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ABSTRACT

In this dissertation, we investigate the use of a
dynamic priority scheduling rule proposed by Kleinrock in a
M/G/1 queueing model and study 1its applicability as a

scheduling rule for transaction processing systems.

In this rule, each job has a priority index and it
increases linearly, starting from zero when the job arrives,

at a rate which is assigned to the job's priority class.

When the server becomes free, it selects the job for service
whose priority index is the largest. The rates for the

3 priority classes are a set of parameters that can be varied

to control the waiting times of jobs in each priority class.

To study this rule, we first derived the feasible

performance space of mean waiting times for each class of

jobs. Then we derived an algorithm for determining the

values of the control parameters for any given set of

feasible mean waiting times. We then discuss optimization
of several cost models using functions of mean waiting
times. For each cost function, a procedure to obtain an
optimal combination of feasible mean waitiag times is
presentea. This set of mean waiting times can then be used

to obtain optimal values for the control parameters.




At saturated congestion, we proved a multiplicative
version of Jackson's conjecture which states that the ratios
among different classes of mean waiting times are

proportional to the reciprocals of the control parameters.

Simulation studies of the variance behavior show that
as discrimination among different classes increases, the
variance of waiting times for each class of jobs varies and
it either strictly increases or strictly decreases following

the same direction as the mean waiting time changes.

A sensitivity study of mean waiting times shows that
the relative waiting times among different classes of jobs
remains fairly steady under reasonable fluctuations of

system congestion.

The results obtainea from our study show that this
scheduling rule 1is applicable for use 1in transaction
processing systems. The capability of adjusting the control
parameters to provide mean waiting times performance between
that of first-come-first-serve and fixed priority scheduling
allows the designer to select from a wide range of response

times for different classes of transactions.
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CHAPTER 1

TRANSACTIONS PROCESSING SYSTEMS

1.0 Introduction

Over the past few years, a very pronounced trend of
increased usage of on-line computer systems has developed in
data processing. One type of on-line system that 1is
proliferating in wuse 1s Transaction Processing System.
Transaction processing systems generally handle an
organization's operational data as the data are generated
and needed by on-going operations. This method of {
processing aata reduces clerical data handling, gives an %
almost instant turnaround time and provides current and ‘

accurate information whenever and wherever needed.

I —

Simply stated, transaction processing systems are a
special type of computer information systems designed for
non-expert users to communicate with the computers for
on-line processing of transactions. The computer handles

transaction workloads by running a set of previously stored

application programs to interact with a centrally managed
data base. Such systems are found in a vast variety of
organizations, including airline, banking, medical,

insurance, manufacturing and government.

One representative application of transaction
processing systems is the airline reservation system

[KNIG72]. 1Initially designed solely for controlling seat

|
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inventory and maintaining limited passenger records
[PERR61], airline systems have now evolved into large,
complex system. that maintain waiting lists, provide flight
information, handle provisions for special facilities suca
as hotel reservation and car rental, perform load and trim
calculations prior to take-off, and even interact with each

other for inter—airline flight information.

Since transaction processing applications usually
involve a large volume of transactional data for processing,
scheduling rules that provide fast response times and

efficient usage of computer systems resources are desir‘able.

This dissertation discusses a time dependent priority
scheduling rule for transaction processing systems (TPS)
which we «call escalating priority scheduling. In this
scheduling rule, a set of control parameters can be adjusted
by the designer to provide discriminations between different
priority classes of transactions. This rule was first

proposed by Kleinrock [KLEIG64].

In investigating this scheduling rule, we study the
behavior and 1limitations of the rule, derive the feasible
performance space of mean waiting times allowed, and discuss

some cost models for optimizing this scheduling rule.

In optimizing, our solution procedure is divided into

the following two stages: First, for a given objective

function, we determine the optimal mean waiting times for




each priority class. Second, given a desirable performance
of mean waiting times that is feasible, we determine the
values of the control parameters that will realize this

aesirable performance.

In the remainder of this chapter, Section 1.1 gives an
introduction to transaction processing systems, Section 1.2
discusses the modeling of transaction processing systems as
queueing systems, Section 1.3 reviews and summarizes
priority scheduling rules that are relevant to our research,
ana Section 1.4 defines the problems specific to escalating
priority scheduling, and gives a more detailed overview of

tnhe dissertation work.

1.1 Transaction Processing Systems

There are certain common characteristics in all
transaction processing (TP) environments. They are the

following ([BOOT72]:

1. The system is highly user oriented. Data entry is
through terminals which are located convenient to
the users. The computer for processing
transactions may be installed in a different

location.

2. The terminal operating procedure for data entry 1is

built around "non-expert" users, and is usually

quite simple.




For

software

1L

The input data items, called transactions, are of
pre-aefined type. Transaction volume is usually
large, and transaction applications may be

diversified.

Application programs to process the transactions
are prepared and stored in the computer in advance

and are invisible to the user.

The response time is fast. The system 1is capable
of providing the user with the desired information

within seconas.

