the system The external "job scheduling"
queue controlled by the scheduling routine makes the nodel s deviate
from conventional queueing nodel. Since the multiprogranmed conputer
system nodel is one step lower in the nodelling hierarchy, we can

separate it fromthe rest of the systemand nodel it independently as
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before except with a constraint on the maxi mum degree of multiprogram
mng inposed by the job scheduling routine. The CPU utilization isnow
given by the solid curve in Figure 9.5. [20][51] The difference
between the solid curve and dotted curve in Figure 9.5 for N > Nnpax
is due to the upper bound on degree of nultiprogramming. Now we can
replace the nultiprogramm ng subsystem nodel by a single service sta-
tion whose service conpletion rate is equal to the CPU utilization
indicated by the solid curve in Figure 9.5 divided by the mean CPU
execution time of a job. The job scheduling queue now becones an
ordinary queue of this service station. |If the scheduling discipline
used by the scheduling routine is round robin, we should represent the
service station by a processor sharing station which is a nmathenati cal
i dealization of the nultiprogramming system with time slicing. The NT
termnals will be represented by an infinite server station since no
contention at the ternmnals is assumed. Hence, the sinplified nodel
at the top level will be a closed queueing network with two service
stations as shown in Figure 9.6.h.
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10.  MODELS OF STORE AND FORWARD COMPUTER COVMUNI CATI ON NETWORKS VI A
TERRESTRI AL LI NKS

Model ling of store and forward computer communication networks via
terrestrial links is primarily due to Kleinrock [47, 48]. If we view
channel s as servers and nmessages as custonmers or tasks, the problem
seens to be again reduced to a queueing network nodel. Actually, the
situation is not that sinmple. Al results on queueing network nodels
are derived under the assunption that the service time at each server
is independent of each other. In a conputer communicaticn network,

t he randommess of service time comes fromthe randommess of nessage
length and the Iength of a nessage is not going to vary as the nmessage
hops through the network. Furthernmore, the arrival process of messages
due to the internal traffic in the network is not independent of their
service times. [ 48] Nevertheless, in [2], Kleinrock investigates the
validity of the "message independence assunption?' by extensive sinula-
tions. The "message independence assunmption” refers to the property
that the performance of a network will not change if the nessage size

i s sanpl ed independently at each node fromthe underlying common mnes-
sage size distribution instead of keeping the message size fixed when
transmitting through the network. The sinulation results indicate that
under nost conditions of interest this assunption is reasonable. The
nmessage i ndependent assunption provides us with the necessary founda-
tion for applying the queueing network nodels to anal yze store and
forward conputer conmunication networks via terrestrial |inks.

Nevertheless, an infinite storage capacity at each store and
forward node has been inplicitly assumed in the nodel. Lam[56] re-
| axed this assunption and presented a queuei ng network nodel for each
store and forward node to incorporate the constraints of finite noda
storage capacities, as well as the channel transnission control mech-
ani sns of positive acknow edgenent and tine-out of packets. This
model is presented in Figure 10.1. Finally these single node results
are interfaced by inposing a continuity of flow constraint. Again we
see, depending upon the levels of details required, queueing nodels
of different conplexities may be enployed
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11.  REMARK

While analytic results are clearly not powerful enough to provide
a "cookbook" approach to performance analysis and prediction, general
nmet hodol ogy and difficulties on nodel fornulation are discussed through
exam nations of various conputer system and network nodels. These
model s are presented in a systematic way based on the powerful mecdelling

met hodol ogy -~ hierarchical nodelling.
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