The system generally maintains an integrated data
base. Processing of each transaction usually
involves some manipulation =-- adding, updating,

retrieving or deleting -- of data in the data base.

transaction processing applications, sophisticated

is designed to meet the following needs:

Simple and effective interactive procedures for an
efficient flow of information between terminal

operators and the computer.

Effective utilization of system resources to ensure

satisfactory performance.




3. Easy and fast implementation of application

programs for system service enhancements.

4. Protective methoa of data handling to ensure data

base integrity and security.

5. Efficient and effective error recovery procedure to

maintain system availability.

The current state-of-the-art software systems designed
to meet this need are known by several different names:
transaction (processing) monitor, teleprocessing monitor,
and transaction processing (operating) executive. Some of
the better known transaction processing monitors that are
available for general use are: CICS from IBM [IBM73], TIP
from Univac, TPE from Honeywell [HONE73], TASK/MASTER from
Turnkey Systems, SHADOW II from Cullinane Corporation,
INTERCOMM from Informatics Inc., and ENVIRON/1 from Cincom

Systems, Inc.

These software systems are designed with a high degree
of generality so that users can tailor the system toward
their specific applications. Generally, these systems can

perform the following tasks [IBM73]:

. Terminal management - Host and control data transfer
between a telecommunication network of heterogeneous

mix of terminals and application programs.




Multitask control - Schedule and support concurrent

processing of a number of application programs for the

wide mixture of transaction workloads.

Ffile management - Provide efficient access methods 1in
nandling data base files. Support scheduling and
initiation of all file 1item requests made by the

application programs.

Storage management - Allocate and control of storage for
programs, storage for input/output buffering areas and

temporary storage of data.

Program management = Provide a multiprogramming
capability while offering a real-time program fetch
capability. Intercept program interrupts to prevent

total system termination.

Error handling - Detect and handle error conditions
caused by hardware or software malfunction. Provide
dump facility to assist in analysis of programs and

transaction undergoing development or modification.

In the literature, there is little detailed

documentation of transaction processing systems. Topics of

some existing articles discussing transaction processing

systems are: a design methodology for TPS [HIRC75], TP

facilities in IBM IMS/VS systems [MCGE77], development of a

high performance TPS and its monitor [SIWI77], designing

customized systems using TP monitors [DAVE74]), running TP




monitor in a special operating system environment [(EADE77],
and report of a successful use of TP monitcrs [GERA76]. In
this 1last article which describes a magazine/ book/ record |
system of Time, Inc. using CICS of IBM, it is reported that
the system 1is capable of supporting 200 CRT terminals to
process 750,000 transactions per week which interact with a
aata base of five billion characters, while providing a mean

response time of one second.

For the evaluation and selection of commercially
available transaction processing monitors, Matheny et al.
[MATH77) has compiled a list of evaluation criteria. They
are: (a) terminal support, (b) internal facilities
consideration, (c) application programming considerations,
(d) communication functions, (e) operating environment, (f)
implementation / maintenance, (g) recovery / reliability /
controls, and (h) costs. They have also provided a
comparative study of the internal characteristics of the
following five transaction processing monitors: CICs, 1

INTERCOMM, TASK/MASTER, ENVIRON/1 and SHADOW II. |

1.2 Moceling of Transaction Processing Systems

To date, there are a 1limited number of documented
studies on the design and performance evaluation of
transaction processing systems. [GERK74], [SCHW77] and
ISARZ77] are three of the articles in the literature that

specifically address these problems. Computer performance




evaluations are commonly used for the design, selection and
tuning (peaking) of computer systems. Modeling of computer
systems as queueing systems is a common and desired approach
for the evaluation of systems performance. This approach of
studying computer timesharing systems has proved to be
successful in improving the design, control and

effectiveness of systems operation [KLEI76].

Transaction processing systems are very similar to
general timesharing systems. Both kinds of systems are
designed for on-line use and man-machine interactions
require similar constraints on the systems responsiveness.
However, certain cnaracteristics that distinguish these two
types of systems have limited the usefulness of models that
were aeveloped for timesharing systems in the study of

transaction processing systems.

Some of the characteristics unique to transaction

processing systems are the following:

(a) For each transaction generated from the terminal,
the required application program(s) for processing this
transaction are stored in the system in advance. Hence the
general requirements of system resources needed to process

this transaction are known.

(b) Based on the intrinsic characteristics of different

types of transactions, their response time requirements may

vary. That 1is, some types of transactions are more




important, and need to be processed with priority. On the
other hand, other types of transactions may be delayed
slightly without significantly affecting the terminal

operations.

(c) Due to the nature of transactions, processing logic
of the application programs are generally quite straight-
forward, and the processing path of programs generally do

not change with different values of transaction data.

(d) The processing times required for all types of
transactions are usually no more than one second. Thus, in
a transaction processing environment, processing overhead
becomes important. The technique of swapping programs in
and out of memory, which is widely used in timesharing

systems, is generally not applicable in transaction

processing.

In studying queueing systems, the following essential

elements need to be characterized: |

l. Source population - population from which the

entities demanding service emanate.

2. Arrival process - the pattern by which the entities

arrive to the service facility.

3. Queue structure - Number and configuration of

waiting lines.
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4. Service facilities - Number of service channels and

3 ordering of services.

5. Service process - The required time to completely

service an entity at each service station.

(<))
.

Scheduling discipline - The rule by which units are

selected for service.

We now aiscuss each of these characteristics in the

transaction processing environments:

(1) Source population. In many TPS, there are a large

number of users. 1In this case, infinite populations can be

used to describe the source population of arrival. However,
some TPS may only have a small number of terminals. Then, a
finite arrival population 1is needed for modeling the

queueing arrival.

(2) Arrival process. In general, arriving transactions
from different terminals are independently generated.
Studies of timesharing systems have shown that when a large
number of terminals are active (signed on), then Poisson
arrivals can be assumed [ANDE74]. Simulations of stochastic
processes have shown that when there are 10 or more active
: terminals, the superimposea arrival process is sufficiently
close to a Poisson process even though individual arrivals
from each terminal may not be Poisson [AGRA75S]. However,

when the arrival population is small, some other process may

10
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be needed to describe the arrival process.

(3) Queue structure. Depending upon the type of
computer, the number of priority classes, and the scheduling
rule, different queue structures are required. Generally,
for priority scheduling, it 1is desirable to maintain
separate queues for each priority class for the use of each
system resource. Since each transaction, once generated,
will need to be processed eventually, an infinite waiting

line should be allowed in TPS.

(4) Service facilities. In uniprogramming environ-
ments, CPU and I/0 operations are alternatively active.
Thus the two services together can be thought of as a single
service. In this case, TPS can be modeled as single stage
service facilitiss. However, if multiprogramming is

allowed, a model with multiservers facilities is necessary.

(5) Service process. For the processing of
transactions of the same type, resource requirements in
terms of core storage, processing path length, number and
distribution of data base access, file structure usage, and
memory overiay structure are very similar. The straight-
forward logic in application programs takes a limited amount
of time to execute. Thus, for each type of transaction, the
service time aistribution may have a small mean and possibly
a small variance. However, due to the nature of diversified
applications, different transaction types may assume wiae

variations of service time distributions. It 1is thus

1l

e e




desirable to have a general distripbution for describing the

service process.

(6) Scheduling discipline. 1In view of the nature of
different transaction applications, it is generally
desirable to use priority scheduling rules in TPS to satisfy
different degrees of response performance to different types

of transactions.

Thus, TPS can be modeled as multiclass priority
queueing systems with Poisson arrivals and general service
time distributions. The model queue structure, scheduling
discipline, whether an infinite or finite source population,
and whether single or multi server(s) depend upon the
computer system and the application of the TPS being

modeled.

In this dissertation, we will limit our discussion to a
single processor, uniprogramming TPS which support a large
number of terminals (as 1is wusually true in minicomputer
transaction processing systems). We can model this class of
TPS as a single server dqueueing system with multiclass
Poisson arrivals and general service time distributions. In
Kendall's notation [KEND51], this model is called a
multiclass M/G/1 queueing system. (M/G/l denotes Poisson
arrivals, general service time distribution and a single

server. The letter M denotes the Markovian property of

Poisson arrival.)

12




1.3 Review and Summary of Priority Scheduling

A scheduling discipline in a queueing system 1is a
decision rule for the service facility to choose among jobs
in the queue the next one for service. When we refer to a
scheduling discipline as priority scheduling, it is assumed
that arriving jobs are grouped into classes based on some
external characteristics, and the rule of scheduling depends
specifically on the priority class to which a job belongs.
The selection decision may or may not depend on other
characteristics of the system, such as the queue length, the
arrival pattern, the service time required, or service so

far rendered.

The following notation will be used throughout this

dissertation: For an n-class priority queueing system, we

let
Xi = Poisson arrival rate for class i jobs.
Si = Random variable for service time of class i jobs.
E[Si] = Expected service time for class i jobs.
E[Si] = Second moment of service time of class i jobs.
Wy = 1/E[Si], the service rate for class i jobs.
Py = xf/ui , utilization factor for class i jobs.
E[Wi] = Expected waiting time in queue for class i jobs.
Aa X+ Ayt ... ¢ A, » total arrival rate.
pP= Pyt ot ce + o0, total utilization factor.
o; = ol'+ Py Pl ¥ pi , partial sum of utilization.

= \/p , averaged total service rate.

13




Unless otherwise stated, we will assume p < 1. We will
confine our discussion to scheduling of single server
queueing systems with Poisson arrivals and general service
time distributions. The class of scheduling that we will
study is called "work-conserving", which is defined as the

tollowing [KLEI6S]:

DEFINITION: A scheduling discipline is work-conserving if
it has the following properties:
(1) The processor is always kept busy as long as
there are jobs in the system to be processed.
(1i) The total processing time required by any

job is not affected by the scheduling decision.

A scheduling is called nonpreemptive if once a job
starts 1its service, it will be served till completion. A
scheauling is preemptive if it allows interruption and gives
service to another job with higher priority. We will limit
our discussion to nonpreemptive scheduling rules that are

work—-conserving.

Below we summarize some results which are relevant to
our work. First, we have the following theorem due to

Kleinrock [KLEI®5] (see also [SCHR7U] and [HOAR72]).

THEOREM 1l.l1. In multiclass M/G/l gueueing systems under all
nonpreemptive work-conserving scheduling

n
disciplines, the quantity g

i pkE[Wk], which is a

L

14




weighted sum of mean waiting times for all

classes, 1s an invariant, and it is equal to

( = \EIS2]) / 201
ol © \E ) (1= p) .
sl k k

Now, if we let
— n 2
(1.3, 1) W= (2 xkE[Sk]) f 2(1=9),
k=1

then the above theorem becomes:

(1.3.2) PE[W,] + p,E[W,] + ... + p E[W ] = oW.

It is noted that W depends only on the first and second
moments of the service time variable, rather than on the whole

service time distribution.

The relation (1.3.2) is generally refered to as the
conservation law of mean waiting times. This conservation
law puts a linear equality constraint on the set of mean
waiting times {E[Wi]}. Any attempt to modify the queueing
discipline so as to reduce one of the E[Wi]'s will force an
increase in some other E[Wj]. However, this need not be an

"even trade" since the weighting factors may be different.

Given n classes of arrivals, if we disregard their
priority and serve them strictly on a first-come-first-serve {
(FCFS) basis, we have the following Pollaczek-Khinchin

formula for mean waiting times (See, e.g., [WOLF70]):

1S




THEOREM 1.2. In M/G/1 queueing systems with multiclass
arrivals, under FCFS scheduling, the mean
waiting times for all classes are all equal to

W. That is, we have

{dsdud) ElWy)pepg = EMplpeps =+ = ElWpl pepg = W-

We will interchangably use E[WFCFS] and W to represent
the same quantity as defined in (1.3.1).

Among other priority queueing disciplines, the

nonpreemptive head-of-the-line (HOL) scheduling studied by
Cobham [COBH54] is the scheduling rule most commonly known.
This discipline 1is also known as fixed priority scheduling
or strict priority scheduling. We will call it by the name

"fixed priority scheduling."

Under this scheduling rule, Jjobs are grouped into
different priority classes. Upon arrival of a job, it joins
the queue for the priority class that it belongs and becomes
the 1last job 1in the queue. When the service facility is
available, the scheduler searches, starting from the highest
priority class and moves downward to lower classes, to find
the first nonempty queue. The first job from this queue is
then taken for service. The scheauling mechanism is
illustrated in Figure 1.l1. We note that within the same
priority class, jobs will be selected on a first-come-first-
served (FCFS) basis. The convention of denoting higher

priority class with smaller class indices will be followed.

16
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Figure 1.1 Fixed Priority Scheduling Mechanism

The mean waiting time for each priority class under
this scheduling rule 1is given by the following theorem

[COBH54] :

THEOREM 1.3. 1In multiclass M/G/l1 queueing systems under
fixed priority scheduling, the mean waiting time

for each priority class is given by

(1.3.4) ElW;lpp = (1-p) W/ (1-0;_5) (1-9;). (1<i<n)

As a corollary, we have the following:

(1.3.5) (1-p) W / (l=py) = E[Wilgp < W,
and
(1.3.6) W < E[Wn]FP =W / (1-p+pn).

17




The following theorem addresses the problem of optimal

ordering of priority classes. This result, generally known
as "the uc rule for Poisson arrivals", can be established

by an interchange argument using the conservation equation

(1.3.2) (See, [BROS63}).

THEOREM 1.4. 1In multiclass M/G/1 queueing systems under

fixed priority scheduling, in order to minimize

MCy ElWyl,

—
-

w
.

~J
S
(@]

h™MBs

k=1

priority ordering should be assigned in the
descending order cf “iéi' That 1is, higher
priorities are given to classes with larger

values of i€ e

In the apbove theorem, C; can be thought of as the cost
of unit time of waiting per job from class 1i. In

particular, if we let ci' = A.C

.» then c.' becomes the total
X L 1

cost of waiting per unit time for class i arrivals. 1In this

case, we have the following corollary.

COROLLARY: 1In order to minimize
n
(1.3.8) c! = kilC§E[Wk],
priority ordering should be assigned in

descending order of ¢;'/#..
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Next, we define the rule we call "“escalating priority
scheduling". This rule was first proposed and studied by

Kleinrock [KLEIo4].

DEFINITION. In escalating priority scheduling, there is a
parameter o (ai}O) associated with each
priority class i. When a job from class i
arrives to the system, 1its priority index
"escalates" linearly, starting from 0, with rate
oy Whenever the service facility becomes
available, the job with the highest
instantaneous priority index 1is then selected

for service. A tie is broken by any arbitration

rule.

Theoretically, the arbitration rule for resolving two

jobs with the same priority indices is unimportant, since
the probability of this event's happening is zZero.
Practically, however, we can either give preference to the
job which has waited longer (i.e., following FCFS rule), or
to the job belonging to a higher priority class but has
waited for a shorter time (i.e., according to the

priorities).

Under this scheduling, the priority function for a job

from class i which arrives to the system at time "5 is,
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where t ranges from T until this Jjob obtains service.
Thus, priority of each job changes dynamically. The longer
a job waits, the higher 1its priority becomes. Taking
waiting time into consideration, this scheduling rule gives
priority to jobs that have been in the queue for a 1long

time, even though they may belong to low priority classes.

Figure 1.2 illustrates the priority functions of two
jobs from different priority classes which enter the system
at two different times. Specifically, at time T, r A job
from priority class 1 arrives, and attains priority at a
rate equal to aye At a later time Tj , another Jjob from
priority class j (j<i) enters the system, and attains its
priority at a higher rate o The priority of this job from
class j will catch up with that of the job from class i at
time t*. Should the server become available any time before
t*, the Jjob from class i will obtain service in preference
to the job from class j, despite that it is from a "lower"
priority class - a class with "lower" priority increasing
rate. On the other hand, if the service facility is
occupied until after t*, then, when the server is available,

the job from class j will be chosen.

We note that under the rule of escalating priority

scheduling, preferential treatment is given to classes with

larger values of the parameter g For two jobs arriving to

the system at the same time, the one with larger value of oy




gains priority at a faster rate, hence will be served

earlier.

\
! tong, =aq
tonej qj

i) =ay(t-v))
q;(t) =a; (+-%)

—p

0] 7 T e

Figure 1.2 Interaction between Priority Indices

in Escalating Priority Scheduling

The following theorem, due to Kleinrock [KLEI64], gives

the behavior of mean waiting time of each priority class

under escalating priority scheduling.

THEOREM 1.5.

(1.3.9)

In multiclass M/G/1 Qqueueing systems under
escalating priority scheduling and

2 2 ce0 2 @ the following set of n

|

linear equations hold: For each i, 1<i<n,

nl

i-1 @y n o i
{1- 2 (1- ;—)pk}E[Wi] + =z (1—-——)pkE[wk] = W.
k=1 k k=i+1 i |

The mean waiting times for each priority class i

can thus be obtained recursively (from n

backwards to 1) as




n Q’k

RO k=i+1
(1.3.10) ElWi] = =1 o
1~ = (1-—)pk
k=1 Yk

Note that we have used the convention to interpret a

null summation as 0 in equations (l1.3.9) and (1.3.10).

The dependence of E[Wi] on the set of parameters ({ o}
in (1.3.10) shows that the relative mean waiting times of
different priority classes can be adjusted. This makes
escalating priority scheduling more attractive than the
conventional fixed priority scheduling, since it is possible

to change the values of the parameters for a more desirable

system performance.

We remark that since this nonpreemptive scheduling is
work-conserving, the conservation law requires a linear
constraint (l1.3.2) on the performance of mean waiting times

of all priority classes.

When Kleinrock first investigated this scheduling rule,
he proved the above theorem only for the case when service
time distributions are all exponential. In his entire proof
ot this theorem, only the mean of waiting time distribution
is used. Since this mean waiting time is only a function of
the first and second moments of the service time

distributions, and this is true also for the M/G/l1 system as

given by equation (1.3.2), the same theorem must also hold

e




for M/G/1 system by using the values of W given by (1.3.2).

When Kleinrock summarized this result later in his book
[KLEI76], he seemed to imply this, although he did not
clearly make the point. (He had kept the sentence "we study
this system for the case of exponential service times ..."

in his book.)

1.4 Problem Definition and Overview

As we stated earlier, in transaction processing
systems, priority scheduling 1is required in order to give
different response times to different types of transactions.
In many existing TPS, fixed priority scheduling 1is
implemented. When these systems are operating under heavy
congestion, many low priority transactions suffer
excessively long response times. However, it 1is possible
that some high priority transactions are still obtaining
unnecessarily fast responses. This suggests that a
scheduling rule other than fixed priority scheduling is

desirable.

Studies of human behavior in man-machine interactions
have shown that 1iong response times will interrupt the
continuity of human thinking, and will drasically reduce the
productivity of the terminal users (See, [MILL68] and
[CARB68]). 1In general, it is considered that for response
times, the faster, the better. However, we all know that

there is also a human reaction limit. A response time that

23

——




T G g T

is faster than what a human being can react 1is not
necessary. Figure 1.3 shows the situation of response times
under fixed priority scheduling, together with a desirable

performance that lies within the two human response limits.

4 :
UPPER LMMT\ :
S e |
RESPONSE
TIME 7
LOWER LIMIT
ACTUAL -{ |
oesmase | |
II!! e Sk
0] I 2

PRIORITY CLASS

Figure 1.3 Response Times Behavior under
Fixed Priority Scheduling Rule

The above discussion suggests that it is desirable to
have a scheduling rule to provide reasonable response times
to low priority transactions so that the continuity of human
thinking will not be interrupted. The escalating priority
scheduling rule appears to be a good scheduling rule to
consider because it can discriminate against high priority
transactions in not providing faster response time than
necessary and thus allow some of the TPS resources to

respond to lower priority transactions.
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In analyzing queueing models, it is generally desirable
to obtain measures other than just mean waiting times. For
analyzing multiclass M/G/1 Qqueueing models, 1in order to
obtain the waiting time distributions, specific service
times distributions must generally be used and even then, it
is usually difficult to obtain analytic results. In
studying escalating priority scheduling for TPS, we will
limit our investigations to the mean and variance of waiting

times.

Some of the questions that need to be answered in
determining if escalating priority scheduling is indeed

applicable to transaction processing systems are:

(1) what is the feasible performance space of mean
waiting times under this scheduling? What are the bounds of

mean waiting time for each priority class?

(2) How do we find the values of the control parameters

that will optimize different cost objective functions?

We will answer these questions, plus investigating some
other aspects of escalating priority scheduling, in this
dissertation. 1In Chapter 2, we investigate the limitations
of this scheduling, derive the feasible performance space of
mean waiting times and show that the range of this
scheduling rule is from fixed priority scheduling to

first-come-first-serve scheduling with no priorities.
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In Chapter 3, we study the problem of optimization for
several cost functions. Our solution procedure is divided
into two stages: First, we determine a set of optimal mean
waiting times for a given cost function. Then, we determine
the values of control parameters for this set of mean

waiting times.

Chapter 4 discusses several other aspects of escalating
priority scheduling, such as bounds on the ratios of mean
waiting times, the behavior of these ratios of waiting times
under saturated congestion and variances of waiting times

under different levels of discrimination.

In Chapter 5, we compare the behavior of escalating
priority scheduling with other "adjustable priority
scheduling rules", discuss the use of escalating priority
scheduling 1in transaction processing systems, and give

conclusions and directions for future research.
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CHAPTER 2

ESCALATING PRIORITY SCHEDULING DISCIPLINE

2.0 Introduction

We have seen in Chapter 1 that escalating priority
scheduling has a set of control parameters. By adjusting
the settings of these parameters, different mean waiting
times can be achieved. In this chapter, we study the
limitations of this scheduling, derive the feasible
performance space of mean waiting times for each class of
jobs, and develop an algorithm for determining values of the
control parameters given a set of feasible expected waiting

times.

In Section 2.1, we introduce a deneral concept of
scheduling rules with adjustable parameters. For this class
of scheduling rules, we derive a set of constraints (bounds)
on the mean waiting times of jobs from different priority
classes anda show that they can cover the spectrum of
scheduling from no discrimination to maximum discrimination

among priority classes by adjusting their parameters.

In Section 2.2, we show that the set of constraints
derived in Section 2.1 is sufficient for characterizing the
feasible performance space of mean waiting times under
escalating priority scheduling. That is, any combination of
mean waiting times satisfying this set of constraints can be

achieved by escalating priority scheduling. We then develop

27
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an algorithm for determining the values of the control

parameters given any set of feasible mean waiting times.

In section 2.3, we discuss interpretation of boundary
points of the feasible performance space under escalating
priority scheduling, ana show that non-extreme points on the
bounaary leaa to a natural detinition of a mixed rule of

escalating priority and fixed priority scheduling.

2.1 Adjustable Priority Scheduling Rules

In multiclass queueing systems, priority scheduling is
used to discriminate among different classes of arrivals.
Some of the scheduling rules are furnished with a set of
parameters that can be adjusted to provide different
discriminations among the different classes of jobs. We
call this class of scheduling rules the "adjustable priority

scheauling rules", and define it formally as the following:

DEFINITION. In an adjustable priority scheduling rule,
there 1is a set of parameters that can be varied
to enforce different degrees of discriminations
among priority classes.

‘
In adjustable priority scheduling rules, the priority
index of a job must be a function of more than the parameter
associated with the priority class, otherwise the scheduling

rule will become fixed priority scheduling without any




adjustability. Usually, the priority index function
aepends, 1in addition to the parameter associated with the
priority class, on the history or the current state of the
system. For example, in escalating priority scheduling, the
priority index of a job depends on both the waiting time and
the parameter associated with the job. Other examples
include Earliest Due Date scheduling and deescalating
priority scheduling (these scheduling rules are discussed in

Chapter 5.)

In the following, we investigate the 1limitations of
mean waiting times under any adjustable priority scheduling
rule. Please recall that we have restricted ourselves to
scheduling rules that are both work-conserving and

nonpreemptive. First, we have the following theorem.

THEOREM 2.1. 1In multiclass M/G/1 queueing systems, under
any nonpreemptive adjustable priority scheduling
rule, the mean waiting times for each <class is

bounded by:

(2.1.1) (L-p)W/(l-p ) < E[Wil < W/(l-p+p;). (1<i<n)

Proof: For each priority class i, the maximum preference
that can be given to this class under any adjustable priority
scheduling rule is when Jjobs from this «class are given
utmost preference over any other classes' jobs. Under this

condition, no job from any other class will ever be selected
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for service as long as there are jobs from class i1 present
in the system. But this is exactly what happens when the
system is operated under fixed priority scheduling that
gives class i the highest prioity. Thus, the mean waiting
time of class i when it is set as the highest priority class
under fixed priority scheduling gives the 1lower bound of
E[Wi] for any adjustable priority scheduling rule. From
(1.3.5) of Theorem 1.3, we have the first half of inequality

get (2.F.L1) .

Similarly, the maximum discrimination that can be
applied against c¢lass i wunder any adjustable priority
scheduling rule is when jobs from this class are given least
preference. As 1long as there are jobs from other classes
present in the system, no job from class i will be selected
for service. This 1is what happens in fixed priority
scheduling, when class i 1is set as the 1lowest priority
class. Therefore, the upper bound of E[Wi] can be obtained
from (1.3.5) of Theorem 1.3, which is the second half of

inequality set (2.1.1).

In the following, we show that not only 1is %the mean
waiting time of each priority class bounded, but a weighted
sum of the mean waiting times for any number of classes 1is

also bounded.
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THEOREM 2.2. 1In multiclass M/G/1 queueing systems under any

nonpreemptive adjustable priority scheduling
rule, for any set I of priority class indices,
we have the following bounds on a weighted sum
of mean waiting times for jobs with class
indices in this set:

(2.1.2) (1-p)( £ p, )W/(1- % p,) < £ p E[W,]<(Z p )W/ (l-p+
ker * kex ¥ LI ey >

In the above expression, the notation E denotes the

k€I
summation for all classes with class index in I. We will
exclude the case when I is equal to the set of all priority

indices, because in this case, (2.1.2) becomes the

conservation constraint (1.3.2).

Proof: For any given I as the set of class 1indices of an
arbitrary group of priority classes, let the mean waiting
time of all jobs in this group be E[W;]. Let N denote the
set of all class indices. That is, N = {1, 2, ..., n}. Let
N-I denote the set of class indices which are not in 1I.
Then if we 1look at the classes with class indices in I as

distinct classes, from the conservation law we have

£ p E[W,.] + T W.] = oW,
ker £ K kém—xﬁ"“3 =

Now, if we consider the whole group of priority classes

with class indices 1in I as a single class, its congestion

factor is then equal to ¢ P+ From this point of view, the
KEI

oy

k€I keT k€I

k)'




! conservation equation becomes

(l‘p}g E(W

] + £ QEI[W,] =poW.
k€T Ak

I ken-1

From the above two equations, we have

3 (2.1 .3} E(W,] = = o E[W] / Z o .
F . ¥ ker K " ke ©

Now, for the mean waiting time E[WI] of all jobs in
this "combined class", under any adjustable priority
scheduling rule, from Theorem 2.1, we have

(L-p)W/ (1= Z p) < E[W ] < W/(l-p+ T o

Yo
KET k€1 &

Substituting (2.1.3) into the above expression, and
multiplying by the quantity ( 2 pk) throughout, we obtain

kex
{2.1.2).

We remark that in Theorem 2.2, for the special case
when the set I consists of only one element (e.g., I={i}),

then (2.1.2) becomes

Cancelling out the factor s this becomes an inequality of
(2. 1000 Thus, if we allow I to be any set of class

indices, then (2.1.2) includes (2.l1l.1) as a special case.

We will now examine the two sets of inequalities in
(2.1.2), and show that when the conservation equation

(1.3.2) holds, these two sets of inequalities can be derived
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from each other:

From the first set of inequalities, for each I, we have

T p E[W,] > (l~p)W( T py )/ (1= T py).
ket & - & k€I X ker ¥
From the conservation law, we have
(1.3.2) PIEIW ] + poEIW,] + ... + o LE[W,] =0W,

Taking the difference of the above two equations, we

then have

S o, E[W,] < pW- (l=p)W( T p, )(1= = py)
ken-1 © K k€T X kEx ©
= (pW=-( = o, )pW=(Z p )W+ ( Z p )eW}/ (L= T p,)
KEN-T X ker K ker K k

(= P )W/ (l=p+ T o).
kEN-I kEN-I

This is an inequality in the second set of (2.1.2). Since
this is true for all i, all inequalities in the second set
of (2.1.2) can be derived from the first set of

inequalities.

Similarly, if we take the difference of (1.3.2) with
any 1inequality in the second half of (2.1.2), we obtain an

inequality in the first half of (2.1.2). This holds true

for all 1i.
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Since the conservation law holds for any nonpreemptive

adjustable priority scheduling, only one set of inequalities
in (2.1.2) is needed to characterize the mean waiting times

behavior.

Summarizing the above discussion, we have the following
necessary conaitions for any nonpreemptive adjustable

priority scheduling rule:

(1:3:2) plE[le + sz[wzl + ... + o E[W]] =pW,

and

(2.1.4) VIECN T p,  E{W_ ] > (1-p)( Z p )W/ (1= £ ).
xer Kk Ker X ker ©

In the above expression, we have used the notation VICN
to mean "for each proper subset I of N", where a proper
subset of N is defined to be a nonempty subset of N that is
not equal to N itself [LIPS64]. Thus, for example, when N =
{1, 2, 3}, then I can be any of the following: {1}, {23,
{3, {1, 2}, {1, 3} and {2, 3}. Therefore, when we require
I to run through all the possible subsets of N, (2.1.4)
becomes a set of six inequalities. We remark that for a set

N of n elements, (2.1.4) consists of 282 inequalities.

The above summary states that for any setting of an
adjustable priority scheduling rule, the point W =
(E[wlj,Elwzl,....E[wn]) must lie within the space defined by
(1.3.2) and (2.1.4). 1In other words, the space defined by

(1.3.2) and (2.1.4) is the maximum possible performance
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space of mean waiting times under any adjustable priority

scheduling rule.

We now give the geometrical representations of these

constraints in two and three dimensional spaces.

Figure 2.1 shows the bounds of mean waiting times in a
two-class queueing system under any adjustable priority
scheduling rule. The conservation equation (l1.3.2) 1in the
two-dimensional space is a straight line L:

plE[Wl] * p;”wzl = pW. The set of constraints (2.1.4)

consists of two inequalities:

|v

(a) p BIW3) > (1-pP)p W/ (1-py;

A\

and  (b) p EIW,] > (1-p)p,W/(1-0,).

F2
Let L : p E[W;] = (l-p)p;W/(l=p)) and L,: p,E[W,]

(1-9)02W/(l—p2 correspond to the boundaries of the above
two inequalities. Then we see that L,and L intercept at

Wi, = ((L-p)W/(1- Py s W/ (1- py); while L, and L intercept

at 0y = (W/(1-0), (1-9)W/(1-g)).

Thus, the maximum performance space of mean waiting
times is the line segment 6;;5;1. It is interesting to note
that point P = (W, W) lies on the line 5;;5;;. This point
corresponds to a scheduling rule which applies no
discrimination among the two priority classes (e.g., FCFS or

last-come-first-serve (LCFS) scheduling).
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Figure 2.1 Bounds of Mean Waiting Times

in a Two-Class Queueing Model
We note that for points in between P and Qs we have
E[Wl] < E[wzl. Tnus, they correspond to scheduling rules
that give preference to class 1. Similarly, points 1lying
between P and Q21 correspond to scheduling rules that give
preference to class 2. The extreme point le corresponds to
the mean waiting times performance of fixed priority
scheduling which gives high priority to class 1. Similarly,
point QZl corresponds to mean waiting times performance of

fixed priority scheduling with reversed ordering of

r priorities.

Next, we will discuss 3-class queueing systems. In

3-dimensional space, the conservation equation (1.3.2)

becomes a plane S: ¢y E[W;] + poE[W,] +po E[W_] =p W. It is

shown as the plane passing through the points X1, X2, X3 in

Figure 2.2,




In this case, constraints (2.1.4) is the following set

i of 23-2 or 6 inequalities:

(1) o) E[W,] > (1-p) p W/ (1-p;)
1 (2) o, ELW,] 2 (1-0) p/ (1-p )
(3) p3ElW5] 2 (1-0) oW/ (1-p,)
(4) p E[W ] + o E[W,] 2 (1-p) (o) +p, )W/ (1=p)=p)) |
(5) p EIW,] + pEIW,] 2 (1-0) (o) +0)W/ (1=p)=p,) :
(6) pp ELW,] + o E[W;] > (1-p) (py+p )W/ (1-p,mpy)
{;E[u]
;
;
b

Figure 2.2 Bounds of Mean Waiting Times
in a Three-Class Queueing Model

The six lines corresponding to the boundaries of the

above six inequalities are shown as Ll through L6 in Figure

2.2. The six vertices 0123, 0213, 0231, 0321, Q312 and 0132

correspond to the mean waiting times performances of the six

3
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different orderings under fixed priority scheduling. The
subscript of each point represents the ordering of priority

classes. Thus, for example, Q represents the mean

213
waiting times performance of fixed priority scheduling when
class 2 is given highest priority, class 1 the next, and
class 3 the lowest priority. Once again, the point P = (ﬁ,
W, W) on the plane corresponds to scheduling with no

discriminations among the three priority classes.

From the above two examples, we see that the space
defined by (1.3.2) and (2.1.4) is a convex polyhedron. It
can be thought of as a region on the "hyperplane" defined by
the conservation equation (1.3.2) that is circumferenced by

the set of linear inequalities (2.1.4).

We note that the point P = (W, Wi «ony WD always lies
in this space because it satisfies both (1.3.2) and (2.1.4).
This point corresponds to mean waiting times performance of
scheduling rules that have no discrimination (FCFS, LCFS, or
other rules that do not apply discrimination among priority

classes).

We also note that from the proof of Theorem 2.1, the
bounds of adjustable priority schedulings are obtained from
the mean waiting times of fixed priority scheduling, which
can be achieved by using either FCFS or LCFS to determine

the ordering of jobs within the same class.
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Therefore, this class of adjustable priority scheduling
rules covers the spectrum of scheduling rules which do not
distinguish among priority classes to those that separate

priority classes to the maximum extent.

2.2 Feasible Performance Space of Mean Waiting Times

In Section 2.1, we showed that mean waiting times
performance of any adjustable priority scheduling must

satisfy the following constraints:

(1.3.2) pEIW ] + pyE[W,] + ... + o E[W ] = oW,

and
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